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Abstract

A base-promoted ring expansion of 3-amino-4-hydroxyhexahydropyrimidine-2-thiones into 2,4,5,6-
tetrahydro-3H-1,2,4-triazepine-3-thiones has been developed. Experimental data and DFT calculations
showed that the reaction proceeded through fast formation of intermediate acyclic isomers of
pyrimidines followed by their slow cyclization into triazepines. The starting hydroxypyrimidines were
prepared by reaction of o,f-unsaturated ketones or B-alkoxy ketones with HNCS followed by treatment

of the obtained B-isothiocyanato ketones with hydrazine.
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Introduction
Rare heterocyclic scaffolds are of great interest from the viewpoint of synthetic, theoretical, and
medicinal chemistry. With the exception of benzo- and hetero-fused derivatives, 1,2,4-triazepines,
particularly 1,2,4-triazepin-2-ones/thiones are representative of these scaffolds." Methods for the
preparation of a few 1,2,4-triazepin-2-ones/thiones include reaction of arylidene ketones with
N2H4'2HNCS,2 addition of (thio)semicarbazides to a,p-unsaturated ketones or their synthetic
equivalents,3 reaction of B-isocyanato or B-isothiocyanato ketones with hydrazines,“’5 condensation of
1,3-dicarbonyl compounds with (thio)semicarbazides,6 CDI-mediated cyclization of 3-hydrazino-
substituted amines,” and reaction of thiosemicarbazides with dimethyl acetylenedicarboxylate and
dibenzoyl acetylene.® The disadvantages of these methods are low availability of starting compounds,
multistep reaction sequences, poor yields, limited synthetic flexibility, laborious procedures, etc. It
should be noted that some 1,2,4-triazepin-2-ones are useful in the treatment of HIV infection.”
However, low availability of non-fused 1,2,4-triazepin-2-ones/thiones hampers the progress of their
investigation and application.

In continuation of our research into the synthesis of 2,3,4,5-tetrahydro-1H-1,3-diazepin-2-ones
using a ring expansion methodology,” we were interested in the preparation of their aza-analogs,

2,4,5,6-tetrahydro-3H-1,2,4-triazepin-3-ones and their 3-thioxo derivatives. From the literature data®®



we suggested that a straightforward and general approach to these heterocycles is based on the reaction

of B-isothiocyanato ketones with hydrazines. This reaction was performed with 3-isothiocyanato-1,3-

diphenylpropan-1-one,”™° 2-(1-isothiocyanatocyclopentyl)cyclopentanone, ¢

5d,e

and the readily available

4-isothiocyanato-4-methylpentan-2-one™" (1, Scheme 1) under neutral, acidic, or basic conditions.
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Scheme 1. Reaction of isothiocyanate 1 with hydrazine.

It was demonstrated that isothiocyanate 1 reacts with hydrazine hydrate under heating in water in
the presence of mineral acid to yield pyrimidine derivative 2 (Scheme 1)."° Later it was reported that
the product of this reaction is not the pyrimidine 2 but triazepine 3 which can also be prepared by
reaction of isothiocyanate 1 with hydrazine hydrate in refluxing benzene using a Dean-Stark trap.> In

. .. 5e.10
contrast, under the given conditions’®

we obtained 3-aminopyrimidine-2-thione 4 as the major
compound, and the amount of triazepinethione 3 did not exceed 5% and 15%, respectively (according
to '"H NMR spectra of the isolated crude products). This indicates that rapid cyclization of the
intermediate thiosemicarbazide 5 into pyrimidine derivative 4 is followed by its slow transformation
into triazepinethione 3 via ring expansion with nitrogen insertion. Therefore, results of the reaction of
isothiocyanato ketones with hydrazines do not appear to be so clear as reported previously.>'* Indeed,
the initially formed 4-(y-oxoalkyl)thiosemicarbazides (e.g., 5) can undergo various transformations,
including cyclization into 1,2,4-triazepine-3-thiones, derivatives of pyrimidine, fused heterocyclic
systems, macrocyclic compounds, etc.'!

Based on the reported data and our experience, we hypothesized that 3-amino-4-
hydroxyhexahydropyrimidine-2-thiones obtained by the reaction of B-isothiocyanato ketones with
hydrazines can serve as starting compounds for the preparation of 2,4,5,6-tetrahydro-3H-1,2,4-
triazepine-3-thiones. Here, we report the synthesis of 2,4,5,6-tetrahydro-3H-1,2,4-triazepine-3-thiones
by base-promoted ring expansion of 3-amino-4-hydroxyhexahydropyrimidine-2-thiones, a plausible

pathway of this transformation based on experimental data and DFT calculations, and oxidative



transformation of the obtained 1,2,4-triazepine-3-thiones into the corresponding 3-oxo derivatives. Two

preparative procedures for the synthesis of B-isothiocyanato ketones are also reported.

