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Abstract

Objectives. To introduce the intermediate obtained from the disposal of unusable rocket propellant—1,1-dimethyl-
2-methylenehydrazone (DMH)—into the synthesis of pyrroloquinolines (and pyridines) with potential applications in medicine;
to carry out reactions of DMH with tetracyanoethylated ketones (TCEKSs) derived from acetone, methyl ethyl ketone, cyclohexanone,
4-propylcyclohexanone, and 2-methylcyclohexanone; to investigate the prospects for increasing the yields of target products
by performing the same syntheses under microwave irradiation (MWI) and using an ultrasonic reactor.

Methods. TCEKs were prepared from tetracyanoethylene (TCNE) and the corresponding ketone in dioxane, acetone, or ethanol, with the
presence of concentrated hydrochloric or sulfuric acid as a catalyst. Pyrroloquinolines (and pyridines) were synthesized from DMH and
the corresponding TCEK in ethyl acetate with base as a catalyst. Syntheses were carried out under standard conditions using a magnetic
stirrer, an ultrasonic reactor (Vologda, Russia), and a UWave-2000 microwave reactor (Sineo Microwave Chemistry Technology Co.,
China). Reaction progress and product purity were monitored by thin-layer chromatography on Sorbfil plates (Sorbfil, Russia). The TCNE
presence in the reaction mixture was determined by the hydroquinone test. Melting and decomposition points were measured using
an OptiMelt MPA 100 apparatus (OptiMelt, USA). Structural identification was performed by infrared spectroscopy (FSM-1202, SpektroLab,
Russia), 'H and '3C nuclear magnetic resonance spectroscopy in dimethyl sulfoxide d, on a Bruker AVANCE 400 WB spectrometer
(Bruker Corporation, USA), and mass spectrometry using a quadrupole time-of-flight AB SCIEX TripleTOF 5600 spectrometer
(4B SCIEX PTE. Ltd., Singapore) and a quadrupole gas chromatography—mass spectrometer GCMS-QP2020 NX (Shimadzu, Germany).

Results. Reliable procedures developed for the synthesis of pyrrolopyridines from acetone and methyl ethyl ketone without tar formation
under ultrasonic stirring and MWI demonstrated significantly increased yields. The highest conversion of DMH to pyrroloquinoline
was achieved from cyclohexanone, providing the target product in 92% yield within the shortest reaction time of 2 min under MWI
conditions. However, for derivatives of 4-propylcyclohexanone and 2-methylcyclohexanone, the described synthesis modifications
did not give the desired results: in the former case, a decrease in yield was observed as compared to standard methods, while in the latter,
only a slight increase was obtained.

Conclusions. Ultrasonic stirring and MWI are effective for the conversion of DMH into pyrrolopyridines based on aliphatic TCEKSs,
but unsuitable for the synthesis of pyrroloquinolines derived from 4-propylcyclohexanone and 2-methylcyclohexanone. The high yield
of pyrroloquinoline from cyclohexanone (92%) suggests potential for implementing the rapid MWI-promoted reaction between DMH
and cyclohexanone-based TCEK in industrial production.
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AHHOTaUua

Hesm. Beecty nosrynponyKT yTHIM3aLUKM HEIPUTOJHOIO K MCIIOIb30BAaHUIO PAKETHOIO TOIIMBAa — 1,1-IMMeTHII-2-MEeTUICHI UAPa30-
Ha (JIMI') B cuHTE3 NUPPOIOXMHOIMHOB(IIMPUIMHOB), IOTEHIMAIBHO IPUMEHUMBIX B MeauLuHe. [Iposectu peakiuu M/II ¢ Terpauu-
anostwinpoanHeiMu KeToHamu (TLK) Ha ocHOBe alieToHa, METUIDTUIIKETOHA, IIMKJIOTeKCAaHOHA, 4-TIPONMIIIIMKIIOTeKCAaHOHA, 2-METHII-
LUKJIorekcaHoHa. McenenoBars nepcreKTHBbl yBEIUMYECHUS BBIXOAOB LIEJIEBBIX IPOLYKTOB IIyTEM OCYILECTBICHUS TEX )K€ CUHTE30B IPH
MHKPOBOJIHOBOM HM3JIyYEHUH U C UCIIOJIb30BAHUEM YIIBTPa3ByKOBOI'O PEAKTOPA.

MeTtoasnt. TIK 6putn mosy4ens! u3 terpanuanodTmwieHa (TL[D) u cOOTBETCTBYIOMIETO KETOHA B THOKCAHE, AllETOHE HJIH 3TaHOJIE, IO
KaTaJIn30M KOHIIEHTPHUPOBAHHBIX KUCIOT — COJSTHOM WIIM CepHOHU. [IMpponoXuHOIMHBI(TUPHIMHBI) cuHTe3upoBaHsl n3 JAMI™ u coot-
BetctByromero TI[K B aTmnanerare ¢ kKaraTuTHYECKUMH KOJTdecTBaMU 11enodr. CHHTE3bl IPOBOAMIINCH HA MarHUTHOH MeIIajKe pH
CTaJapTHHIX YCIOBUSIX, B YIBTPa3BYKOBOM peakTope Mpou3BoAcTBa «Bonozda» (Poceust) n B MukpoBoHoBo# nieun UWave-2000 map-
ku Sineo (Sineo Microwave Chemistry Technology Co., Kutaii). [IpoTekanune peakiuy W YHCTOTY TPOIYKTOB KOHTPOIHUPOBAIH Me-
TOJIOM TOHKOCIIOWHOI Xpomatorpaduu Ha miactuaax Sorbfil (Sorbfil, Poccus). [pucyrcreue TLD B peaknnoHHON cMmecH ompere-
s Ipo0OOM Ha THAPOXHMHOH. TemriepaTypbl IUIaBICHUSI W Pas3IoKeHHs onpeneneHbl Ha mpudope OptiMelt MPA100 (OptiMelt,
CIIA). CrpykTypsl naeHTHGUIMPOBAaHBI METOJaMH HH(paKpacHoi crekrpockonuu Ha npubope @CM-1202 (CnexmpoJlab, Poccus),
A/1epHO-MarHuTHOTO pesonanca 'H u 13C B mumeTuicynbgokenne d, na cniexrpomerpe Bruker AVANCE 400 WB (Bruker Corporation,
CIIIA), Macc-CrIeKTpOCKONUH C UCIOJIB30BaHNEM KBaAPYIIOIBHOTO BpemsmnpoieTHoro macc-criekrpomerpa AB SCIEX TripleTOF 5600
(4B SCIEX PTE. Ltd., Cunramyp) 1 KBapyHoJILHOTO ra30Boro xpomaro-macc-criekrpomerpa GCMS-QP2020 NX (Shimadzu, Tepmanus).

