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Kamanuzupyemoe nepexoonsimu memannamu yuanupoeanue no memooy Pozenmynoa-
¢on Bpayna asnaemca mpaouyuoHHbIM CROCOOOM CUHME3d 3aMeuieHHbIX pmanonumpunos. 00-
HAKO HeBbICOKUE 8bIXOO0bl, HCECHKUE YCTI08UA PeAKUUU U 0ZPAHUYEHHBII 00CMYN K 2d102eHCo0ep-
HeauumM coeOUHeHUAM 0eaarom IMom Memoo HeHAVEHCHBIM 80 MHOZUX caAyyanx. B amoit padome
ovlia npoeeoena nanpasnennas C-H gpynkyuonanuzauyus 5,6-ouc(4-opomgpenun)nupazun-2,3-
ouxapoonumpuna(4) c 6eH30muazonom ¢ noayueHuem coomeemcmayowezo 5,6-ouc(4-(6enzoldjmu-
azon-2-un)penun)nupasun-2,3-ouxapoonumpuna(5). Cunmes nauunaemces ¢ 4-opomanununa, Ko-
mopulil 0bL71 ROOGEPZHYN 63AUMOOCHCHEUIO C OPMATLOOKCUMOM 6 ycioeuax peakuyuu Meep-
geiina ¢ nonyuenuem okcuma 4-opomoenzanvoezuda. Ilocneodyowjuii 2udpoaus okcuma npusooum
K oopazoeanuto 4-opombenzanvoecuoa. /lna nonyuenusn 1,2-ouc(4-opomepenun)-2-zudpoxcurma-
HOHA UCNOIB306A1U KOHOCHCAWUIO DeHn3anvoecuoa, ucnonwviya NaCN 6 kauecmee Kkamanuzamopa.
Ilonyuennwiii 3amem ocadox oxucaanu CuSO, c nonyuenuem 1,2-ouc(4-opomepenun)aman-1,2-ou-
ona. Konoencayus ouamunomaneoounumpuna c noayuyeuusim 1,2-ouc(4-opomgpenun)iman-1,2-
OUOHOM 6 J1€OAHOI YKCYCHOIUI KUCTIOme npugena K oopazoeanuio 5,6-ouc(4-opomgenun)nupasun-
2,3-ouxapoonumpuna c evixooom 83%. Peaxuus C-H hynkuuonanuzayuu npoeoounacs c uc-
nonv3oeanuem Pd/Cu-kamanumuueckoii cucmemsl 8 KURAWEM MOJIYoJie 8 meueHue 6 4 6 npu-
cymcmeuu nomauwia 8 Kkayecmee ocnosanus u PPh3 ¢ xauecmee nuzanoa ona nonyuenusn 5,6-
ouc(4-(oensoldjmuazon-2-un)penun)nupasun-2,3-ouxkapoonumpuna c evixooom 73%. Cmpyk-
mypa nOIYUeHHO20 COCOUHEHUA DbLIA YCIAHO08IEHA C NOMOWbIO ITIEKIMPOHHOU CHEKMPOCKOnUU,
macc-cnekmpomempuu (MALDI-TOF), *H u *C AMP-cnexmpockonuu. Coznacno pacuemam
B3LYP/cc-pVTZ evisacueno, umo coedunenue 5 xapaxmepuzyemcs moueuoil Zpynnoi cummen-
puu C2. IIposedeno onucanue Konedbanuil cOeOUHEHUsA 5 HA OCHOBe AHAU3A PACHPeOeleHUsl nO-
menyuanvnoi ynepzuu (PII3) popm nopmanvnvix Konedbanuii no ecmecmeennvim Koaedamennp-
HblM Koopounamam. Ommeueno, umo PIID nopmanvnvix Ko1edanuii no 6HympeHHUM KOOPOUHA-
mam umeem cnodxcuolii xapakmep, a UK-cnekmput, IxcnepumenmansvHple u CMOOEAUPOSAHHbBIE
Ha 0CHOg8e Pe3y1bmamoe K6AHMOE0-XUMUYECKUX PACHEM 08, YO061eMEOPUMEIbHO CO2NACYIOMCA
opyz ¢ opyzom.

