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MeTtomamMu KBaHTOBOM XMMMU BBITIOJIHEHO MOJEIMpPOBaHUe B3auMoaeicTBus 4-¢rop-ctupoia ¢ 4-CN—
PhNO, B npucyTcTBUM pa3nuyHbx pacTBoputeieid. [IpenioxeH MexaHU3M peaklMy U aKTUBAaLlMOHHbIE
Gapbephl ero craauii. st mpoBeaeHUs pacyeToB MPUMEHEH IporpaMMHBblii KomIieke Gaussian03. Mc-
noJsib3oBaHbl MeTonbl DFT/WB97XD/DGDZVP2 mist nojiyueHUs: ONTUMAIbHBIX T€OMETPUYECKUX TIa-
paMmeTpoB ucciaenyeMmbix cTtpyktyp, metonbsl TD-SCF/DFT/WB97XD/DGDZVP2 u TD-SCF/DFT/
PBEPBE/6-311g+-+(3d2f,3p2d) mist pacueTa BO30yXI€HHbBIX CUHIJICTHBIX U TPUILIETHBIX COCTOSTHUI U MO~
nenb IEFPCM st yuera BAUsIHUSI pacTBopUTeieii. PacyeT nmepexomHbIX COCTOSTHUI BBITIOJHSLICSI METOIOM
TS c npumenenuem meroga DFT/PBEPBE/6-311g++(3d2f,3p2d).

Karoueesbie crosa: KBaHTOBASI XMUMUSI, TPUILIETHOE COCTOsSTHUE, oeduHbl, HUTpocoenuHeHusi, DFT, ¢doro-

OKMHCIIEHUE, TIEPEXOIHOE COCTOSTHUE, PACTBOPUTENN
DOI: 10.31857/S0023119323060141, EDN: RVSKPQ

BBEAEHUE

B 1956 r. bByun u Aiiep [2] cOOGIIMIN O TOM, YTO
IpHu 00yYeHNN CMECH HUTPOOEH30J1a U 2-METHII-2-
oyreHa Y@ cBeTOM 00pa3yeTcsl HECKOJILKO ITPOIAYK-
TOB C MajJbIMU Bhixogamu. Ilociemyioniee ycTaHOB-
JIEHVE UX CTPOEHMS I1I0Ka3aja0, YTO B3aUMOIEHCTBIE
WUIEeT UMEHHO IO 3TUJICHOBOM CBSI3U. DTH aBTOPHI
MPEAIIONOXWINA, UYTO B KadyeCTBE IIPOMEKYTOUHBIX
BelecTB oOpa3syercs 1,3,2-mmuokcazonunuH. B pabo-
Te aBTOPOB [3], BHIITOJTHEHHOI MEeTOAaMU KBAaHTOBOM
XVMHHU, B KAUECTBE IIPOMEKYTOYHOI'O COCTMHECHUS —
BBICTYNAET TaKKe IMOKCAa3WININH, IIprudeM 00pa3o-
BaHUE €ro NPOUCXOAUT MyTEM B3aUMOACICTBUS TPU-
IUICTHOTO HUTPOCOCOAWHEHMSI C OBOMHOI CBSI3bIO
oylepmHA. DHEPTU aKTUBAIINM TaKWX peaknuii ot 1
no 3 kkaja/mMonb. B 2022 r. Baiic [4] npennonoxmur,
YTO HUTPOCOCOMHEHUSI MOTYT B3alIMOJIeiiCTBOBATh
10 TBOMHBIM CBSI3SIM ¢ 00pa3oBaHMEM IPOIYKTOB pe-
akLuu cormacHo cxeme (1).

R, R, 0 0
>_< - )J\ + /U\ (1)
R, Ry R; R, R4 R;

ComnacHo pabore Tanumosa u ap. [5] o6pa3oBaHue
JIbIETUIOB IPOUCXOIWUIIO TIPY B3aUMONIEUCTBUU OJIe-
(UHOB C HUTPO30OKCUIAMMU, SIBJISTIOIIIMMMUCST U30Mepa-
MU HUTpocoenuHeHuii. I1pu o6iaydenun Y® cetoMm
noao0OHas peakuus nporekaia [6] mexny PhNOO u

CTHUPOJIOM, a ITPOAYKTaMM PCaKIINU ABJIATINUCDH aJIbIC-
'na 1 HUTPO30OCOCAMHEHUE.