Pe3yabTarsl. PazpaboTaHbl Ha/Ie)KHBIC METOIUKY MOTYYCHHSI TUPPOJIOMUPUINHOB Ha OCHOBE allETOHA M METHJIITHIIKETOHA O3 0CMOia
B YCIIOBHSIX YIBTPa3ByKOBOTO MEPEMEIIHBAHIS H MUKPOBOIHOBOTO n3y4eHust (MBI) co 3HaUNTENBHBIM yBEITHUYCHUEM BBIXOIOB. [l0-
CTUTHYTa HauWBBICILIAs CTeNeHb KoHBepcuu JMI' B MUPPOTIOXHMHOIMH U3 LUKIOTEeKCAHOHA C BBIXOJIOM LIEJIEBOT0 Npoaykra 92% 3a Hau-
MEHBIIMNA MPOMEXKYTOK BpeMeHu 2 MuH npu MBU. OgHaxo /it npou3BOAHBIX 4-IPONUIIIMKIONEKCAaHOHA U 2-METHIILUKIIOTeKCaHOHA
mogo0HpIe MOAU(DUKALIMU CHHTE30B HE MPHBEIH K JKEIAeMbIM pe3yJbTaraM, B IIEPBOM CiIydac HaOIIOIAaIOCh YMEHBIICHUE BBIXOIOB
B CPaBHEHUU CO CTAHJAPTHBIMU YCIOBUSMHU, BO BTOPOM — JIMIIb HE3HAYUTEIHHOE YBEIUUCHUE.

BsiBoabl. YnbrpasBykoBoe nepeMermuBanne 1 MBU a¢ddexruBHbI B KoHBepcnu JIMI B muppoonupuIHEI Ha OCHOBE almu(aTHYeCKIX
TLK u Hepe3ynbTaTHBHBI JIS IUPPOJIOXHHOIMHOB Ha OCHOBE 4-TIPOIIIIIKIOTEKCAHOHA U 2-METHIIIIUKIIOTeKCaHOHA. BBICOKHIA BBIXOT
TIIPPOIOXMHONIMHA HA OCHOBE IIUKJIOTeKcaHoHa (92%) Mo3BOIISIET pacCMaTPHUBATh MEPCIIEKTHBEI BHEAPEHHS OBICTPONPOTEKAIONIEH TpH
nevictBur MBU peaxuu IMI™ u TLK Ha 0cHOBE IUKJIOT€KCaHOHA B TPOU3BOJICTBO.

Kniouessie cnosa MocTtynuna: 04.09.2025
1 5 1 -Z[I/IMCTI/UI-Z-MeTI/IHeHI‘I/IZ[pa?)OH, TETPAUaHOSTUIIMPOBAHHBIC KETOHBI, ﬂopa60TaHa . 08 1 2 2025
TETPAUaHOSTUIICH, TETPAUAHOSTUIIMPOBAHUEC, TUPPOIOXUHOIMHBIL, TUPPOJIONIMPUINHDIL,

MHUKPOBOJIHOBOE H3JIy4CHUE, YIBTPA3BYKOBOE IEPEMEIINBAHUC MpunsTta B nevats: 17.04.2026
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BBEAEHUE

In our previous publications [1-4], we highlighted the
problem of disposing of water-contaminated rocket
propellants, which are unsuitable for missile launch
purposes. At present, this issue has become more urgent
due to the transition of many rocket systems to gas-
based fuels’? [5]. An established industrial method
for the destruction of such waste is known [1-4]. This
approach involves several stages: (1) preparation of low-
toxic monomer 1,l-dimethyl-2-methylenehydrazone
(DMH)—the methylene derivative—by treatment
of off-specification propellant with a 40% formalin
solution; (2) acetic acid-catalyzed polymerization
of DMH to resin formation; (3) combustion of the
resulting resin. We proposed to replace stages (2)
and (3) of this process with the reaction of monomer
DMH with tetracyanoethylated ketones (TCEKSs) [1-3].
Remarkably, simple mixing of the initial reactants leads
to the precipitation of complex heterocyclic compounds
of the pyrroloquinoline [1-3] and pyrrolopyridine [2]
classes. The frameworks of the obtained structures are
closely related to biologically active compounds and
known pharmaceutical agents [1-3]. On this basis,
we anticipate their various potential applications
in medicine or in field of drug-oriented organic synthesis.
Our interest was also motivated by the possibility
ofrapid, facile, and comparatively safe disposal of DMH.
Nevertheless, we encountered certain difficulties during
the syntheses. For example, while cyclohexanone-
derived TCEKs readily afford the desired products
upon reaction with DMH, aliphatic ketone derivatives
frequently undergo resinification prior to the target
transformation. Under identical reaction conditions,
aliphatic TCEKs may either furnish the expected
heterocycles or result in polymerization of the starting
compounds. In order to stabilize the methodology
for aliphatic TCEKs and to increase the conversion
of DMH, we experimentally carried out the reactions

under conditions of ultrasonic (US) stirring [6, 7] and
microwave irradiation (MWI)? [8, 9].