Results and discussion

Preparation of B-isothiocyanato aldehydes and ketones was the first step of the triazepine synthesis.
These isothiocyanates have been the focus of considerable attention since 1946, and they have found
a broad application as versatile precursors in organic synthesis."> The most general and straightforward
preparative route to these compounds involves the addition of HNCS generated by treatment of
thiocyanate salts with strong mineral acids to o,B-unsaturated aldehydes and ketones in water. '+ 16
Success of this reaction is highly dependent on the substrate structure, particularly on the nature of the
substituents.'*'*" Therefore, in each particular case, careful optimization of reaction conditions should
be carried out. As a consequence it is not surprising that the number of B-isothiocyanato aldehydes and
ketones described still remains somewhat limited. For the present study, isothiocyanates 6a-j were
chosen as a starting material (Scheme 2, Table 1). Among them, only compounds 6a,j could be
considered to be synthetically available. As for other isothiocyanates, their synthesis was either not

5a,18,19

reported previously (for 6d,h,i),'” or they were obtained only as crude products (for 6e-g), or

procedures for their preparation were far from optimal (for 6b,c).' %%
Two alternative methods were used for the synthesis of starting isothiocyanates 6a-j. The first
method was based on the addition of HNCS to unsaturated carbonyl compounds 7a-j, and the second

was our original method involving the reaction of HNCS with B-alkoxy ketones 8a-d (Scheme 2).
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Scheme 2. Synthesis of B-isothiocyanato carbonyl compounds 6a-j.

B-Alkoxy ketones 8a-d were prepared by directed aldol type condensation of TMS ethers of
acetone, cyclopentanone, or cyclohexanone with acetone dimethyl acetal or acetaldehyde diethyl acetal
in the presence of ZnCl, in AcOEt.*' During the reaction and vacuum distillation, B-alkoxy ketones 8a-
c partly converted into the corresponding unsaturated ketones 7b,d,h. Compounds 6a-j were
synthesized by reacting 7a-J, 8d or mixtures of 7b,d,h and 8a-c with NH4SCN in the presence of

H,S0;4 in water. The ratio of the reagents, the reaction temperature and time were optimized to achieve



maximum conversion of starting compounds (92-100% according to '"H NMR spectra of the crude

products) (Table 1).

Table 1. Optimized reaction conditions for the synthesis of B-isothiocyanato carbonyl compounds 6a-j*

Entry 7 or/and 8 Reagents R R R? R’ R* Temp Time 6 Yield Isomer
(7/8 ratio) ratio® °Cy (h) (%)*  ratio®

1 Ta 1.05:0.53:1 Me Me H Me - 70-80 0.25 6a 75 -

2 7b+8a (3:97)  2.03:1.02:1 Me H H Me OEt 60 3 6b 81 -

3 7c 2.53:1.27:1 Me H Me Me - 60 4 6c 86 60:40

4 7d+8b (55:45)  2.11:1.06:1 Me H CH,CH,CH, OEt 60 4 6d 74 70:30

5 Te 3.01:1.51:1 Me Me CH,CH,CH, - 60 7 6e 74 -

6 7f 2.50:1.25:1 CH,CH,CH, CH,CH,CH, - 5 25 6f 62 -

7 79 1.05:1.05:1 H CH,CH,CH.CH, Me - 60 4 69 59 56:44

8 7h+8c (13:87)  1.96:0.98:1 Me H CH,CH,CH,CH, OEt 60 3 6h 90 63:37

9 8d 2.05:1.02:1 Me Me CH,CH,CH,CH, OMe 60 3 6i 90 -

10 7j 1.41:0.71:1 Me H H H - rt,then40 1, then 1 6j 56 -

* Level of conversion of the starting material is 100% (entries 1, 2, 8-10), 96% (entry 3), 95% (entries 4, 5), and 92% (entry 6).
°NH,SCN/H,SO4/substrate molar ratio.

:]Iiztll;tt:;l ﬁiﬁit?ﬁ{er vacuum distillation).

 After vacuum distillation.