Takum o6pa3zom, B xonae peakuuii HC ¢ onepuHamu,
BO3MOXHO MOJIydeHUE IuoKcasupuauHa. OmHaxKo
NAJIbHEUIIUM TyTh MpeBpalleHsI 3TOr0 COeAUHEHU S
HeusBecTeH. HensBecTHO, B KaKOM COCTOSIHUU B
CUHIJIETHOM WJIM TPUILUIETHOM, IIPOTEKAET peaKiIus,
KpPOME TOTO, HESICHA CTPYKTypa NEePEXOAHBIX COCTOSI -
HU U3y4YaeMBbIX pPeaKlivii, a TaKXe BEJIUYUHBI SHEP-
TUii aKTUBALIMY BCEX CTAIUl MPOLIECCOB.

Llenbio HamIeit paGoOThI SBMJIOCH KBAHTOBO-XIMMU--
YyecKoe MOIEINpOBaHWE B3aMMOACHCTBUSA 4-(PTOp-
ctupoJia ¢ 4-CN—PhNO, ¢ yueToM pacTBOpUTEIS MO
MeXaHU3My, MpelIoXeHHOMY B pabdote [4] u como-
CTaBJICHHE €T0 C paHee M3BECTHHIMU MEXaHU3MaMMU.
J11s1 3TOro HeoOXOAUMO MPOBEACHME pacyeTa SHEep-
ruii aKTUBALlMU, U3MEHEHMs dHepruil [mbbca, 3H-
TaNbOUA peakly IJIs KaXOO0M CTagur M3yd4aeMOIo
MeXaHHu3Ma.

METOJNKA SKCIITEPUMEHTA

st mpoBeieHUsI pacyeToOB MCIOJIb30BaH IPO-
rpaMmMHbIiT KoMmIuieke Gaussian(03 [1]. Mcnonbp3oBaHbI
metonsl DFT/WB97XD/DGDZVP2 nns ontumu3sa-
LM TeOMETPUU HCClienyeMbIX cTpykryp, TD-SCF/
DFT/WB97XD/DGDZVP2 wu TD-SCF/DFT/
PBEPBE/6-311g++(3d2f,3p2d) mast pacueta BO3-
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Puc. 1. Paccunrannsiit Y®-cnextp 4-CN—PhNO, c
Y4ETOM PaCTBOPUTEI METAHOJIA.

6Y)K)ICHHLIX CHUHIJICTHBIX M TPUILJICTHBIX COCTOSTHUI

390 nm
—_—
MeCN

B cooTBeTCcTBUM C 3KCIIEpUMEHTAJbHBIMM HaH-
HbiMU [9] st coennHeHust 4-CN—PhNO, B meTaHoO-
Jie HaOJIIOAAIOTCS ITOJIOCH! MOMIOIIEHMSI TP 3HaYe-
HUSAX IJIUH BOJIH BOau3u 260 u 200 HM, YTO comiacy-
eTCsI C pacyeTaMH, BBIIIOJHEHHLIMU MeTomoM TD-
SCF/DFT/WB97XD/DGDZVP2 (puc. 1).

IIpy naHHBIX BEJIMYMHAX IJIMH BOJH BO3MOXEH
TIEpEeXOJ, U3 OCHOBHOTO CUHITIETHOTO COCTOSTHUSA — S
B BO30YyXII€HHBIE — 5, 5,, §3 COCTOSIHUS, TaKXe pac-
CYMTAHBI 9HEPTUUN TPUTUIETHBIX COCTOSTHUAMN LTS MO-
sekyiael 4-CN—PhNO, B TpPUIJIETHOM COCTOSTHUU.