MATERIALS AND METHODS

The reagents, all of which were procured from
commercial vendors and employed without undergoing
additional purification, include: 1,1-dimethyl-
2-methylenehydrazone 98% (CAS 2035-89-4), 4-propyl-
cyclohexanone 98% (CAS 40649-36-3), 2-methylcyclo-
hexanone 98% (CAS 583-60-8), ethyl acetate 98%
(CAS 141-78-6), tetracyanoethylene (TCNE) 98%
(CAS 670-54-2), hydrochloric acid 35-38% (CAS 7647-01-0),
sulfuric acid 93.6-95.6% (CAS 7664-93-9).

US stirring was conducted with the use of US reactor
(Vologda, Russia) [6, 7]. MWI syntheses were carried
out in microwave multifunctional system of microwave
syntheses and extraction, UWave-2000 (Sineo
Microwave Chemistry Technology Co., Shanghai,
China) [9, 10], supplied with 50-mL quartz reaction
vessels, under atmospheric pressure and working
environment temperature 40°C. The progress of reactions
and the purity of products were monitored via thin-
layer chromatography (TLC) on Sorbfil plates (Sorbfil,
Krasnodar, Russia).

Visualization of spots was achieved under
ultraviolet (UV) light, upon treatment with iodine vapor,
or through heating. Melting and decomposition points
were determined using the OptiMelt MPA100 apparatus
(OptiMelt, Danbury, Connecticut, USA). Infrared (IR)
spectra were obtained using the FSM-1202 spectrometer
(SpektroLab, Russia) equipped with IR Fourier
transform technology, with samples dispersed in Nujol
(Schering-Plough, USA). Proton nuclear magnetic
resonance (\H NMR) and carbon-13 nuclear magnetic
resonance (!3C NMR) spectra were acquired with the
provision of the Carr—Purcell-Meiboom-Gill (CPMG) pulse
sequence, employing dimethyl sulfoxide d, (DMSO-d,)
solvent and utilizing the tetramethylsilane internal
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eshchyo-odin-konkurent-kitay-zavershil-ispitaniya-vtoroy-mnogorazovoy-raketi-na-metane (in Russ.). Accessed January 20, 2024.
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standard. The measurements were conducted on
a Bruker AVANCE 400 WB spectrometer (Bruker
Corporation, Hanau, Germany) operating at the frequencies
of 400.13 MHz for 'H and 100.61 MHz for '3C.

High resolution mass spectrometry (HRMS)
of pyrroloquinolines derived from cyclic TCEKs
was carried out using the quadrupole time-of-flight
AB SCIEX TripleTOF 5600 mass spectrometer
(4B SCIEX PTE. Ltd., Singapore) equipped with
a turbo-ion spray source. The nebulizer gas used was
nitrogen; the ionization polarity was positive (+). The
needle voltage was set at 5500 V. The spectra were
recorded in the time-of-flight mass spectrometry mode
with a collision energy of 10 eV, declustering potential
of 100 eV, and a resolution exceeding 30000 full width
at half maximum. Sample solutions with an analyte
concentration of 5 umol/L were prepared by dissolving
the test compounds in methanol hypergrade for liquid
chromatography—mass spectrometry (Merck, Darmstadt,
Germany).

An analytical reversed-phase high-performance
liquid chromatography (HPLC) was wused for
determining the uncalibrated purity of pyrroloquinolines
derived from cyclic TCEKs and conducted using
an Atlantis T3 CI18 column (Waters Corporation,
USA) (5 pm, 150 x 4.6 mm); eluent A, 1.2% solution
of triethylamine in water; eluent B CH,CN; and
the gradient elution (0 min A : B = 85 : 15; 15 min
A :B=065:35;21 min A: B =65 :35) flow rate was
1.0 mL/min. HPLC analysis was performed at 40°C
during 21 min at 311 nm.

Mass spectra of pyrrolopyridines derived from
aliphatic TCEKs were acquired using the quadrupole gas
chromatography—mass spectrometer GCMS-QP2020 NX
(Shimadzu, Duisburg, Germany). Gas chromatograph
was equipped with the column SH-I-5MS. Dimethyl
polysiloxane was utilized as the stationary phase.
A sample solution with an analyte concentration
of 5 umol/L was prepared by dissolving the test
compound in isopropanol.

Syntheses of TCEKs

based on cyclohexanone,
4-propylcyclohexanone,
and 2-methylcyclohexanone

The solution of 1.25 mmol TCNE in 5 mL of dioxane
was added to the solution of 1.22 mmol of appropriative
ketone in 5 mL of dioxane along with a catalytic amount
of hydrochloric acid (1 drop). The progress of the process
was determined via a hydroquinone (HQ) test that forms
a blue p-complex when reacting with TCNE. After the
blue color ceased to appear, the dioxane solution was
maintained at the temperature range of 0-5°C in the

freezer for 10 min. After this period of time, cold
distilled water was added to the frozen reaction mixture
in a volume equal to the dioxane solution. The reaction
mixture was stirred until the precipitation. The desired
product was separated by filtration through a Schott
filter, followed by washing with cold distilled water.