KroueBnie ciioBa: C-H dynkunonanuzaius, 1TakapOOHUTPHII, OEH30THA30J
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Transition-metal catalyzed cyanation by Rosenmund-von Braun is conventional approach
to substituted phthalonitriles. However, low reaction yields, rough reaction conditions and limited
access to halogenated compounds make this technigue unreliable in many cases. In this work, we
have established the direct C-H functionalization of 5,6-bis(4-bromophenyl)pyrazine-2,3-dicar-
bonitrile(4) with benzothiazole affording the corresponding 5,6-bis(4-(benzo[d]thiazol-2-yl)phe-
nyl)pyrazine-2,3-dicarbonitrile(5). The reaction pathway starts from the 4-bromoaniline, which
was subjected to react with formaldoxime under Meerwein reaction conditions to give the oxime of
4-bromobenzaldehyde. Subsequent hydrolysis of oxime leads to formation of 4-bromobenzaldde-
hyde. To prepare 1,2-bis(4-bromophenyl)-2-hydroxyethanone, benzoin aldehyde condensation was
employed using NaCN as a catalyst. The precipitate obtained then was oxidized with CuSO, to
afford 1,2-bis(4-bromophenyl)ethane-1,2-dione. Condensation of diaminomaleodinitrile with 1,2-
bis(4-bromophenyl)ethane-1,2-dione in glacial acetic acid led to the formation of 5,6-bis(4-bromo-
phenyl)pyrazine-2,3-dicarbonitrile with 83% yield. Direct C-H functionalization was performed us-
ing Pd/Cu-catalytic system in boiling toluene for 6 h in the presence of K,COs as a base and PPh3
as a ligand to obtain 5 in 73% yield. Structure of 5 was determined by Uv/Vis spectroscopy, mass
spectrometry (MALDI-TOF), 1H and 13C NMR spectroscopy. According to B3LYP/cc-pVTZ cal-
culations 5 has the structure of C2 symmetry. Assignment of vibrational modes of 5 was carried
out via potential energy distribution analysis among internal coordinates. The complicated com-
position of vibrational modes was noted. The simulated and experimental IR-spectra were satis-
factorily agreed.
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INTRODUCTION

Nitriles (also called cyano compounds) are the
distinct class of organic compounds, which are wide-
spread in nature [1] and utilized as pharmaceuticals [2-4],
polymer materials [5] and dyes [6]. They can serve as
the starting material for the synthesis of amines, ami-
dines, tetrazoles, aldehydes, amides and carboxylic ac-
ids. The synthesis of aromatic 1,2-dicarbon acid dini-
triles - phthalonitriles, their modifications, benzo annu-
lated homologs and their derivatives (dinitriles of
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naphthalene-, anthracene-, pyridine-, pyrazine-, quino-
line-, quinoxaline of dicarboxylic acids) have been de-
veloped [7-10]. Oxidation reactions of arenes, electro-
philic and nucleophilic substitution, Sandmeyer,
Rosenmund-von Braun, etc. are employed for the fac-
ile introduction of carboxyl or directly nitrile groups as
well as other various substituents.

Rosenmund-von Braun reaction, one of the
most convenient method for the preparation of dini-
triles, involves the transformation of o-dihalogenated
compounds into the corresponding dinitriles using
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CuCN as cyanated agent [8]. Substituted phthaloni-
triles and their derivatives are required for the develop-
ment of functional materials based on porphyrazines.
Dinitriles can be modified using «ipso»-substitution of
nitro groups [11], alkylation and arylation of thio-, hy-
droxy-, and carboxy groups [11-17]; cross-coupling re-
actions [18-19].

The development of new approaches to the
synthesis and modifications of dinitriles is of im-
portance because it opens the gates towards synthesis
new symmetrical and unsymmetrical porphyrazines
[20]. In this review, we have demonstrated the new
synthetic protocol for the synthesis of new undescribed
dinitrile using Pd-catalyzed C-H functionalization [21].

EXPERIMENTAL

Paraformaldehyde, hydroxylamine hydrochlo-
ride and 4-bromoaniline were purchased from Aldrich,
USA. CH.Cl, was distilled from KOH, CaCl, and
Na,SOs. A silica gel (from Merck) with 40-60 um par-
ticles was applied in column chromatography. Other
chemicals were of reagent grade.

UV/Vis spectra (320-900 nm) of investigated
compounds were obtained at ambient temperatures in
CHCI3; and CHCl, using an UV/VIS Hitachi U2001
spectrometer. NMR spectra (*H, *C) were measured
on a Bruker Avance-500 spectrometer in standard so-
lutions. The solvent signals were used as the internal
standards. IR spectra (3000-300 cm™) were recorded
with an Avatar.360 FT — IR ESP in optically pure KBr.
The elemental analysis were performed on a FlashEA
1112 CHNS-O Analyzer apparatus. The MALDI-TOF
mass spectra of the positive ions were registered on
Shimandzu AXIMA Confidence, a time-of-flight mass
spectrometer with matrix-associated laser desorption,
and a Bruker Daltonics Ultraflex apparatus.

4-Bromobenzaldehyde (1)

Paraformaldehyde (23.0 g, 0.8 mol), hydroxyl-
amine hydrochloride (52.6 g, 0.76 mol) and 340 ml of
water were placed in 2 L three-necked round-bottom
flask equipped with a reflux condenser and dropping
funnel. The reaction mixture was heated to the for-
mation of turbid solution. Then 102.0 g (0.89 mol) of
CH3COONa-3H,0 were added and heating and stirring
were continued for 15 min. The mixture was allowed
to attain RT and 12.5 g (0.05 mol) of CuSO4-5H,0,
2.0 g (15.8 mmol) of Na,SOs, the solution of
CH3;COONa-3H,0 (330 g, 2.89 mol) in 360 ml of wa-
ter were added to the reaction mixture under stirring.