IMJITIEXOBUWY u np.

nMmonenb IEFPCM misg ydera BIASTHAS paCTBOPUTEIICH.
PacyeT nepexomHbIX COCTOSTHUI BBITOIHSIJICS METOIOM
TS ¢ npumenenuem DFT/WB97XD/DGDZVP2. Bbi-
IIeNpUBEeACHHBIE METOOBI C JHOCTAaTOYHO BBICOKOM
TOYHOCTBIO MOTYT IIPUMEHSITBCS IS UCCIEAOBaHUSI
CHUCTEM, COoIepKAIINX HUTPOTpyIibl. [TomoOHbIe Me-
TOOBI IPUMEHSIJIN aBTOPHBI pa0dOTHI [7] misg mMcciieno-
BaHMsI CUCTEM, COJEPKAIIMX B CBOEM COCTaBE HUTPO-
IpYIbl 1 OeH30JIbHEIC Kojbla. [IpruMeHeHne Merona
DFT ¢ ¢pyukimonamom PBEPBE g onrrummsannm
CTPYKTYpP 110 MUHUMYMY DHEPIUMM, a TaAKXKe BPEMEH-
Ho-3aBucuMoro TD-DFT mMmetona ¢ yueToM MOJIHOIM
PBE xoppensaumm 1mo3BosieT MOoIyYnTh SHEPTUN BO3-
OY>KIEHHBIX COCTOSIHMIA, a TaKXK€ BEJIMYMHBI SHEPTUU
BEePTUKAJIbHBIX IEPEXOAOB IJISI CUHIJIETHOTO U TPU-
TIJIETHOTO COCTOSTHMIA [8].

PE3YJIBTATbBI U OBCYXIEHHUE

CormacHo pa6orte [4] mepexon HUTPOCOSTNHEHUS
U3 CUHIJIETHOTO COCTOSTHUSI B TPUILJIETHOE ITPOUCXO-
T 110 cxeme (2).

O

o o
CN@N\@ = CNON )
o) o’

S Sy

TX(T3)

3HaueHUs OHEPIun 1 JJINHbI BOJIH OJId CUHIJICTHBIX U
TPUIJICTHBIX COCTOSTHUI IIpUBECACHDI B Tabm. 1.

M3BectHO [10], 9yTO TIEpexom U3 CUHIJIETHOTO CO-
CTOSIHUSI B TPUILIETHOE 3alpellieH, ONHAaKO, 3ampeT
YaCTUYHO CHUMAETCSI, €CJW pa3HUlla B DHEPTUSX
MEXIY AByMsI COCETHVMMU YPOBHSIMU 3aIpPEIIeHHOTO
rnepexoja Majia i B TOM YUCJIE €CJIU IOCTUTAET 3HaYe-
Hus okosio 0.96 3B [11].

Takxe yCTaHOBIIEHO, YTO HUTPOCOESAUHEHUS OT-
HOCUTEIBHO JIETKO MOTYT IIepEeXOAUTh M3 BO30YX-
JIEHHOTO CHHIJIETHOTO B TPMIUIETHOE COCTOSIHUE.

Tabauua 1. DHepruu nepexonoB U IVIMHbBI BOJIH A1 MoJiekyJibl 4-CN—PhNO,

YpoBeHb DHeprus ypoBHs, 3B J1vMHa BOJIHBI A, HM Cuna ocuuysTopa

So —14392.645

M —14387.805 4.83 256 0.49

S5 —14386.286 6.36 195 0.13

S5 —14385.798 6.85 181 0.57

Sy —14385.539 7.11 175 0.45

T, —14390.152 2.49

T, —14385.680 6.96 277 0.16

T, —14385.531 7.11 268 0.54

T, —14383.422 9.22 184 0.18

XUMUSA BBICOKHX DHEPTUM
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Puc. 2. Paccuuranubiii Y®-cnektp cmecu 4-CN—
PhNO, n 4-¢dropcTrpona B aLlETOHUTPHUIIE.