1-(2-Oxocyclohexyl)ethane-1,1,2,2-tetracarbo-
nitrile 2a [cyclohexanone + TCNE]. Yield: 74% (0.2 g).

1-(2-Oxo0-5-propylcyclohexyl)ethane-1,1,2,2-tetra-
carbonitrile 2b [4-propylcyclohexanone + TCNE].
Yield: 75% (0.27 g).

1-(1-Methyl-2-oxocyclohexyl-)ethane-1,1,2,2-tetra-
carbonitrile 2¢ [2-methylcyclohexanone + TCNE].
Yield: 66% (0.2 g).

Synthesis of 4-oxopentane-
1,1,2,2-tetracarbonitrile [acetone + TCNE]

TCNE (3.9 mmol) was dissolved in acetone (5 mL)
containing a catalytic amount of hydrochloric acid. The
reaction mixture was stirred at ambient temperature
for 5 h, after which the HQ test indicated complete
consumption of the starting material. The solvent
was then combined with deionized water (15 mL),
resulting in precipitation. The solid was collected
by vacuum filtration through a Schott glass filter, washed
successively with cold water and diethyl ether, and dried
under reduced pressure. Yield of 2d is 70% (0.51 g).

Synthesis of 4-oxohexane-
1,1,2,2-tetracarbonitrile
[methylethylketone + TCNE]

TCNE (50 mmol) was dissolved in methyl ethyl ketone
(20 mL) and absolute ethanol (20 mL). The reaction
mixture was stirred on a rotary evaporator at 45°C for
2-3 h, until the HQ test confirmed complete consumption
of the starting material. The solvents were then removed
by distillation at 36°C, affording a viscous resinous
residue. The residue was triturated with deionized
water (200 mL), and the resulting solid was isolated
by filtration and purified by recrystallization from ethyl
acetate. Yield of 2e is 80% (8.00 g).

Synthesis of methyl-4-oxopentane-
1,1,2,2-tetracarbonitrile
[methylethylketone + TCNE]

TCNE (50 mmol) was dissolved in methyl ethyl ketone
(30 mL) and absolute ethanol (20 mL) in the presence
of a catalytic amount of sulfuric acid. The reaction
mixture was stirred on a rotary evaporator at 30°C for
5 min. Ethanol was then removed by evaporation, and
the resulting solid residue was triturated with deionized
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water to afford a white flocculent precipitate. Yield of 2f
is 72% (7.20 g).

Syntheses of pyrroloquinolines(pyridines)
under magnetic stirring and standard
conditions

DMH (8 mmol) was carefully added to a solution
of TCNE (8 mmol) along with a catalytic amount
of'sodium hydroxide in 5 mL of ethyl acetate. The reaction
was stirring till sand-colored crystals precipitated. The
desired product was separated by filtration through
a Schott filter, followed by washing with cold ethyl
acetate. The obtained compounds were purified by the
following methods: pyrroloquinolines (derivatives
of  propylcyclohexanone,  4-propylceclohexanone,
2-methylcyclohexanone) by recrystallization from hot
isopropanol; pyrrolopyridines (derivatives of acetone
and methyletylketone) by recrystallization from hot
mixture EtOAc/isopropanol with 1 mg of activated coal
with subsequent flash chromatography (column length
is 1 cm).
3-Amino-5-(dimethylamino)-1-o0x0-4,5,6,7,8,9-
hexahydro-1H-pyrrolo[3,4-c]quinoline-3a,9b-
dicarbonitrile 3a [cyclohexanone TCEK + DMH].
Yield: 84% (2.00 g).
3-Amino-5-(dimethylamino)-1-o0xo0-8-(propyl)-
4,5,6,7,8,9-hexahydro-1H-pyrrolo[3,4-c]quinoline-
3a,9b-dicarbonitrile 3b [4-propylcyclohexanone
TCEK + DMH]. Yield: 75% (2.04 g).
2-(Dimethylamino)-4a-methyl-10-0xo0-
5,6,7,8-tetrahydro-1H-8a,4-(epimino)quinoline-
3,4(4aH)-dicarbonitrile 3¢  [2-methylcyclohexanone
TCEK + DMH]. Yield: 48% (1.09 g).
3-Amino-5-dimethylamino-6-methyl-1-o0xo0-
4,5-dihydro-1H-pyrrolo[3,4-c]pyridine-3a,7a-
dicarbonitrile 3d [acetone TCEK + DMH].
Yield: 57% (1.17 g).
3-Amino-5-dimethylamino-6-ethyl-1-oxo0-
4,5-dihydro-1H-pyrrolo[3,4-c]pyridine-3a,7a-
dicarbonitrile 3e [methylethylketone TCEK + DMH].
Yield: 54% (1.18 g).
3-Amino-5-dimethylamino-6,7-dimethyl-1-
0x0-4,5-dihydro-1H-pyrrolo[3,4-c]pyridine3a,7a-
dicarbonitrile 3f [methylethylketone TCEK + DMH].
Yield: 52% (1.13 g).