86.8 g (0.504 mol) of 4-bromoaniline was
placed in 1 L beaker and dissolved in mixture of HCI
(114 ml) and H>O (110 ml). The solution was cooled
down to 0-5 °C in ice bath and 35.0 g (0.507 mol) of
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NaNO: in 50 ml of water was added dropwise keep-
ing the reaction temperature between 0-5 °C. 44.0 g
(0.385 mol) of CH3COONa-3H;0 in 70 ml of water
was added to diazo compound salt forming neutral con-
dition (pH = 7). The mixture was cooled down in ice
bath and then introduced beneath the surface of for-
maldoxime solution keeping the reaction temperature
less than 15 °C. The stirring was continued for 1 h add-
ing HCI (230 ml, pH = 2) and reaction mixture was re-
fluxed for 2 h.

Crude product was removed by steam distilla-
tion collecting of 2 L of residual matter. The distillate
was treated by Na,COs, extracted with CH,CI, and
washed with water and an aqueous solution of NaOH
(5%). The reaction mixture was dried over Na,SO4 and
the solvent was removed in vacuo to afford 1 (74.6 g,
80%) m.p. = 55-58 °C. 'H NMR (500 MHz, CDCls): &
(ppm): 9.98 (s, 1H), 7.75 m (2H, J = 8.4 Hz, 2,6-Ar),
7.69 m (2H; J = 8.4 Hz, 3,5-Ar).

1,2-bis(4-bromophenyl)-2-hydroxyethanone (2)

C2HsOH (3.75 ml), H:0 (25 ml), 1 (5 9),
NaCN (0.25 g) was refluxed for 20 min in a round-
bootom flask. After the reaction was completed, the
mixture was cooled down and the product was ex-
tracted with CHCl,, washed with water and dried over
Na.SOs4. The solvent was removed in vacuo and the
crude precipitate was recrystallized from a C;HsOH to af-
ford 2 (4.2 g, 85%). m.p. =92-93 °C. *H NMR (500 MHz,
CDCls): 6 (ppm): 7.74 d (2H, J = 8.6, 2.6-Ar), 7.55d
(2H,J=8.6, 2.6-Ar), 7.46 d (2H, J = 8.4, 3.5-Ar), 7.18 d
(2H, J = 8.4 Hz, 3.5-Ar), 5.86 brs (1H, J = 4.6 Hz, a-
carbonyl CH), 4.49 brs (1H, J 4.6 Hz, OH).

1,2-bis(4-bromophenyl)ethane-1,2-dione (3)

CuS04-5H20 (18 g) and pyridine (17 ml) in
water were placed in 250 ml round bottom flask. The
mixture was heated and 2 (4 g) was added to solution.
The heating and stirring were continued for 2 h (air
bath). The mixture was getting dark green. The reac-
tion was cooled and crystalline solid was filtered out,
washed with water and dried. The crude product was
recrystallized from a CCl,4 to gave 3 (3.6 , 98%). m.p.
= 225-227 °C. *H NMR (500 MHz, CDCls): & (ppm):
7.83d (4H,J=8.5Hz, 2.6-Ar), 7.67 d (4H, J = 8.5 Hz,
3.5-Avr).

5,6-bis(4-bromophenyl)pyrazine-2,3-dicar-
bonitrile (4)

To a 100 ml round bottom flask charged with
3 (2.5 g) and diaminomaleodinitrile (0.88 g) glacial
acetic acid was added. The reaction mixture was re-
fluxed for 4 h, poured down to water and filtered out.
The formed precipitate was dried and extracted with
dichloromethane. The crude product was purified by
silica gel colonel chromatography using dichloro-
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methane as an eluent. The first yellow fraction was col-
lected and solvent was removed in vacuo to provide 4
as a yellow solid (2.48 g, 83%). m.p. = 209-211 °C.
'H NMR (500 MHz, CDCl3): & (ppm): 7.46 d (4H,
J=8.4 Hz, 2.6-Ar), 7.58 d (4H, J = 8.2 Hz, 3.5-Ar).

5,6-bis(4-(benzo[d]thiazol-2-yl)phenyl)pyra-
zine-2,3-dicarbonitrile (5)

Pd(OAC)2 (0.0509 g, 10 mol%), Cu(OAc).-2H.0
(0.0906 g, 20 mol%), PPh3 (0.297 g, 0,5 skB.), toluene
(10 ml), benzothiazole (0.988 ml, 9.089 mmol) and
5,6-bis(4’-bromophenyl)pyrazine-2,3-dicarbonitrile (1 g,
2.27 mmol) were placed in a 25 ml one-necked round
bottom flask equipped with a reflux condenser and
magnetic stirring bar. The reaction mixture was stirring
for 1 min and then K,COs (0.627 g, 2 equiv.) was
added. The mixture was refluxed and stirred for 6 h.
After the reaction was complete, the mixture was al-
lowed to get cooled to RT and dichloromethane (10 ml)
was added washing away the resulted solution. The or-
ganic layer was filtered out and washed with CH,Cl,
(210 ml). The solvent was removed in vacuo. The
crude product was purified by silica gel colonel chro-
matography using CH,Cl. as the eluent and collecting
the first yellow fraction to gave 5 (0.9 r, (73%). H
NMR (500 MHz, CDCls): 6 (ppm): 7.5m (4H, benzo-
thiazole); 7.73d (4H, J = 8.4 Hz, 3.5-Ar); 7.82d (4H,
J = 8.4 Hz, 2.6-Ar); 7.93 m (2H, benzothiazole); 8.03 m
(2H, benzothiazole). *C NMR (125 MHz, CDCly): §
(ppm): 113.80br (2C); 118.11br (2C); 121.73 (4C);
124.42br (2C); 126.48d (4C); 130.53br (2C); 132.56br
(2C), 136.50br (2C), 140.52br (2C), 142.57br (2C),
148.49br (2C), 153.99br (2C), 164.13br(2C). MALDI-
TOFMS: m/z calcd for [Csz2H1sNeS2]: 548.64; found:
549.48 [M]+.