Under improved reaction conditions mesityl oxide (7a) reacted with HNCS (1.05 equiv.) for 15 min
upon heating at 70-80 °C to give isothiocyanate 6a in 75% isolated yield (Table 1, entry 1).
Isothiocyanato ketones 6b-e,h,i were prepared using a greater excess of HNCS (1.96-3.01 equiv.) and
heating at 60 °C for 3—7 hours (entries 2-5, 8, and 9). The same temperature was used for the
preparation of isothiocyanate 6g from ketone 79 (entry 7). In contrast, the addition of HNCS to ketone
7f smoothly proceeded at 5 °C for 25 h (entry 6). The amount of isothiocyanate 6f in the isolated crude
product significantly decreased within the reaction temperature range of 20-90 °C ('H NMR
spectroscopic data). Mild reaction conditions were applied for the synthesis of isothiocyanate 6 from
aldehyde 7j (entry 10). Compounds 6¢,d,g,h with two stereocenters formed as diastereomeric mixtures
(Table 1). The isothiocyanates 6a-j obtained were purified by vacuum distillation. Partial elimination of
HNCS proceeded during distillation of 6d,e,f,h to give an admixture of the corresponding unsaturated
ketone 7d,e,f,h (3-21%) in the resulting product. The amount of this admixture was taken into account
in the following synthetic step.

The reaction between isothiocyanates 6a-j and hydrazine hydrate (1 equiv.) readily proceeded in
MeCN or EtOH at room temperature to give the corresponding 3-amino-4-hydroxyhexahydro-
pyrimidine-2-thiones 10a-j in 74-97% yields (Scheme 3, Table 2) via intermediate formation of 4-(y-
oxoalkyl)thiosemicarbazides 9a-j. Cyclization of the latter with participation of the amino group was

not observed.
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Scheme 3. Reaction B-isothiocyanato carbonyl compounds 6a-j with hydrazine.

Table 2. Synthesis of 3-amino-4-hydroxyhexahydropyrimidine-2-thiones.”

Entry 6 Solvent  Time Product(s) Yield Isomer ratio
(h)° (%)°  for 10

1 6a EtOH 1 10a 93 -

2 6b MeCN 1 10b+9b° 93 75:25

3 6c MeCN 1 10c+9¢” 91 45:26:18:11

4 6c EtOH 1 10c+9c¢” 90 46:26:19:9

5 6d MeCN 1.5 10d+9d*® 82 71:26:2:1

6 6e MeCN 2 10e 96 60:40

7 6f MeCN 0.17 10f 93 60:40

8 69 MeCN 1 10g+9g" 88 50:29:13:8

9 6h MeCN 2.33 10h 96 36:35:27:2

10 6i MeCN 2 10i 97 84:16

11 6j EtOH 1 10j 74 90:10

* A slight excess of NoHy H,O (up to 1.07 equiv.) was used, except for entry 6 (0.98 equiv.).
® At rt (entries 1-6, 8-11) or 0 °C (entry 7).

¢ Isolated yield (for 10 or 10+9).

4 According to 'H NMR spectroscopic data for the crude product.

©10b/9b =90:10.

£10c/9¢ (two isomers, 78:22) = 89:11.

£10d/9d (a single isomer) = 97:3.

"10g/9g (two isomers, 56:44) = 97:3.

Reaction of 6b-j with hydrazine afforded pyrimidines as mixtures of two (for 10b,e,f,i,j) or four
diastereomers (for 10c,d,g,h). This reaction proceeded under thermodynamic control, which was
confirmed by data in entries 3 and 4, and by the presence of acyclic isomers 9b-d,g along with
pyrimidines 10b-d,g (entries 2-5, 8) in the isolated products.

Pyrimidines 10a-j were converted into the corresponding 2,4,5,6-tetrahydro-3H-1,2,4-triazepine-3-

thiones 11a-j under the action of bases (Scheme 4). Table 3 shows selected experimental data for this

transformation.

R? rR? R®
R;])\T(OH Base R! 2
R R? _— R N
N _N.

H T NHZ HNTNH
s s
10a-j 1a+
R! /[j R! /[\ ]

Me Me

H'NTN‘NHz H'N\H’N“NHZ

s s
12ab 13a,b

Scheme 4. Base-promoted ring expansion of pyrimidines 10a-j into triazepines 11a-j.



Table 3. Base-promoted ring expansion of pyrimidines 10a-j into triazepines 11a-j.