Syntheses of pyrroloquinolines(pyridines)
under US stirring

DMH (8 mmol) was carefully added to asolution of TCNE
(8 mmol) in ethyl acetate containing HQ (1 mg), catalytic
amount of sodium hydroxide in a vessel equipped with
a copper ring and immersed in an ice bath. The mixture

was stirred at 10°C in an US reactor for 10-30 min, until the
reaction was complete as indicated by TLC. The resulting
precipitate was collected by vacuum filtration through
a Schott glass filter and washed with chilled ethyl acetate.
3-Amino-5-(dimethylamino)-1-o0x0-4,5,6,7,8,9-hexa-
hydro-1H-pyrrolo[3,4-c]quinoline-3a,9b-dicarbonitrile 3a
[cyclohexanone TCEK + DMHY]. Yield: 79% (1.88 g).
3-Amino-5-(dimethylamino)-1-0x0-8-(propyl)-
4,5,6,7,8,9-hexahydro-1H-pyrrolo[3,4-c]quinoline-
3a,9b-dicarbonitrile 3b [4-propylcyclohexanone
TCEK + DMH]. Yield: 60% (1.63 g).
2-(Dimethylamino)-4a-methyl-10-o0xo0-
5,6,7,8-tetrahydro-1H-8a,4-(epimino)quinoline-
3,4(4aH)-dicarbonitrile 3¢  [2-methylcyclohexanone
TCEK + DMH]. Yield: 50% (1.14 g).
3-Amino-5-dimethylamino-6-methyl-1-oxo-
4,5-dihydro-1H-pyrrolo[3,4-c]pyridine-3a,7a-
dicarbonitrile 3d [acetone TCEK + DMH].
Yield: 73% (1.50 g).
3-Amino-5-dimethylamino-6-ethyl-1-o0xo0-
4,5-dihydro-1H-pyrrolo[3,4-c]pyridine-3a,7a-
dicarbonitrile 3e [methylethylketone TCEK + DMH].
Yield: 62% (1.35 g).
3-Amino-5-dimethylamino-6,7-dimethyl-1-
0x0-4,5-dihydro-1H-pyrrolo[3,4-c]pyridine3a,7a-
dicarbonitrile 3f [methylethylketone TCEK + DMH].
Yield: 67% (1.46 g).

Syntheses of pyrroloquinolines(pyridines)
under MWI

DMH (8 mmol) was carefully added to a solution
of TCNE (8 mmol) in ethyl acetate along with a catalytic
amount of sodium hydroxide. The reaction vessel was
placed in arefrigerator for 10 min to lower the temperature
to 5-10°C, after which the mixture was subjected to MWI
for 2-5 min with stirring. The resulting precipitate was
collected by vacuum filtration through a Schott glass
filter and washed with chilled ethyl acetate.
3-Amino-5-(dimethylamino)-1-o0x0-4,5,6,7,8,9-
hexahydro-1H-pyrrolo[3,4-c]quinoline-3a,9b-
dicarbonitrile 3a [cyclohexanone TCEK + DMH]. Yield:
92% (2.19 g).
3-Amino-5-(dimethylamino)-1-0x0-8-(propyl)-
4,5,6,7,8,9-hexahydro-1H-pyrrolo[3,4-c]quinoline-
3a,9b-dicarbonitrile 3b [4-propylcyclohexanone
TCEK + DMH]. Yield: 62% (1.69 g).
2-(Dimethylamino)-4a-methyl-10-oxo0-
5,6,7,8-tetrahydro-1H-8a,4-(epimino)quinoline-
3,4(4aH)-dicarbonitrile 3¢ [2-methylcyclohexanone
TCEK + DMH]. Yield: 52% (1.19 g).
3-Amino-5-dimethylamino-6-methyl-1-ox0-4,5-
dihydro-1H-pyrrolo[3,4-c]pyridine-3a,7adicarbonitrile 3d
[acetone TCEK + DMH]. Yield: 82% (1.69 g).
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3-Amino-5-dimethylamino-6-ethyl-1-ox0-4,5-
dihydro-1H-pyrrolo[3,4-c]pyridine-3a,7adicarbonitrile 3e
[methylethylketone TCEK + DMH]. Yield: 70% (1.53 g).

3-Amino-5-dimethylamino-6,7-dimethyl-1-
0x0-4,5-dihydro-1H-pyrrolo[3,4-c]pyridine3a,7a-
dicarbonitrile 3f [methylethylketone TCEK + DMH].
Yield: 85% (1.85 g).