COMPUTATIONAL DETAILS

Quantum chemical calculations were per-
formed with the Gaussian 09 program package [22] in
a framework of DFT approach. Optimized structures
were obtained using B3LYP functional with cc-pVTZ
basis set [23] for all atoms. Assignment of vibrational
modes was carried out by potential energy distribution
(PED) analysis along internal coordinates using the
VibModule program [24]. Natural bond orbital (NBO)
analysis was performed as implemented in the Gauss-
ian 03 package [25]. The ChemCraft program [26]
was used for visualization of molecular structure and
vibrations.

RESULTS AND DISCUSSIONS

The heterocycle-substituted dinitrile 5 was
synthesized from the 4-bromobenzaldehyde (1) using
multistep technique. For the synthesis of 1 we applied
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Meerwein reaction which involved the attaching of a
diazo compound to the heterodual bond of formaldox-
ime (Scheme 1) [27]. Formaldoxime was synthesized
firstly and then was interacted with the diazo com-
pound salt of 4-bromobenzaldehyde to afford the ox-
ime of 4-bromobenzaldehyde. The subsequent hydrolysis
of oxime led to the desired 1 in 80% yield (Scheme 2).

® /NOH
NH, N
NaNO, cHszoH _Hel
HCI
Br Br

Scheme 1. Synthesis of 1 via the diazonium salt
Cxema 1. Cuntes coequHeHus 1, HCMONB3YS PEaKIUIo [IHA30TU-
pOBaHHUSA

Benzoin aldehyde condensation was applied
for the preparation of 1,2-bis(4-bromophenyl)-2-hy-
droxyethanone (2) with 85% yield, which then was ox-
idized with CuSOs to afford 1,2-bis(4-bromo-
phenyl)ethane-1,2-dione (3) in 98% yield (Scheme 3).

NaCN
EIOH

Scheme 2. Benzoin aldehyde condensatlon of compound 1
Cxema 2. beH30MHOBasI KOHJCHCANNS COSTUHEHNS 1

3
Scheme 3. Oxidation of compound 2 using CuSO4
Cxema 3. Okucnenue coemuHeHus 2, ucrnonb3ys CuSOy

The subsequent condensation of diaminom-
aleodinitrile with 3 in glacial acetic acid led to the for-
mation of 5,6-bis(4-bromophenyl)pyrazine-2,3-dicar-
bonitrile (4) with 83% yield (Scheme 4).

PA(IT)/Cu(Il) catalytic system developed by
Z.-Z. Huang was chosen for the C-H functionalization
of dinitrile due to its efficiency [28, 29]. The reaction
was performed in boiling toluene for 6 h in the pres-
ence of K,COs (2 eq.) as a base and PPh; (0.5 eq.) as a
ligand. The 5,6-bis(4-(benzo[d]thiazol-2-yl)phenyl)pyra-
zine-2,3-dicarbonitrile (5) was obtained as a pale yellow
powder (73%).
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This approach has paved ways for the facile in-
troduction of variety heterocyclic substituents into di-
nitrile scaffolds. Diverse porphyrazines and their
metallated versions can be prepared according this
technique.

Scheme 4. Condensation of compound 3 with diaminomaleonitrile
Cxema 4. KoHzieHcanmst COSMHEHUS 3 ¢ TUAMUHOMAICOHHTPUIIOM

According to B3LYP calculations, 5 has three
conformers differing in arrangement of sulfur atoms
with respect to the center of the molecule: (I) sulfur at-
oms in cyclic groups are oriented by “outer” direction
with respect to center of molecule (Fig. 1); (1) sulfur
atoms in cyclic groups are directed by “inner” direction
with respect to center of molecule; (111) one sulfur atom
in one cyclic group is directed by “inner” direction, an-
other sulfur atom in another group — by “outer”. The
conformers Il and 11 are higher in energy only by 0.6

Br
NC N\ O N
| {1
P O S
NC N
B

r

Pd(OAc),/Cu(OAc),

(10/20 Mol %) NCI
— |
NC

K,CO;3 (2 eq.)
toluene
6h,110 °C

PPh; (0,5 eq.)

and 0.3 kJ-mol?, respectively. Neighboring phenylene
groups are oriented in a “quasi-parallel manner”, due
to mirrored orientation of neighboring phenylene
groups (conformations of Cs symmetry) is energeti-
cally unfavorable by at least 23 kJ-mol™* due to induced
steric repulsions.