Entry 10° Solvent Base (equiv.) Reaction conditions Conv. Product(s) Isolated Isomers
(%)° yield (%) ratio”

1 10a H,O NaOH (0.74) rt, 1.33 h 100 1la 93 -

2 10b H,O NaOH (0.75) rt,3h 100 11b 83 -

3 10c H,O0 NaOH (1.00) rt,6h 100 1lc 78 55:45

4 10d EtOH KOH (2.51) 40°C,4h 100 11d 90 92:8

5 10e EtOH KOH (2.49) 40°C,4h 100 1le 91 -

6 10f EtOH KOH (2.50) 40°C,4h 100 11f 93 -

7 10f EtOH KOH (2.52) rt,3h 50 11f - -

8 109 EtOH KOH (2.50) 40°C,5.5h 100 119 93 93:7

9 109 EtOH KOH (2.02) rt,4h 24 11g - 92:8

10 10g H,0 NaOH (0.77) t, 1.5h 0 - - -

11 10g MeCN DBU (0.54) t,3h 0 - - -

12 10g EtOH-H,0 (10:1)  NaOH (1.02) 1, 3.33 h, then reflux, 0.5h 90 11g° - 76:24

13 10h MeOH MeONa (2.56) reflux, 5.5 h 100 11h 93 60:40

14 10h EtOH KOH (2.45) 40°C,5.5h 52 11h - 59:41

15 10h EtOH KOH (3.02) 60°C,5.5h 100 11h¢ - 62:38

16 10h H,O KOH (3.04) rt, 7 h 16 min 0 - - -

17 10h EtOH KOH (3.00) 40°C,24 h 70 11h® - 60:40

18 10h py - reflux, 3.42 h 100 12a+13a" - -

19 10h Py DBU (0.25) reflux, 3.42 h 0 - - -

20 10h MeCN DBU (0.24) reflux, 2 h 0 - - -

21 10i MeOH MeONa (5.08) reflux, 8 h 100 11i¢ 94 -

22 10i MeOH MeONa (5.01) reflux, 7 h 96 11i¢ - -

23 10i MeOH MeONa (2.67) reflux, 6.75 h 81 11i - -

24 10i EtOH KOH (2.52) 40°C,5.5h 5 11i - -

25 10i THF NaH (1.08) rt, 6.42 h 3 11i ) - -

26 10i py - reflux, 3.58 h 99 12b+13b' - -

27 10i py DBU (0.23) reflux, 3.58 h 0 - - -

28 10i MeCN DBU (0.25) reflux, 3 h 0 - - -

29 10i toluene DBU (0.25) reflux, 3 h 0 - - -

30 10j MeOH MeONa (2.48)  40°C,5h 80 J - -

31 10j EtOH KOH (2.86) 40°C,4h 90 J - -

? The crude products obtained by the reaction of 6a-j with N,H, were used (see Table 2).
® Level of conversion according to 'H NMR spectroscopy of the crude product.
¢ With considerable amount of impurities (about 55 mol%).
4 With considerable amount of impurities (about 70 mol%).
¢ With considerable amount of impurities (about 66 mol%).
f A mixture of 12a (R' = H, two isomers, 56:27) and 13a (R' = H) in a ratio of 83:17.
¢ Plus 4 mol% of a mixture of 12b and 13b (R' = Me).
" Plus 5 mol% of a mixture of 12b and 13b (R' = Me).
! A mixture of 12b and 13b (R' = Me) in a ratio of 61:39.
¥ A complex mixture of unidentified products.
Monocyclic pyrimidines 10a-c afforded triazepines 11a-c in 78-93% yields after treatment with
aqueous NaOH (0.74-1 equiv.) at room temperature (entries 1-3). Transformation of bicyclic
rimidines 10d-g into triazepines 11d-g did not proceed under these conditions (entry 10). The use of
py P p y
alcoholic KOH (2.49-2.51 equiv.) and heating the reaction mixture at 40 °C for 4 h led to smooth
formation of triazepines 11d-g (entries 46, 8). For these starting compounds the reaction rate
decreased with a decrease in temperature (entry 6 vs entry 7, and entry 8 vs entry 9), and reflux of the
reaction mixture led to formation of a considerable amount of impurities (entry 12). No reaction
proceeded with pyrimidine 10g under the action of DBU in MeCN at room temperature (entry 11).
Treatment of perhydroquinazolines 10h,i with KOH in EtOH upon heating (entries 1416, 24),
KOH in H,O at room temperature (entry 17), NaH in THF at room temperature (entry 25), DBU in

refluxing MeCN, pyridine, or toluene (entries 19-20, 27-29) did not result in formation of the target
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bicyclic triazepines 11h,i. Unexpected dehydration of compounds 10h,i into the corresponding
products 12a,b, 13a,b proceeded in refluxing pyridine (entries 18, 26) while in the presence of DBU
this reaction was completely suppressed (entries 19, 27). Triazepines 11h,i were prepared from
perhydroquinazolines 10h,i in refluxing MeOH in the presence of MeONa in 93-94% yields (entries
13, 21). It should be noted that complete conversion of 10h required a greater amount of MeONa (5.08
equiv.) compared with 10i (2.56 equiv.) (entry 13 vs entry 21; entry 21 vs entry 22 vs entry 23). Our
attempts to obtain triazepine 11j from 10j under various conditions failed. Either the starting material
was recovered or a complex mixture of unidentified products was formed (see, for example, entries 30
and 31).