Characteristics of the obtained
heterocycles

Characteristics of compounds 3a—c are presented
in [1] and patent RU 2802332 C1 [3]. The same for
products 3d—f is in [2].
3-Amino-5-(dimethylamino)-1-0x0-4,5,6,7,8,9-
hexahydro-1H-pyrrolo[3,4-c]quinoline-3a,9b-
dicarbonitrile 3a [cyclohexanone TCEK + DMH].
T o = 217-219°C. IR (Nujol), vmax/cmfl: 1659 (s)
(C=C), 1736 (vs) (C=0), 2241 (w) (C=N), 3291 (vs, br)
(NH,). 'TH NMR spectrum, §, ppm: 1.53-1.29 (m, 2H,
CHg), 1.65-1.54 (m, 2H, CHS), 2.24-2.10 (m, 2H, CH)),
2.28 (m, 2H, CHI%), 2.33 (s, 6H, N(CH,),), 3.34 (d,
J = 11.75 Hz, 1H, CH}), 3.73 (d, J = 11.67 Hz, 1H,
CHE‘), 9.63 (d,/=30.32 Hz, 2H, NH,) (see Fig. 1, p. 313
at the Supplementary Section). '3C NMR, O, ppm:
21.88 (CH1%), 22.01 (CHJ), 24.55(CHS), 24.92 (CH)),
39.52 (N(CHy),), 51.08 (CH24), 52.94 (C'2), 59.76 (C3),
95.07 (C'), 11524 (C=N!6), 116.16 (C=N21),
144.94 (C%), 177.07 (C?), 178.15 (C=0) (see Fig. 2,
p. 313 at the Supplementary Section). Found: C 60.28;
H 6.31; N 28.05. C,sH(NO. Calculated, %: C 60.39;
H 6.08; N 28.17. HRMS (electrospray ionization, ESI)
and mass-spectrum, m/z: [M + H]" 299.1620 (calculated
for [C15H19N6O]+ 299.1620) (see Fig. 3, p. 314 at the
Supplementary Section).
Amino-5-(dimethylamino)-1-ox0-8-(propyl)-
4,5,6,7,8,9-hexahydro-1H-pyrrolo[3,4-c]quinoline-3a,9b-
dicarbonitrile 3b [4-propylcyclohexanone TCEK + DMH].
T = 214-216°C. IR (Nujol), vmax/cmfl: 1640 (s)
(C=C), 1745 (s) (C=0), 2251 (s) (C=N), 3494 (vs, br)
(NH,) 'H NMR spectrum, 3, ppm: 0.88 (t,J=7.01 Hz,
3H, CH,), 1.03 (s, 3H, NCH1?®), 1.04 (s, 3H, NCH!"),
1.28-1.17 (m, 2H, CHJ?), 1.38-1.28 (m, 2H, CH%“),
1.49-1.42 (m, 2H, CH!), 1.72 (m, 2H, CH}?), 191
(t, J = 12.45 Hz, 2H, CHI3), 2.47 (m, 2H, CHJ?),
3.20 (d, J=11.63 Hz, 1H, CHg), 3.96 (d, J=11.66 Hz,
1H, CHY), 9.61 (d, J = 15.42 Hz, 2H, NH,) (see Fig. 4,
p. 314 at the Supplementary Section). '3C NMR,
8¢, ppm: 14.18 (CHj;), 19.63 (CH1%),25.33 ((CHA% 12),),
28.41 (CHJ®), 31.91 (CHI% CH!), 37.85 (CH®),
39.55 (N(CH3)%7’18),51.57 (CHY),53.33(C%),62.07(C%),
94.70(C®), 115.30 (C=N19),116.19 (C=N20), 145.03 (C?),
177.15 (C3), 178.07 (C=0) (see Fig. 5, p. 315 at the
Supplementary Section). Found: C 63.48; H 7.13;