The structural parameters of 5 were compared
with the corresponding parameters of “parent” mole-
cules: pyrazine-2,3-dicarbonitrile, benzene and benzo-
thiazole (Table S1-S4). The largest difference in pa-
rameters is noted for Cs™Y-Cg™: the neighboring ar-
rangement of two large groups in positions 5 and 6 of
the pyrazine cycle leads to an increase in the distance
by 0.035 A. The Wiberg bond index (WI1) for this bond
decrease from 1.37 in pyrazine-2,3-dicarbonitrile to
1.24 in 5. It should be noted an increase by 0.02 A in
the S;5-C,®! distance in 5 compared to benzothiazole
molecule (Table S3). The aromaticity of the pyrazine,
phenylene and benzothiazole moieties decreased in 5
with respect to corresponding initial molecules: nu-
cleus-independent chemical shift (NICS) based in-
dexes increase by ~1-2 ppm (Table S4). The natural
charges actually change only in the case of atoms in-
volving to bonding of different moieties — Cs™Y, Cg™,

C1Ph, C4™, C.Bt (Table S3).
/@
S

=
N
O N
=
S\©

5
Scheme 5. Pd/Cu-catalyzed C-H functionalization of compound 4
Cxema 5. Pd/Cu-karanusupyemast peakius C-H dyHkimonanmuszanuu coeautenvs 4

The highest occupied molecular orbital
(HOMO, 70b) and HOMO-1 (71a) of 5 are localized
on benzothiazole moieties (55% and 75%, respectively)
and phenylene rings (37% and 23%, respectively) (Fig.
2). The lowest unoccupied molecular orbital (LUMO,
72a) is distributed throughout the entire molecule 5
with a dominant contribution of pyrazine unit (52%).
Calculations of the electronic absorption spectrum predict
the two intensive peaks at A = 434 and 385 nm (Fig. 3).
The first one corresponds to So— S; transition that in-
volves the HOMO — LUMO (70b — 72a) electron
transfer. The next intense transition occurs from the
ground state to the third excited state originating from
HOMO-1 — LUMO (71a — 72a) transition.

26

Molecule 5 possesses 162 normal modes of vi-
bration. The vibrational representation is I' = 82A +
+ 80B. Most of the vibrations are comprised of dis-
placements along several internal coordinates. Assign-
ment of the infrared active modes in 5 is presented in
Table 1. Positions of bands in the simulated IR spec-
trum are in good agreement with appropriate values from
the experimental spectrum in a solid phase (Fig. 4). Cor-
relation between relevant bands of the experimental
and model spectra is close to linear (Fig. S1). Obtained
scaling coefficient 0.970 is consistent with appropriate
value 0.976 for theoretical investigation of BODIPY
[30] and expected values of 0.967 [31, 32] for the
B3LYP/cc-pVTZ calculation. However, there are
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some differences in the experimental and the-
oretical spectra. A strong band at 891 cm™ is
observed in the experimental spectrum, but
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385
434
1 1l

409
|

according to calculations there are no vibra- =
tions with high IR-intensities in this region.
Three signals with similar intensity are observed in the
region of 2850-3100 cm™, while in the model spectrum
there is one band at 3196 cm™ corresponding to several
CH-stretching vibrations. It should be noted, experi-
mental and theoretical spectra differ in the intensity
of the band near 2250 cm™ (Fig. 4) corresponding to
the NC-stretching vibrations of cyano-groups.

Fig. 1. Geometry model of C2 symmetry for compound 5
Puc. 1. Teomerpuueckas mozens (cummerpun Cz) coequHeHus 5

.
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Fig. 2. MO level diagram, composition of canonical MOs and vis-
ual representation of the first five transitions (nm, eV) for 5 calcu-
lated at B3LYP/cc-pVTZ level. Composition of the lowest excited
states is shown in italics. The symmetries of the excited states are
indicated in brackets. fa are oscillator strengths of corresponding
transitions
Puc. 2. lnarpammel sHepruit Hekotopsix MO, coctaB MO u Bu-
3yallbHOE MpEeICTaBICHIE TIEPBBIX MSTH IEPEX00B (HM, 3B) s
coeIMHEeHNs 5 Ha OCHOBE pe3ynabpTaToB pacueToB B3LYP/cc-
pVTZ. CoctaB HU3IHUX BO30YKIECHHBIX COCTOSTHUI BHIIENICH
KypcrBoM. CHMMeTpuH BO30YKIEHHBIX COCTOSTHAI yKa3aHEI B
cKoOKax. fa - CHIIBI OCHMILIATOPA COOTBETCTBYIOLIMX TIEPEXO0B
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Fig. 3. Calculated electronic spectrum of compound 5
Puc. 3. PaccuntaHHbIi 37€KTPOHHBINA CIEKTpP MOTJIOMICHUS COSIH-
HeHHA 5