Monocyclic triazepines 11a-C were also prepared using a one-pot procedure from B-isothiocyanato

ketones 6a-c without isolation of the intermediate pyrimidines 10a-c (Scheme 5).

R? RZ Me
RL_L_ me NoH, R
el G ]
% HN
&C NaOH, H,0 \g/
6aR'=Me R?=H
6bR'=R2=H Na<

6cR'=H, R?=Me

Scheme 5. One-pot synthesis of triazepinethiones 11a-c from isothiocyanates 6a-C.

Compounds 11a-c were prepared in 75%, 61% and 42% isolated yield, respectively, by treatment of
6a-c with hydrazine hydrate (1.02—1.11 equiv.) in the presence of NaOH (0.68—-1.01 equiv.) in H,O at
room temperature for 1.5-6 h. Obviously, this transformation proceeds via fast reaction of NoHs with
isothiocyanato ketones 6a-c to give pyrimidines 10a-c followed by their slow conversion into the target
products promoted with NaOH.

Thus, we have shown that 3-amino-4-hydroxyhexahydropyrimidine-2-thiones undergo previously
unknown ring expansion to produce 2,4,5,6-tetrahydro-3H-1,2,4-triazepine-3-thiones in the presence of
bases. Based on the experimental data shown in Table 3 and quantum chemical calculations at the
B3LYP/6-311++G(d,p) level of theory using the PCM solvation model performed for the
transformation of pyrimidine 10a into triazepine 1la, we suggest that this reaction includes initial
deprotonation of compound 10a under the action of a base to give one of three possible anions A, B, or

C (Scheme 6).



Scheme 6. A plausible pathway for pyrimidine ring expansion.

The calculations showed that anion B is the most unstable compared with anions A and C (AG =
11.1-11.3 kcal/mol in EtOH, 298 K and 1 atm), therefore its formation can be excluded. Anions A and
C are very close in energy (AG = 0.2 kcal/mol in EtOH), and they can form an equilibrium mixture
upon deprotonation of 10a. Since the only way for conjugated base C to be transformed into triazepine
11a involves cleavage of C2—N3 bond with a high energy barrier, this anion seems to be the unreactive
species. Anion A has an extraordinarily long N3—C4 bond and short C—O bond (1.625 and 1.316 A in
EtOH, respectively) compared with the lengths of the corresponding bonds in 10a (1.484 and 1.426 A
in EtOH). Therefore, we suppose that deprotonation of 10a to give anion A followed by cleavage of the
N3—C4 bond is the most preferable initiation of the ring expansion.

Transformation of anion A into the anion of acyclic form D proceeds via the transition state TS
with low activation energy (electronic energy 0.5 kcal/mol in EtOH, the Gibbs free energy ~0 kcal/mol
in EtOH, 298 K and 1 atm). Further detailed calculations using the OH-anion as a base showed that the
complex of anion A with H,O obtained after deprotonation of 10a with hydroxide undergoes N3—C4
bond cleavage with an activation barrier of AG = 2.4 kcal/mol (EtOH, 298 K, 1 atm) to give the
complex of anion D with H,O. This reaction proceeds with a AG value of —1.1 kcal/mol. The IRC
analysis demonstrated that the found transition state connects the desired minima. Anion D after
protonation followed by cyclization of the obtained thiosemicarbazide 9a into triazepine 14 and
dehydration gives the target product 1la. Formation of triazepine 1la from pyrimidine 10a is a
thermodynamically favorable process with AG =—12 kcal/mol (EtOH, 298 K, 1 atm).

We suppose that the base-promoted transformation of other pyrimidines 10b-i into the
corresponding triazepines 11b-i proceeds via acyclic isomers 9b-i analogously, as described for 10a.

Although the acyclic isomers 9a-i readily form from pyrimidines 10a-i, their conversion into 14a-i
8



proceeding with participation of the most nucleophilic nitrogen of the thiosemicarbazide moiety*
seems to be slow and strongly dependent on the structure of the starting compound (Table 3). This
explains the formation of side products from 10j rather then triazepine 11j, since the aldehyde group in

the intermediate acyclic form 9j is highly reactive under strongly basic conditions.