KBaHTOBBIII BBIXOI TAaKOTO IMepexoda HeoObIYaiiHO
BeICOK 1 gocturaer 0.3—0.6 [12]. B cooTBeTCcTBMM C
JaHHbIMU Tab6n. 1 mepexon masg 4-CN—PhNO, u3
CUHIJIETHOIO B TPUIUICTHOE COCTOSIHHME BO3MOXKEH
st cocrosgHuit (Sy —7,) vwim (S, —T5;) npu QjIvdHe
BOJIHBI B 175 HM, YTO COOTBETCTBYET OJHOMY M3 MaK-
CUMYMOB TOIJIOIIEHUS Ha puc. 1.

390 nm (isc)
_—
MeCN
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Takum o6pa3zoM, cormacHo cxeme (1), Mmojexkyia
4-CN—PhNO, npu o61yyeHun Y@ cBeTOM CIocob-
Ha HAXOIUTCSI B TPUIJIETHOM COCTOSIHUU.

B pa6orax [4, 13] obGiiydeHrEe CMECU HUTPOCOEIU -
HeHUi ¢ ojieUHAMU TTPOUCXOIUIIO TIPU JJIMHE BOJI-
HBI B 390 HM, 4YTO HE COOTBETCTBYET IIepeXxo1aM, IpH-
BeJEHHBIM comtacHo Tabj. 1. OmHako nmpu gobGasJie-
Huu K 4-CN—PhNO, 4-dTopcTupona uinu cTupona,
MPOUCXOAUT GATOXPOMHBINM CABUT TOJIOC MOIJIOIIE-
HUS B cOOTBeTCTBUM C [4] mo 450 uM. B pacuerax 06-
Hapy>XeH CIBUT 10 3HaueHuii B 450 HM B COOTBET-
CTBMHU C puUC. 2 1 TabI. 2.

BuisiBiieHo, yto B cMmecu, comepxameii 4-CN—
PhNO, u 4-¢dTopcTupoa BO3MOXEH Nepexol ¢ ypoB-
Hs1 .Sy Ha ypOBeHb S| TIpU OOJIyUEHUU CBETOM JIJTMHOM
BOHEI B 384 (390) HM, uTO cooTBeTCTBYET [4]. OnHa-
KO CHJla ocHMJUISITOpa Takoro nepexona mana (0.01).
Ilepexon ¢ ypoBHs S, Ha ypOBEHb .S, WU S; TIpU 00-
JIydeHUU CBETOM IJIMHOI BOJHEI B 352 mnau 270 HM
nMeeT OOBIIYIO CHITY OCUMJLISATOpPA, a, CICAOBATElIb-
HO, TIPOXOIMJI OBI C OOIBIIei BEpOSITHOCTHIO. B cooT-
BETCTBMU C pacyeTaMu (Tabj. 2) oOHapykeHOo, 4YTO B
cMmecu BodMoxkHa MKK Mexny coctosiHusimu S, u 715,
MOCKOJIbKY 3aIlpeT YaCTUYHO CHUMAETCS 1U3-3a OJIu-
30CTHU PACIONOXKEeHUsI ypoBHel. PazHuI1a B aHEepIrusix
coctaBisieTr AE = 0.5 3B.

IMTocne MKK wuner B3aumoneiictBue 4-CN—
PhNO, B TpPUIUIETHOM COCTOSSHUHM C MOJIEKYJIOM
4-(dTopcTrposia B COOTBETCTBUM CO cxemoit (2) u (3),
1 00pasyeTcs MPOAYKT B TPUTUIETHOM COCTOSTHUU.

3

Tabauua 2. DHeprusi NepexoaoB U JUIMHA BOJHBI AJ1s1 MoiieKyJibl 4-CN—PhNO, B cmecu ¢ 4-bTopcTupoiom

YpoBeHb DHeprus ypoBHs, 3B J1vHa BOJIHBI A, HM Cuna ocuussTopa

So —25493.16 0
M —25489.94 3.20 384 0.01
S5 —25489.64 3.52 352 0.25
S5 —25488.57 4.59 270 0.28
T, —25491.39 1.77
T —25490.46 2.70 1321 0.13
T; —25489.12 4.05 545 0.05
T, —25488,99 4.17 515 0.02
Ts —25487.89 5.28 354 0.4

XUMUS BBICOKUX DHEPTUM  tom 57 Ne 6 2023
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IMJITIEXOBUWY u np.