Comparison of the simulated spectra of 5, py-
razine-2,3-dicarbonitrile, benzene and benzothiazole
was also carried out (Fig. 5). The vibrational mode ®123
of 5 corresponds to the most intense vibrational mode
(1412 cm?, Ay) of pyrazine-2,3-dicarbonitrile. How-
ever, 123 IS associated not only with motion of pyra-
zine-dicarbonitrile moiety (~60%, primarily CC
stretching), but also with C¢™-C;™" stretching (~30%).
This may be the reason for the decrease in frequency by
11 cm™ upon pyrazine-2,3-dicarbonitrile — 5 (Fig. 5).
For pyrazine-2,3-dicarbonitrile, the second most in-
tense band at 1140 cm™ is determined by the defor-
mation vibration with the inclusion of C?-C®N (~18%)
and C-NPY (~29%) stretching. In case of corresponding
band weg for 5, the contributions of these motions
(~24%) are inferior to the contributions of motions of
phenylene moiety (8(C-H)™ — ~34%, v(Cs-Ce)™ —
~16%), which apparently explains low IR intensity of
the band wgee. The band at 977 cm? originates from the
vibration wss in which motion of phenylene moieties
(~33%, stretching and deformation) are coupled to mo-
tion of thiazole moieties (~58%, stretching and defor-
mation). Analogical complex vibrations leads to ap-
pearance of bands at 802 and 883 cm™ in the spectrum
of benzothiazole. For m134 mode, the vibration involves
motion corresponding to B, mode of pyrazine-2,3-di-
carbonitrile at 1579 cm™® (~64%) and stretching of
N3B-C,B bond (~12%) corresponding to the band at
1525 cm* in spectrum of benzothiazole (Fig. 5).
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Fig. 4. Simulated and experimental IR spectra for compound 5. In
order to simulate the shape of IR spectrum from results of
B3LYP/cc-pVTZ calculations, the individual bands were de-
scribed by Lorentz curves with a half width of 15 cm. A scale
coefficient of 0.970 was used (see Figure S1)

Puc. 4. Teopernueckuii u sxcnepuMeHTantbHblil MK-cnexTps! co-
eauHeHus 5. MogenupoBanue Teopetuueckoro UK-cnekrpa npo-
BOJMJIOCH C HCIIONIb30BaHneM QyHkuuu JlopeHua (monymmprsa
15 cm1) Ha ocHoBe pesynsTaTos B3LYP/cc-pVTZ pacueTos (Mac-
wtabupytomuit koadurment 0.970, cM. pucynok S1)
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Table 1
Descriptions 2 of several ° vibrational modes for 5