Conclusion

An efficient synthesis of the rare heterocyclic scaffold, 2,4,5,6-tetrahydro-3H-1,2,4-triazepine-3-thione
has been developed. The key step of the synthesis is the ring expansion of 3-amino-4-hydroxy-
hexahydropyrimidine-2-thiones under the action of bases. The proposed reaction pathway based on
experimental data and DFT calculations included fast formation of intermediate acyclic isomers
followed by their slow cyclization into triazepines. Starting hydroxypyrimidines were prepared by
reaction of a,p-unsaturated ketones or f-alkoxy ketones with thiocyanic acid followed by treatment of
the obtained [-isothiocyanato ketones with hydrazine. 3-Oxo-analogs were readily obtained from
triazepine-3-thiones by oxidation with H>O,. Since various B-alkoxy ketones can be prepared using
directed aldol condensation of TMS ethers of ketones and acetals of carbonyl compounds, a large
variety of triazepines can be obtained and subsequently modified. We believe that this methodology

will be helpful for further research into the chemistry and applications of 1,2,4-triazepines.

Acknowledgements

This research was financially supported by the Russian Foundation for Basic Research (Grant No. 15-
03-07564) and the Ministry of Education and Science of the Russian Federation (project part of
government order, 4.1849.2014/K).

References

1. For reviews on 1,2,4-triazepines, see: (a) Sharp, J. T. Seven-membered Rings with Two or More
Heteroatoms. In Comprehensive Heterocyclic Chemistry; Katritzky, A. R., Rees, C. W., Eds.;
Pergamon: Oxford, 1984; Vol. 7, pp 593-651; (b) Tsuchiya, T. Seven-membered Rings with Three
Heteroatoms 1,2,4. In Comprehensive Heterocyclic Chemistry Il; Katritzky, A. R., Rees, C. W.,
Scriven, E. F. V., Eds.; Elsevier: Oxford, 1996; Vol. 9, pp 309-331; (c) Yranzo, G. I.; Moyano, E.
L. Seven-membered Rings with Three Heteroatoms 1,2,4. In Comprehensive Heterocyclic
Chemistry Il1; Katritzky, A. R., Ramsden, C. A., Scriven, E. F. V., Taylor, R. J. K., Eds.; Elsevier:
Amsterdam, 2008; Vol. 13, pp 399—430; (d) Peet, N. P. Monocyclic and Condensed Triazepines
and Tetrazepines. In The Chemistry of Heterocyclic Compounds; Rosowsky, A., Ed.; John Wiley:



New York, 1984; Vol. 43, Part 2, pp 719-842; (e) Léna, G.; Guichard, G. Curr. Org. Chem. 2008,
12, 813-835; (f) Elattar, K. M.; Abozeid, M. A.; Mousa, 1. A.; El-Mekabaty, A. RSC Advances
2015, 5, 106710-106753.

Seebacher, W.; Michl, G.; Weis, R. Tetrahedron Lett. 2002, 43, 7481-7483.

(a) El-Helby, A. A.; Amin, M. A.; El-Sawah, M. M.; Bayoni, A. H.; El-Azab, A. S.; Sherbiny, F. F.
J. Saudi Chem. Soc. 2006, 10, 77-93; (b) Abdel-Ghany, H.; Khodairy A.; Moustafa H. M. Synth.
Commun. 2000, 30, 1257-1268; (c) Kobayashi, M.; Tanaka, J.; Katori, T.; Marsuura, M.;
Yamashita, M.; Kitagawa, I. Chem. Pharm. Bull. 1990, 38, 2409-2418.

(a) Lantzsch, R.; Arlt, D. Synthesis 1977, 756-757; (b) Mosher, W. A.; Toothill, R. B. J.
Heterocycl. Chem. 1971, 8, 209-214.

(a) Danilkina, N. A.; Mikhaylov, L. E.; Ivin, B. A. Chem. Heterocycl. Compd. 2011, 47, 886-900;
(b) Rezessy, B.; Zubovics, Z.; Kovacs, J.; Toth, G. Tetrahedron 1999, 55, 5909-5922; (c) Richter,
P.; Steiner, K. In Studies in Organic Chemistry; van der Plas, H. C., Otvés, L., Simonyi, M., Eds.;
Elsevier: Amsterdam, 1984; Vol. 18 (Bio-Organic Heterocycles), pp 217-220; (d) Neidlein, R.;
Ober, W. D. Monatsh. Chem. 1976, 107, 1251-1258; (e) Zigeuner, G.; Fuchsgruber, A.; Wede, F.
Monatsh. Chem. 1975, 106, 1495-1497.

