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AHHOTAN NS

OpHoit u3 mpobiieM npu padoTe ¢ 0a3aMu JAHHBIX M0 XUMUYECKAM PEAKIIMSAM SIBIISCTCS
TO, YTO B HHX OOJBIIMHCTBO PEAKLHI SBISACTCS CTEXHOMETPHYCCKH HEYpAaBHOBCLICHHBIM, TO
€CTb B HUX OTCYTCTBYeT HH(OpMALHs 00 OJHOM HJIM HECKOJBKUX pearcHTax JMOO MPOIyKTaX.
HeypaBHOBEIEHHOCTD IPUBOAUT K TOMY, YTO HEKOTOPBIC PEaKIIMX HE MOTYT OBITh Hali/ICHEI
B XOJIe CTPYKTYPHBIX IOMCKOB. BBIIO NpesiokeHo peleHne 3Toi npooieMbl, 0CHOBaHHOE Ha
HCIIONB30BAaHHMH ITOJXO0Aa KOHACHCHpOBaHHOTO rpada peakumu. KoHIeHCHpoBaHHBIA Tpad
PEaKIMU SBIACTCS CHKATHIM MIPEACTABICHUEM PEaKLOHHOTO MPEBpaLIeHHs, B KOTOPOM Iepe-
XOJISIIIME IPYT B APYTa aTOMbI peareHTa 1 MpoayKTa COBMEILEHbI. B pe3ynbrare B ony4eHHOM
TICEBIOMOJIEKYJISIPHOM rpade MISHTUGHULIUPYIOTCS OOBIYHBIE XUMHUYECKHE CBSI3H, a TAKXKE TaK
Ha3bIBaeMble AMHAMUYECKHUE CBSI3H, COOTBETCTBYIOLIME U3MEHEHHIO MOpsi/ika cBsi3u. KiroueBoe
HaOJII0/IEHNE, MCIIOJIb30BAHHOE B 3TOM COOOILICHHH, 3aK/II0YAeTCsl B TOM, YTO XOTS KOHICHCH-
POBaHHBIH rpad COAEPKUT BCIO M3BECTHYIO CTPYKTYPHYIO HH(GOPMAIINIO O XUMHUUYECKOH peak-
LIMM, OH MOXET OBbITh MOCTPOEH W JUIsl He3aIlOJIHEHHOW XMMHUYECKOo# peakiuu. B xone obpar-
HOTO NpeoOpa3oBaHus KOHJICHCUPOBAHHOTO Ipada B XUMUYECKYIO PEaKIHI0 BOCCTAHABIUBA-
ercst nHGOPMAIUs O MPOMYIICHHBIX peareHTax M NPOAYKTaX. MIMEroTCsS HEKOTOpbIe OrpaHu-
YEHHUsI 3TOrO MOJX0Ja, CBA3aHHBIC C TEM, YTO TNPEIJIOKEHHBIM CIIOCOOOM HE MOXET OBITh BOC-
CTAHOBJICHA MH(POPMAIKS O MPONYIIEHHBIX Ko dunueHTax B peakumu. s pemeHns Takon
npoOIeMbl IPEUIOKEH aJrOPUTM, OCHOBAaHHBIN Ha HCIOJIB30BAHMH U30MOP(HOTO BIOKEHUSL.
Tako# anropuT™ 0OHapy)KUBAeT CXOXKHE MOTHBBI B KOHACHCHPOBAaHHOM Tpade U npHu Heo0Xo-
JUMOCTH 0OABJIsIeT KOI(PPUIUEHT Mepe peareHToM H/WIIM MPOIYKTOM JIMOO KOIHMPYET hX
B YPaBHEHUH PEaKL1 HEOOX0AMMOE KOJIMUECTBO Pa3.

KaioueBble cioBa: XxeMOMH(pOPMAaTHKa, XUMHUUECKHE PEaKIINH, CTEXHOMEeTpHUecKas 0a-
JIAHCUPOBKA peaKInii, KOHJCHCUPOBAHHBIN Tpad) peakunu

BBenenne

B coBpeMeHHOM Mupe TOUCK WH(OpMAIMU SBISETCS HEOTHEMIIEMOW YacThIO
s¢dexTrBHON paboThl BO MHOTHX cepax NesTeIbHOCTH U, B OCOOCHHOCTH, B HayKe
1 HAYKOEMKOM IMPOU3BOJICTBE (XMMHUYECKOM, (hapMareBTHICCKON MPOMBIIIIEHHOCTH).
[Mouck uHpoOpMaIuu B 0a3zax NaHHBIX COCIUHCHHA W PEaKIMi CTall JJIsi XUMHKOB
YacThI0 PyTUHHOM PaOOTHI.