Tabmuna 3. DHeprusi akTMBALIMU, SHTAIBITUS peakliuu U usMeHeHue ¢hyHkiuu [m606ca ncciaemyeMbix peakiimii

Cranus E,, KKaJ/MoJb AH°, xxan/momb A,G°, xkan/monb
2 - 334 -
3 0.4 —14.7 —13.2
4a — —19.8 —17.2
4b 9.6 —0.8 -3.6
S5a 24.9 8.1 2.8
5b 23.2 7.1 —1.3
6a 9.6 —30.2 —21.7
6b 6.8 —0.8 -5.6
7 20.7 —56.2 —56.1
CH, .
HC O
/O. 390 nm CN@N (4)
CN@N\ - MeCN O_C\H@
o’ H.C F
T, F (1]

B riponykrax cormacHo cxeme (3), HUITpocoeanHe-
HHE TIPEACTaBiIsIieT CO000 OMpaITMKall CO CITMHOBOM
IJIOTHOCTBIO, COCPEIOTOUYCHHOI B OCHOBHOM Ha aTo-
Max kuciopona (0.476 m 0.515) u Ha atrome a3oTa
(0.214), mpunamiexamux K Hutporpymme. [locne
MpUCOeIUHEHNsT OUpagrKana Mo IBOMHOI CBS3U,
obpasyeTcs ellle OIHO COeAUHEHnEe — MPOAYKT 1 co-
mracHo cxeMe (4). OHO IpeacTaBIIsIET COO0I0 TaKKe
GupaauKall co CITMHOBOIA TJIOTHOCTBIO, COCPEAOTOUYEH-
Holf Ha aToMax kuciopona (0.369) u yrepona (0.697).
DHeprus akTUBALlMM COWIACHO TabJ. 3 cocTaBJIsIeT
0.4 xxaJi/MoJIb, SHTAJIBIIUS peaknu —14.7 KKaji/MoJb,
u3MeHeHue sHeprum [m66ca —13.2 kkan/Moib. Pac-
YeThl BBITTOJHEHKI TIPU CTAHAAPTHBIX yCIIOBUSIX. Ta-
KMM 00pa3oM, peakiusi COIacHO cxeMe (4) mmpote-
KaeT B CTOPOHY 00pa30BaHUs cCOeAUHEHUS 1.

R:

JnoKca3supuanH B COOTBETCTBHH CO cxeMaMH (6a) 1
(6b) pacmamaeTcst Ha MOHBI C ITOCIEAYIOIIUM TIPUCO-
eIMHEeHNEeM 1 oOpa3oBaHMeM Ipoaykrta 3. BepostHee

[Mocne monyyeHns coenuHeHUs 1 B COOTBETCTBUM
co cxemamu (5a) u (5b) BO3MOXHBI ABa MyTU peak-
LIMM, OJHUM U3 KOTOPBIX siBjisieTcsl nyTh (5a) MKK
coennHeHUs 1 ¢ oOpa3oBaHMEM LUKINYECKOTO IIPO-
JIyKTa 2 — IMOKCa3supUaNHA WU BTOPOM ITyTh — (5b)
pacrmag Ha OKMCh 1 HUTpo3ocoeauHeHue. [TogpooHo
MIpOTeKaHMWe peakKuu 110 IryTH (b) n3ydeHo B paboTax
aBTOpOB [14] B cimydyae mMogoOHBIX peareHTOB U Mpo-
nykToB. B maHHoOi1 paGore peakuusi mo mytu (5b)
MMPOTEKAeT C DHEprueit aktmpBauuu 9.6 KKaja/MOJb,
SHTaNIbIUEeN peakuu —0.8 KKaj/MoJIb U U3MEHEHU -
eM sHepruu [m66ca —3.6 xkan/mMoinb. CiaeayeT oTMe-
TUTh, YTO IPOTEKAHNE PEAKIIMMU I10 ITyTH (5a) SIBJIsIeT-
cs1 0e3aKTUBALIMOHHBIM M0 CpaBHEHHEM C MpOTeKa-
HueM o nytu (5b). Takum obOpazoM, majabHEUIIN
XOJI IpeBpallleHUS UAET IPEeUMYIIeCTBEHHO I10 ITyTU
(5a) ¢ monydyeHUeM AUOKCa3UpPUIMHA.