Taénuya 1. Onucanue ® HeKoTOPbIX  Koaedanuii MosIeKyJIbI 5

Ne [Sym| ¢ |Iri® Assignment 2
1 2 3 4 5
30 | B | 370.7 |10.1 vY(Py); y(CN)
46 | B | 550.2 |10.0 v(Py); y(CN)
50 | B | 590.7 [10.9 y(molecule): Y(CN); y(Ph);
54 | B | 643.0 |11.0 Y(C2)B y(C-H);
57 | B | 690.5 [26.5 def(Bt); v(S1-C2)Bt; def(N:™-C,>Y-CEN);
58 | A | 691.2 |23.6 def(Bt); v(S1-C)Bt;
65 | B | 751.9 (443 v(C-H)B y(Bt);
66 | A | 752.0 |12.8 v(C-H)B y(BY);
70 | B | 783.3 |53.1 Y(C-H)B y(BY);
71 | A | 783.4 |17.2 Y(C-H)B y(Bt);
77 | B | 879.6 |135 Y(C-H): y(C7-H7)B%, y(Ca-H2)™", y(Cg-He)B, y(Ca-H3)™;
79 | B | 880.9 |41.6 Y(C-H): y(C2-H2)™, y(C7-H7)B™, y(C3-Ha3)™;
80 | A | 886.5 14.9 Y(C-H)™"; y(Ph, C¢™);
81 | B | 956.5 (44.0 def(Py); v(C-C): v(C™Y-CN), v(C4-Cg)P"™*; def(Ph);
84 | B | 977.1 141.9 def(thiazole)®'; v(C-C): v(Cs-Ca)™; v(S1-C2)B; def(Ph);
8 | A | 977.4 |26.9 def(thiazole)Bt; v(C-C): v(Cs-C4)™; v(S1-C2); def(Ph);
97 | B [1087.4(10.0 def(Bt); v(S1-Cra)B%; v(C-C)B,
98 | A |1092.8|15.9 V(C-C): v(C1-Cg)™, v(Cs-Cg)™;
99 | B |1146.1|22.0 8(C-H): 8(C-H)P"; v(C-C): v(Cs-Cq)"™; def(Py)
108 | A |1238.2|78.5 v(N-C)P: v(N1-Cg)™, v(N1-C2)PY; v(C2-C3)™*:
109 | B |1252.4|18.0 V(C-C): v(C4"-C2BY), v(Cs-C)™*; v(N-C): v(N3-Csa)BY;
111 | B |1254.9 (955 V(C-C): v(Cg™-C1PM), v(C-C)P; v(N-C): v(N1-Cg)™; §(C-H)™",;
113 | B |1278.1|22.5 8(C-H): 8(C7-H7)Bt*; v(C-C): v(C7a-C7)B%*, v(C4™M-C2BY); v(N-C)B: v(N3-Cay);
115 | B [1315.1 |11.4 V(C-C): v(C4-Cs)P"*, v(C1-C)P"*, v(C-C)BY; v(N3-Csq) B,
117 | B |1328.9|31.8 V(C-C): v(C1-Cg)PM*, v(Cq-Cs)P*, v(Cs-Co)""™;
118 | A |1332.5|13.6 V(C-C): v(C1-Cg)™M*, v(Cq-Cs)P"*, v(Ce™Y-C1™M), v(Cs-Ce)™"*; v(N-C);
120 | B |1345.7|17.6 8(C-H): 8(C-H)P"; v(C-C)B: v(C7a-C7)*;
121 | A |1347.1|134 V(C-C)B v(C7a-C7)*, v(Caa-Cra)*, v(Cs-C7)*; 8(C-H): §(C-H)™, §(Cs-He)B™;
122 | B |1347.8|34.9 V(C-C)B v(C7a-C7)*, v(C3a-Cra)*, v(Cs-C7)*; 8(C-H): §(C-H)™;
123 | A |1400.8 [356.3 V(C-C): v(Cg™-C1™M), v(Ce-Cs)PY, v(C2PY-CNY); v(N-C)™;
124 | B 14189921 V(C-C): v(Cg™-C1PM), v(Cs-Cg)P*, 8\E(CCzlz ;;ECN);V(N-C)PV: v(N1-Cs), v(N1-C2);
125 | A |1443.4116.5 V(Cs-Cg)PM*; §(C-H)™";
128 | B |1465.6|10.8 8(C7-H7)B; v(C-C)Bt: v(Ce-Cr)*, v(Cza-Cra); v(N-C)B
132 | B |1526.5|60.6 V(N-C): v(N3-C2)B%; v(C-C); §(C-H)™;
134 | B [1551.4 {121.8 v(N-C): v(N1-Cs)™, v(N1-C2)™, v(N3-C2)B; v(C-C);
136 | B |1554.7 |65.8 V(C-C): v(C-C)™; v(C4™M-C2BY); §(C-H)P"; v(N-C)™;
140 | B |1597.0|15.3 V(C-C)PM: v(C4q-Cs)*; v(C1-Cg)*; 8(C-H)";
141 | A |1636.4|12.9 V(C-C)BL v(Cg-Cr)*, v(C7-Cra)*; 8(C-H)BY,
143 | A |1646.0|61.8 v(C-C)P": v(Cs-Ce)*, v(Ca-Cs)*, v(C1-Ce)*; §(C-H)™;
W3B. By30B. XuMus u xuM. TexHonorus. 2023. T. 66. Beim. 8
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1 2] 3 | 4 5

144 | B |1649.7 |19.6 V(C-C)P: v(Cs-Ce)* v(C4-Cs), v(C1-Co)*; S(C-H)™";
149 | B |3178.1]145 V(C-H)P": v(Cs-Hs);

155 | B |3194.3|25.6 V(C-H)B v(C7-H7), v(Ce-He), v(Ca-Ha):
158 | A [3200.8|21.7 V(C-H)B v(C4-Ha), v(Cs-Hs), v(Ce-He);

Notes: 2Based on PED. Coordinates are listed if their contributions are greater than ~10%. Coordinates are presented in descending
order of their contributions. The designation “Coord-1: Coord-2, Coord-3;” means that the displacement along coordinates Coord-2
and Coord-3 are a parts of the general displacement Coord-1. Given that the molecule have C2 symmetry, contributions of symmetri-
cally equivalent coordinates (e.g., N1?Y-C2? and N4™-CsPY and etc.). The symbol * was indicated when contributions of asymmetric
coordinates were combined: (C7-H7)Bt and (Ca-Ha4)Bt; (Ce-Hs)B and (Cs-Hs)B; (C7a-C7)Bt and (Csa-C4)Bt; (C3a-C7a)Bt and (Cs-Ce)Bt;
(Ce-C7)Bt and (C4-Cs)Bt; (C1-Cs)™M and (C1-C2)™"; (Cs-Cs)P" and (C3-C4)P"; (Cs-Ce)P" and (C2-C3)P"; (C2-C3)™ and (Cs-Cs)™. The fol-
lowing designations are used:

v(X-Y) — stretching of the X—Y bond; 3 — in-plane bending of the fragment indicated in parentheses, including def — deformation of
the fragment indicated in parentheses in the molecule plane; y — out-of-plane bending of the fragment or atom indicated in parentheses;
Py — pyrazine moiety; Ph — phenylene moiety; Bt — benzothiazole moiety; CN — cyano substituent; molecule — the whole molecule.

b There are normal modes of more than ~10 km-mol! IR-intensity;

¢ wi — calculated frequencies (cm™);

4 1iri — IR-intensities (km-mol™").