N 24.65. C,H,,N,O. Calculated, %: C 63.51; H 7.11;
N24.69. HRMS(ESI), m/z: [M+H]"341.2090 (calculated
for [C18H25N60]+ 341.2090) (see Fig. 6, p. 315 at the
Supplementary Section).
2-(Dimethylamino)-4a-methyl-10-0x0-
5,6,7,8-tetrahydro-1H-8a,4-(epimino)quinoline-
3,4(4aH)-dicarbonitrile 3¢ [2-methylcyclohexanone
TCEK + DMH] T, > 250°C. IR (Nujol), v, /em™:
1579 (s) (C=C), 1717 (vs) (C=0), 2168 (vs) (=C—C=N),
2242 (w) (C=N), 3167 (br), 3282 (w) (NH). '"H NMR
spectrum, 8, ppm: 0.89 (s, 3H, CHj), 2.03-1.07 (m, 8H,
(CH]™12),), 2.91 (s, 6H, N(CH,),), 7.06 (s, 1H, NHS),
8.42 (s, 1H,NH!) (see Fig. 7, p. 316 at the Supplementary
Section). 3C NMR, 8, ppm: 13.72(CH,),20.06 (CH1Y),
20.86 (CHS), 26.66 (CH;I), 31.86 (CH§), 40.09 (N(CH3);9’ 20y,
40.67(C3),51.62(C'2),54.29(C7),71.98(C3),115.88 (C=N'1),
120.99 (C=N14), 157.75 (C5), 168.68 (C=0) (see Fig. 8,
p- 316 at the Supplementary Section). Found: C 63.08;
H 6.69; N 24.55. C,sH,(NO. Calculated, %: C 63.14;
H 6.71; N 24.54. HRMS(ESI), m/z: [M + H]" 286.1668
(calculated for [C H,N,O]" 286.1668) (see Fig. 9,
p- 317 at the Supplementary Section).
3-Amino-5-dimethylamino-6-methyl-1-0x0-4,5-
dihydro-1H-pyrrolo[3,4-c]pyridine-3a,7a-dicarbo-
nitrile 3d [acetone TCEK + DMH]. 7, = 160-161°C.
IR (Nujol), vmax/cm_lz 1651 (s) (C=C), 1750 (s) (C=0),
2257 (vs) (C=N),3480 (vs, br) (NH,). "H NMR spectrum,
8, ppm: 1.80-2.10 (m, 3H, CHJ), 2.33 (s, 6H, N(CH;),),
3.35(d,J=9.2 Hz, 2H, CHY), 3.73 (d, J = 11.7 Hz, 1H,
CH?),9.63 (d,J=78.4 Hz, 2H, NH}7) (see Fig. 10, p. 317
at the Supplementary Section). ’C NMR, O, ppm:
21.88 (CH§6), 40.15 (N(CH,),), 51.08 (CHY), 52.94 (C%),
59.76 (C3), 95.07 (CH3), 115.24 (CN'3), 116.16 (CN'2),
144.94 (C?), 177.07 (C%), 178.27 (C=0) (see Fig. 11,
p.- 318 at the Supplementary Section). Found: C 56.01;
H 5.33; N 32.75. C,H,,NO. Calculated, %: C 55.80;
H 5.46; N 32.54. Mass spectrum, m/z (I, %):
C,H 4,NO 258.12 (100%).
3-Amino-5-dimethylamino-6-ethyl-1-0x0-4,5-
dihydro-1H-pyrrolo[3,4-c]pyridine-3a,7a-dicarbonitrile  3e
[methylethylketone TCEK + MH]. 7, = 165-166°C.
IR (Nujol), vmax/cmflz 1639 (s) (C=C), 1745 (s) (C=0),
2260 (s) (C=N), 3395 (vs, br) (NH,). 'H NMR spectrum,
8, ppm: 0.88 (t,/=7.1 Hz, 3H, CH3°), 1.03 (d, /= 6.2 Hz,
6H,N(CHS,),), 1.17-1.37 (m, 2H, CHJ), 3.00-4.08 (m, 2H,
CH$),4.35(d,J=4.2 Hz, 1H, CH%),9.61 (d,J = 115.6 Hz,
2H, NH,) (see Fig. 12, p. 318 at the Supplementary
Section). >C NMR, dc, ppm: 14.18 (CH%O), 19.63 (CH%6),
40.17 (N(CH,),), 51.57 (CHY), 53.33 (CH, 62.07 (C),
94.70 (CH3), 115.30 (CN13), 116.19 (CN!2), 145.03 (C?),
177.15 (C%), 178.07 (C=0) (see Fig. 13, p. 319 at the
Supplementary Section). C 57.21; H 6.08; N 30.56.
C,3H,(NgO. Calculated, %: C 57.34; H 5.92; N 30.86.
Mass spectrum, m/z (I, %): C,3H;NO 272.14 (100%).
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3-Amino-5-dimethylamino-6,7-dimethyl-1-
0x0-4,5-dihydro-1H-pyrrolo[3,4-c]pyridine-3a,7a-
dicarbonitrile 3f [methylethylketone TCEK + DMH].
T o = 167-169°C. IR (Nujol), vmax/cm_lz 1624 (s)
(C=C), 1736 (s) (C=0), 2243 (s) (C=N), 3457 (vs, br)
(NH,). 'H NMR spectrum, &, ppm: 1.49 (s, 3H,
CHZ%, 2.19 (s, 3H, CHJ), 2.61 (s, 6H, N(CH,),),
4.02 (g, J = 7.0 Hz, 2H, CHY), 5.27 (s, 3H, NH,)
(see Fig. 14, p. 319 at the Supplementary Section).
3C NMR, §., ppm: 14.18 (CH3°), 19.63 (CHJ),
39.96 (N(CH,),), 41.14 (CHY), 51.57 (C>), 62.08 (C*),
94.69 (C3), 115.30 (CN'), 116.19 (CN'%), 145.03 (C?),
177.03 (C'3), 178.07 (C=0) (see Fig. 15, p. 320
at the Supplementary Section). C 57.30; H 6.01;
N 30.63 C;H;(N,O. Calculated, %: C 57.34;
H 5.92; N 30.86. Mass spectrum, m/z (I %):
C3H (N0 272.14 (100%).

rel®

RESULTS AND DISCUSSION

In order to utilize the off-specification intermediate DMH
propellant, we employed TCEKs. As demonstrated
in practice, these strong C—H acids readily and
unambiguously undergo reactions with basic hydrazones.
The possibility of preparing TCEKs from readily
available reagents by relatively simple and low-labor
synthetic methods is additionally advantageous for
their practical application. Their synthesis is depicted
in Scheme 1.

Cyclohexanone-derived TCEK 2a, 4-propylcyclo-
hexanone-derived TCEK 2b, and 2-methylcyclohexanone-
derived TCEK 2¢ were obtained according to a general
procedure: TCNE corresponding ketone 1a—c, and a drop
of concentrated hydrochloric acid were allowed for
reacting at room temperature (20°C) (r.t.) in dioxane until
completion. The products were isolated by crystallization
from dioxane solutions, followed by precipitation with
water. Tetracyanoethylation of acetone 1d was carried
out by dissolving TCNE in acetone under hydrochloric
acid catalysis; target product 2d was precipitated with
water. TCEKs based on methyl ethyl ketone 1le,f,
bearing a polycyano substituent in the first (2e) and

o N x
¢
RIJ\ % x 2D
R2 + C vy R ¢H
la—f N renE N
2a—f
60-80%

a:R1=R2=Q

b: RI=R2= CH;

c:RI=R’= UCH3

third (2f) positions, were obtained in ethanol either
without additives (2e) or in presence of the sulfuric
acid drop (2f), respectively. Target products 2e—f were
isolated by complete evaporation of ethanol, followed
by trituration of the residue with water. Completion
of the tetracyanoethylation reaction was confirmed
by the HQ test, which develops an instantaneous blue
coloration indicating presence of TCNE.

The obtained TCEKs 2a-f were subjected
to reaction with DMH under sodium hydroxide catalysis
to afford pyrroloquinolines (pyridines) 3a—f. The
basic medium was required not only to optimize the
cascade transformations described in [1, 2], but also
to stabilize DMH. This reagent is prone to dimerization
and polymerization [9]; the freshly distilled, dry
compound rapidly turns yellow and gradually resinifies.
When neutral DMH is mixed with TCEKs in ethyl
acetate, polymerization of the reagent occurs prior to the
desired transformation, as confirmed by TLC analysis.
Thus, the basic catalyst plays a decisive role in the
formation of the target products.