0-
REALLLN CN@—N H (5a)
eCN »._CH
0~"R
(2] R
0
390 nm . N
AL ./NONC + HC-CH, (5b)
o T R
CH,F

BCETO, pacIiaj IPOMCXOIUT I10 ITyTH (6b). DHeprus ak-
THBAIIM pacliajia CoCcTaBisIeT 23.2 KKaji/MOJlb, SHTAJIb-
nmust peakuuu 7.1 KKaJl/MONb, U3MEHEHUE SHEpPruu
XUMMUS BBICOKUX DHEPTUM Ne 6

TOM 57 2023



MEXAHM3M B3AMMOIENCTBUA HUTPOCOEJIUMHEHUN

In66ca —1.3 kkan/mMomnb. Pacnian o mytu (6a) HEBO3-
MOXEH B CTOPOHY 0Opa30BaHUS MPOMYKTOB PEAKIINH,
MOCKOJIBKY U3MeHeHue sHeprun [1no6ca 2.8 Kkaja/Mojib

447

(A,G > 0). bonee Toro, sHeprusi aKTUBalMK OOJIbIIIE,
4yeM IS paciaza 1o mytu (6b): 24.9 kkai/MoJib IPpOTUB
23.2 KKaj/MoJb.

®
O=CH (0]
390 nm Oy 2 Q
o e NON + R/CH (6a)
~=CH
o-CH 0=C O
N 390 nm O/ T \\C “H (6b)
Mecn. CN N +}f

Ha cragum (6b) mmoaydyaeTcs MIpOAYKT peakiuy —
aJpIeTHn W coenuHeHne — 3. B coemmHenum 3 Ha
atoMe Kuciaopona Habmonaercs 3apsan +0.246, a Ha

asote — 0.419. 3atem Ha ctaguu (7a) u (7b) mpoucxo-
OWT JajibHelillee B3auMOaeliCTBUE.

/R
o R O\\ 390 nm .~ O~c—H
60=C_+ C—H e CN N [ (7a)
CN@N H H c
47
/R =
- O~c—H 39 @/O 0
c-O cH, |R™ H

w

Ha cranuu (8) o6pa3syeTcs elilie oOauH MPOAYKT pe-
aKIUu — 5. DHEprus akTUBallUy ¥ U3MEHEHUE DHep-
ruu [mb6ca npuBeaeHHI B Ta0. 3.

©
O

/

®
CN N
¢

SAKIIIOYEHHME

YcTaHoBIEHO, UYTO B3anMoaeiicTBre 4-OTOp-CTH-
poiia c 4-CN—PhONO, B alieTOHUTpUJIE TPOTEKAET C
noiaydyeHueM anbpaerunon. Boszoyxnenue 4-CN—PhNO,
npu obrydyeHn Y@ cerom B 390 HM IIPUBOIMT K €TI0
nepexony B coctosgHue S, a 3ateM K MKK ero B co-
crosiHue T,. OTMe4eHO, YTO MPpU OO0JIYYEHUU CBETOM
B 352 HMm coenuHeHust 4-CN—PhNO, uHTeHCUB-
HOCTH NONJIOIIECHMS YBEIIMUYMBACTCS U MEPEX0 BO3-
MOXEH B COCTOSHUE 5, YCTaHOBJIEHO, YTO pacna

390 nm
B ———

MeCN
H;

XUMUSA BBICOKUX DHEPTUM  Tom 57 Ne 6 2023

JUOKCAa3UIUINHA MO MyTH (6a) TPUBOIUT K ITOJIOKH -
teabHOMY A,G° 1 Harpotus 1o myTtH (6b) K oTpHLa-
TeabHOMY A,G.
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