IIpumedanns: * Ha ocHOBe paciipese/ieHUs MOTEHIMAIBHON 3Hepruu. KoopAnHATHI yKa3aHBbI, €CIIH UX BKJIaJ mpeBbimaer ~ 10%.
KoopauHatsl mpe/icTaBlieHsl B Opsiike yObIBaHus uX BkiIanoB. O6o3Hadenue «Koopounama-1: Koopounama-2, Koopounama-3;»
03HAYaEeT, YTO CMEIIEHUsI IT0 KOOpAHHATaM 2 U 3 SBIIIOTCS YaCTsIMU OOIIEr0 CMEIIEHUs 110 Koopouname-1. YUUTBIBas, 4YTO MOJIEKYJIa
uMeeT cuMMeTpuio C2, MHOTHE TIAPBI ATOMOB ABJISIOTCS CHMMETPHUHO dKBUBaTeHTHEIME (Harpumep, N1PY-CoPY u NaPY-C3™Y u T. 1.).
CuMBOI * yKa3blBalcsl IpH 00beIMHEHNH BKIA0B HeCUMMeTpUuHbIX koopauHart: (C7-H7)Blu (Cs-Ha)BY; (Ce-He)B 1 (Cs-Hs)BY; (Cra-
C7)B'n (C3a-Ca4)BY; (C3a-Cra)B'm (Cs-Cs)BY; (Co-C7)Blu (C4-Cs)BY; (C1-Ce)™ 1t (C1-C2)PM; (Ca-Cs)PMu (C3-Ca)PM; (C5-Cs)™m (C2-C3)P; (Co-
C3)™ u (Cs-Cs)™. Ucnonbsyrores cremyromme 06o3nauenus: v (X-Y) - pactsokenue csazu X-Y; § - u3rub ¢ coXpaHEeHHEM TLIOCKOCT-
HOCTH (pparMeHTa, yKa3aHHOTro B CKOOKax, B ToM umcie def - nehopmarms ykazaHHOTo B ckoOKax (pparMeHra ¢ COXpaHEHHEM ILIOC-
KOCTHOCTH (pParMeHTa; Y - BBIXOJ aTOMA WM CBSI3H, yKa3aHHBIX B CKOOKaX, U3 INIOCKOCTH; Py - miupasuHoBsIi Ppparment; Ph — ¢penu-
JICHOBBIH (hparMeHT;

Bt — GenzoruazonpHblii pparment; CN — uano-rpymmna; molecule — Best Mosexya.

b npezcTaBicHbl konebanus ¢ UK-uHTeHCHBHOCTBIO Oomee ~10 KM'MOJIb L

¢ ®i— pacYUTaHHBIE 3HAYCHHUS 4acTOT (cM™Y);

9 |R i — pacunTanHble 3HaucHUs UK-MHTEHCHBHOCTEH (KM MOJTL L),
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Fig. 5. Simulated IR spectra for compound 5, pyrazine-2,3-dicarbonitrile, benzothiazole and benzene in the 400-1700 cm* range. In
order to simulate the shape of IR spectrum from results of B3LYP/cc-pVTZ calculations, the individual bands were described by Lo-
rentz curves with a half width of 15 cm™?

Puc. 5. Teoperuueckue UK-crieKTpbl COEIMHENMI 5, MUpasuH-2,3-MKapOOHUTpUIIA, GeH30THa300a M OeH301a B auanasode 400-1700 cm™.
MonenupoBanue TeopeTueckux MK-CreKTpoB MpOBOAUIIOCE ¢ UCTIONb30BanueM QyHkimu Jlopenua (nonymmpuna 15 cm™t) na ocxose
pesyabratoB B3LYP/cc-pVTZ pacueros
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CONCLUSION

In conclusion, we have demonstrated new ap-
proach to the synthesis of heterocycle-substituted py-
razinedicarbonitriles using Pd-Cu catalyzed C-H func-
tionalization. The presented technique gives easier and
safer pathway to dicarbonitriles and allows us to cir-
cumvent multistep protocol by Rosenmund-von Braun
reaction. Moreover, it also provides the desired product
in good yields without using hazardous reagents
such as CuCN. Quantum chemical calculation shows
that positions of bands of product desired in the sim-
ulated IR spectrum are in good agreement with ap-
propriate values from the experimental spectrum in
a solid phase.
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SUPPLEMENTARY MATERIALS

The following are available online (http://ctj-
isuct.ru/): Table S1. Internuclear distances for 5, pyra-
zine-2,3-dicarbonitrile, benzene and benzothiazole op-
timized at B3LYP/cc-pVTZ level. Table S2. Natural
charges at atoms calculated in the framework of natural
population analysis for 5, pyrazine-2,3-dicarbonitrile,
benzene and benzothiazole. Table S3. Wiberg bond in-
dexes calculated for 5, pyrazine-2,3-dicarbonitrile,
benzene and benzothiazole. Table S4. NICS(0) and
NICS(1) values for 5, pyrazine-2,3-dicarbonitrile, ben-
zene and benzothiazole. Table S5. Cartesian coordi-
nates of 5 according B3LYP/cc-pVTZ calculations.
Fig. S1. Correlation dependences v = f(®): v and ® —
the positions of the band maxima in the experimental
and model spectra for 5, respectively.
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