We conversed DMH into pyrroloquinolines
(pyridines) 3a—f under three different conditions:
magnetic stirring, in an US reactor, and in a microwave
oven. The synthesis under standard conditions has
already been reported in our previous publications [1-3].
For US stirring, the reaction vessel was equipped with
a copper ring, an HQ, and an ice bath. We hypothesized
that the resin formation observed during the reactions,
particularly with aliphatic TCEKSs, has a radical character.
Accordingly, common radical traps—copper [11]
and HQ [12]—were employed. An ice bath was used
to maintain a temperature of 10°C, which is the highest
temperature at which resinification does not occur during
US stirring.

For MWI, the ethyl acetate solutions were pre-cooled
to 3-5°C. The low temperature also helped to suppress
undesired  polymerization and polycondensation
of the starting reagents and intermediates during MWI
at a minimum power of 250 W. The conversion of DMH
into pyrroloquinolines (pyridines) 3a—f is depicted
in Scheme 2.

Rl= CR2 =
cyclohexyle d:R'=CH;; R°=H

e:R!'=CH,-CH;; R?=H
4-propylcyclohexyle

f:R! =R? = CH;

2-methylcyclohexyle

Scheme 1. Syntheses of TCEKs 2a—f by the following procedures: (I) concentrated HCI, dioxane, r.t., for 2a—c; (II) concentrated HCI,
acetone, r.t., for 2d; (III) concentrated H,SO,, ethanol, 45°C, for 2e; (IV) ethanol, 40°C, for 2f
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Scheme 2. Syntheses of pyrroloquinolines(pyridines) 2a—f by the following procedures: (I) magnetic stirring, r.t.; (IT) US stirring,

copper ring, HQ; (IIT) MWI, 250 Wt

The results of the experiment confirmed that the
most efficient conversion of DMH is achieved by mixing
itwith cyclohexanone-derived TCEK 2aunder conditions
where the reaction mixture was pre-cooled to 3-5°C,
followed by MWI at 250 W for 2 min. This procedure
afforded target pyrroloquinoline 3a in 92% yield.

Nevertheless, for other cyclohexanone-derived
TCEKs 2b—c, modifications of the synthetic conditions
did not lead to significant improvements. The standard
conditions proved to be optimal for TCEK 2b, yielding
75% oftarget product3b, whereas US and MWl irradiation
reduced the yield by more than 10%. Mixing TCEK 2¢
with basic DMH immediately caused darkening of the
ethyl acetate solution and precipitation of heterocycle 3¢

with a yield of 48%. Under US and MWI conditions, this
yield increased only slightly, to 50-52%.

However, for aliphatic TCEKs 2d—f, US and MWI
irradiation ensured consistent formation of target
pyrrolopyridines 3d—f in amounts significantly higher
than those obtained under standard synthesis conditions.
In practice, magnetic stirring at room temperature with
TCEKs 2d-f does not always guarantee formation
of the target products and often leads to polymerization
of the starting reagents. The maximum yields
of products 3d, 3e, and 3f under standard conditions were
57%, 54%, and 52%, respectively. US stirring increased
these yields to 73%, 62%, and 67%, while MWI further
improved them to 82%, 70%, and 85%.

Table. Results of the DMH conversion optimization into pyrroloquinolines 3a—c and pyrrolopyridines 3d—f via US and MWI irradiation

in comparison with standard magnetic stirring

Initial compounds Reaction condition Reaction product Yield, % Time, min
o N CN Magnetic stirring CH, 1(;1 NH, 84 30
c . N.
N US stirring Hi;C N N 79 30
cf \
N MWI 92 2
2a 3a
Magnetic stirring 75 30
0 N y
Cc US stirring 60 30
C:N
H;C CH
N MWI 62 25
2b
3b
o N CN Magnetic stirring H,;C N CH, N 48 2
C cN US stirring HN CE 50 30
cH Con
N )
MWI 52 5
2¢ 3¢
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Table. Continued
Initial compounds Reaction condition Reaction product Yield, % Time, min
o N N Magnetic stirring C|H3 181 NH, 0-57 8
o8 N US stirring e NN { 73 30
H,C u Pw
¢ H,C ¢ ¥
N MWI N 82 4
2d 3d
o N N Magnetic stirring . 0-54 30
Hszu\/CC&ﬁczN US stirring e 62 30
H;C
C H 3
N MWI 70 5
2e
Magnetic stirring 15-52 10
o NN
ce cN US stirring H;C 67 25
H,C I H
3N
MWI 85 3.5
2f 3f
CONCLUSIONS pyrroloquinoline within two minutes highlights the

The described work led to optimal conversion of the
semi-product of low-grade rocket fuel—DMH—into
pyrroloquinolines and pyrrolopyridines, which are
potentially applicable in medicine. The best result was
obtained in the reaction of DMH with cyclohexanone-
derived TCEK under MWI, affording 92% of the
pyrroloquinoline product in just two minutes. In addition,
existing methods for synthesizing pyrrolopyridines from
aliphatic TCEKs using US stirring and MWI were refined
and stabilized. A direct correlation was observed between
the use of US or MWI treatment and the increased
yields of pyrrolopyridines. However, the proposed
modifications did not yield significant improvements
for 2-methylcyclohexanone derivative, and only slightly
reduced yield of 4-propylcyclohexanone product.
Nevertheless, the near-quantitative conversion (92%)
of the low-grade rocket fuel semi-product into

potential of this approach for the efficient transformation
of DMH into practically valuable products.
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Fig. 9. HRMS spectrum of 3¢
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