(a) Chaudhary, A.; Joshi, S. C.; Singh, R. V. Main Group Met. Chem. 2004, 27, 59-70; (b) Ibrahim,
S. S.; El-Gendy, Z. M.; Allimony, H. A.; Othman, E. S. Chem. Papers 1999, 53, 53-64; (c)
Hasnaoui, A.; Lavergne, J.-P.; Viallefont, P. Recl. Trav. Chim. Pays-Bas 1980, 99, 301-306; (d)
Hasnaoui, A.; Lavergne, J.—P.; Viallefont, P. J. Heterocycl. Chem., 1978, 15, 71-75; (e) Stanovnik,
B.; Tisler, M. Naturwissenschaften 1965, 52, 207; (f) Losse, G.; Farr, W. J. Prakt. Chem. 1959, 8,
298-305; (g) Ebnother, A.; Jucker, E.; Rissi, E.; Rutschmann, J.; Schreier, E.; Steiner, R.; Siiess,
R.; Vogel, A. Helv. Chim. Acta 1959, 42, 918-955; (i) Losse, G.; Hessler, W.; Barth, A. Chem. Ber.
1958, 91, 150-157.

(a) Zhao, C.; Sham, H. L.; Sun, M.; Stoll, V. S.; Stewart, K. D.; Lin, S.; Mo, H.; Vasavanonda, S.;
Saldivar, A.; Park, C.; McDonald, E. J.; Marsh, K. C.; Klein, L. L.; Kempf, D. J.; Norbeck, D. W.
Bioorg. Med. Chem. Lett. 2005, 15, 5499-5503; (b) Sham, H. L.; Zhao, C.; Stewart, K. D.;
Betebenner, D. A.; Lin, S.; Park, C. H.; Kong, X.-P.; Rosenbrook, W.; Herrin, T.; Madigan, D.;
Vasavanonda, S.; Lyons, N.; Molla, A.; Saldivar, A.; Marsh, K. C.; McDonald, E.; Wideburg, N.
E.; Denissen, J. F.; Robins, T.; Kempf, D. J.; Plattner, J. J.; Norbeck, D. W. J. Med. Chem. 1996,
39, 392-397; (c) Hodge, C. N.; Fernandez, C. H.; Jadhav, P. K.; Lam, P. Y. WO 9422840, 1994;
Chem. Abs., 1994, 123, 33104.

10



10.

11.

12.
13.

14.
15.

16.

(a) Aly, A. A.; Hassan, A. A.; El-Sheref, E. M.; Mohamed, M. A.; Brown, A. B. J. Heterocycl.
Chem. 2008, 45, 521-526; (b) Hassan, A. A.; Bebair, T. M.; El-Gamal, M. J. Chem. Res. 2014, 27—
31.

(a) Fesenko, A. A.; Trafimova, L. A.; Albov, D. V.; Shutalev, A. D. Tetrahedron Lett. 2015, 56,
1317-1321; (b) Fesenko, A. A.; Shutalev, A. D. Tetrahedron Lett. 2014, 55, 1416-1420; (c)
Fesenko, A. A.; Trafimova, L. A.; Shutalev, A. D. Org. Biomol. Chem. 2012, 10, 447-462; (d)
Fesenko, A. A.; Shutalev, A. D. Tetrahedron 2011, 67, 6876-6882; (¢) Fesenko, A. A.; Trafimova,
L. A.; Cheshkov, D. A.; Shutalev, A. D. Tetrahedron Lett. 2010, 51, 5056-5059; (f) Fesenko, A.
A.; Tullberg, M. L.; Shutalev, A. D. Tetrahedron 2009, 65, 2344-2350; (g) Shutalev, A. D.;
Fesenko, A. A.; Cheshkov, D. A.; Goliguzov, D. V. Tetrahedron Lett. 2008, 49, 4099—4101.

(a) Mathes, R. A.; Stewart, F. D. U.S. Patent 2,535,858; Chem. Abstr. 1951, 45, 4273c; (b) Mathes,
R. A. J. Am. Chem. Soc. 1953, 75, 1747-1748.

For acid-catalyzed cyclization of 4-(y-oxoalkyl)semicarbazide hydrazones into 2,4,5,6-tetrahydro-
3H-1,2,4-triazepin-3-ones or 1,2,4,8,9,11-hexaazacyclotetradeca-7,14-diene-3,10-diones, see (a)
Fesenko, A. A.; Shutalev, A. D. Tetrahedron 2015, 71, 9528-9543; (b) Shutalev, A. D.; Fesenko,
A. A.; Kuzmina, O. M.; Volov, A. N.; Albov, D. V.; Chernyshev, V. V.; Zamilatskov, 1. A.
Tetrahedron Lett. 2014, 55, 5481-5485.

Bruson, H. A. U.S. Patent 2,395,453, 1946; Chem. Abstr. 1946, 40, 3467.

For reviews on [-isothiocyanato aldehydes and ketones, see: (a) Sondhi, S. M.; Singh, N.;
Rajvanshi, S. Monatsh. Chem. 2004, 135, 119-150; (b) Verma, R. P. Phosphorus, Sulfur Silicon
Relat. Elem. 2003, 178, 365-416; (c) Verma, R. P. Eur. J. Org. Chem. 2003, 415-420.

Bhanot, O. S.; Ralhan, N. K.; Narang, K. S. Indian J. Chem. 1964, 2, 238-239.

(a) Ignatova, L. A.; Shutalev, A. D.; Shingareeva, A. G.; Dymova, S. F.; Unkovskii, B. V. Chem.
Heterocycl. Compd. 1985, 21, 218-224; (b) Peretokin, A. V.; Shutalev, A. D.; Chupin, V. V;
Mergenova, A. M.; Ignatova, L. A.; Malina, Yu. F.; Unkovskii, B. V. J. Org. Chem. USSR 1985,
21,912-918.

For particular examples of other approaches to P-isothiocyanato aldehydes and ketones, see: (a)
Jochims, J. C.; Abu-Taha, A. Chem. Ber. 1976, 109, 154-167; (b) Schmidt, A. H.; Russ, M. Chem.
Ber. 1981, 114, 1099-1110; (c) Bernat, J.; KnieZo, L.; Peter¢akova, D.; Imrich, J.; Kutschy, P. Z.
Chem. 1988, 28, 141-142; (d) Kniezo, L.; Bernat, J. Synth. Commun. 1990, 20, 509-513; (e)
Fesenko, A. A.; Dem’yachenko, E. A.; Fedorova, G. A.; Shutalev, A. D. Monatsh. Chem. 2013,
144, 351-359.

11



17.

18.
19.

20.

21.

22.

23.

Although the use of compounds 6h,i for oxazine synthesis was described,” their preparation
remained unclear.

Jaenecke, G. Z. Chem. 1968, 8, 383-384.

Boiko, I. P.; Malina, Yu. F.; Zuk, O. I.; Samitov, Yu. Yu.; Unkovskii, B. V. J. Org. Chem. USSR
1975, 11, 602—-608.

(a) Unkovskii, B. V.; Ignatova, L. A.; Donskaya, M. M.; Zaitseva, M. G. Probl. Organ. Sinteza,
Akad. Nauk SSSR, Otd. Obshch. i Tekhn. Khim. 1965, 202-210; Chem. Abstr. 1966, 64, 9719a; (b)
Peretokin, A. V.; Shutalev, A. D.; Chupin, V. V.; Mergenova, A. M.; Ignatova, L. A.; Malina, Yu.
F.; Unkovskii, B. V. J. Org. Chem. USSR 1985, 21, 912-918.

Makin, S. M.; Kruglikova, R. I.; Tagirov, T. K.; Kharitonova, O. V. J. Org. Chem. USSR 1984, 20,
1075-1078.

(a) Reid, E. E. Organic Chemistry of Bivalent Sulfur; Chemical Publishing Co: New York, 1963,
Vol. 5; (b) Goddard, D. R.; Lodam, B. D.; Ajayi, S. O.; Campbell, M. J. J. Chem. Soc. A 1969,
506-512; (c) Murgich, J.; Abanero, J. A. J. Phys. Chem. 1986, 90, 6102—6104; (d) Metwally, M.A.;
Bondock, S.; El-Azap, H.; Kandeel, E.-E. M. J. Sulfur Chem. 2011, 32, 489-519; (e) Gazieva, G.
A.; Kravchenko, A. N. Russ. Chem. Rev. 2012, 81, 494-523.

Peretokin, A. V.; Moskovkin, A. S.; Miroshnichenko, I. V.; Botnikov, M. Ya.; Malina, Yu. F.;
Unkovskii, B. V. Chem. Heterocycl. Compd. 1989, 12, 1390-1393.

12