KauecTBo BBeieHHOH B 6a3y NaHHBIX MH(GOPMALMHU U €€ TOJHOTa SBISIOTCS KITO-
YeBbIMU (DAKTOPAMH, OTPEEISIONINMHU, HACKOIBKO 3()(EKTUBHO MPOBOJMTCS TOUCK,
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HACKOJIBKO YacTO B XOZ€ MOMCKA MOSBIAIOTCS OMIMOOYHBIE PE3yIbTaThl M HACKOIBKO
pe3yabTaThl IoMcKa OyayT mone3HsiMu. Eciu mpoGremsl paboTel ¢ 0a3aMu JTaHHBIX
XMMHYECKHUX CTPYKTYP, KaK IMPaBUIIO, CBA3aHBI C OCOOCHHOCTSIMU XHUMHUYECKUX 00b-
eKTOB: TayToMepu3aluei [1], mpobiemaMy cTaHIApPTU3ANWN TPEICTABIECHUS CTPYK-
TYp MOJIEKYN WM IPOCTO OMIMOKaMu BBoa [2], To amst 0a3 JaHHBIX XUMHYECKUX pe-
aKUui J00aBsIOTCA MpoOIeMBbl HEMONHOTH. B HacTosimiee Bpemsi B JOCTYITHBIX
KOMMepUYecKrnX 0a3zax JaHHBIX XMMHAYECKUX peakiuil (Takux, kak Reaxys [3], mouc-
koBas cucrema SciFinder [4]) nmogapmnstomiee 60nMbIMHCTBO peakiuii (90-95%) xpa-
HUTCS B CTEXMOMETPUYECKH HEypaBHOBEIIEHHOM BUJIE, TO €CTh HEKOTOPBIE PEarcHThI
WM TIPOXYKTHl B HUX YIYIICHBI W NMPUBEACHBI TOJIBKO KIFOUEBBIE KOMITOHEHTHI [5].
HNudopmarmisi 0 pacTBOPHUTENSIX M peareHTax 3adacTyio ObIBaeT MpHBeNeHa OO B
CIIENMATBHEIX TEKCTOBBIX IMONAX, JIMOO B 0OIIEM omMcaHuu cuHTe3a. Eciu Kakas-To
CTPYKTYpa OKa3bIBAaeTCsI MPOITYICHHOM B ypaBHEHHU PEAKINH, TO OHA HE MOKET OBITh
Hali/leHa B X0JIe CTPYKTYPHOTO TIOMCKa (pHc. 1), 4TO MPUBOAUT K TOMY, 4TO HH(OpMa-
UL O PEaKIUH OKa3bIBACTCS HEAOCTYNHOM. VaeHTHU(MKaIMs NpONyIIEHHBIX B PeaK-
IMIOHHOM YpPaBHEHHU CTPYKTYp SIBISICTCS JOCTAaTOYHO CIIOKHOW, 8 MHOTAA M HEBO3-
MokHOW. J[o Hacrosimero BpeMeHH Oblia OIMyONHMKOBaHA TOJNBKO OgHA padota [6],
B KOTOPO# OBUT OITUCAH BEChMa CJIOXKHBIN aJrOPUTM IMOMCKA MPOITYILICHHBIX PEarcHTOB.

©\/ Q I
—
on | p Ao,
AN\ 1t
+ HO” >CcH, —> +
OH F3C)]\O/\CH3

Puc. 1. Ilpumep He3amomHEeHHOH (@) U 3anonHeHHON (0) peakunu. Ecimu mons3oBaTens HHTepe-
CYIOT peakiluy, B KOTOPbIe BOBJIEUYEHBI MOJIEKYINBI Q, TO He3amoJHeHHast peakius (a) He Oyaer
MpUBEJICHA B pe3ysbTaTax, TOria Kak 3anoiHeHHas (6) Oyzaer

a) 0]
F3CJ\0/\©
0) O
F3C)]\O/\©

MsI npeasnaraeM npocToil ¥ 3(EeKTHBHBIN Croco0 Ui MOKUCKa CTPYKTYpP MPOITy-
IIEHHBIX PEareHTOB B XMMHUYECKUX peakiusx. [lpeanmaraemas TeXHOIOTHS OCHOBaHA
Ha moaxone KoHaeHcuposaHHoro rpada peakuuu (KI'P) [7, 8]. Ilomydaemsie B pe-
3yJbTaTe Takoi 0OpabOTKU CTEXHMOMETPUUYECKH YPAaBHOBELICHHBIE PEaKiUy, TOMUMO
3a7a4 XpaHEHUS M TOWCKA, MOXXHO HCIOJNB30BaTh NpPH KiIacCH(PUKAIMH peakiuii
1o Tunam [9] 1 yCTaHOBIEHUH KOJIMYECTBEHHBIX COOTHOIIIEHUIH MEX/y XapaKTepHUCTH-
KaMM peakiuid U cTpykrypamu coequnenuii [10—12]. Ilpu sTom oOpamiaercss BHUMa-
HHE Ha TO, YTO B HEKOTOPBIX 0CO0O0 CJIOXKHBIX CIIydasiX CTPYKTypa peareHTa He MOXKET
OBITH YCTaHOBIIEHA B MIPUHIIUIIE, TOCKOJIBKY OTCYTCTBYET HEOOXOAMMAS JIsl STOTO MH-
¢dopmanus. [Ipumepom MoxkeT OBITH peakis, prUBeIeHHAs Ha puc. 1, a. Ilockonbky
B Hell mporynieHa HHGopMaLus 0 MPOAYKTE U peareHTe OHOBPEMEHHO, Ha OCHOBA-
HUH TIPUBEJICHHOTO PEAKIIOHHOTO YPaBHEHUS HEBO3ZMOXHO YCTAaHOBUTD, SIBIISETCS JIN
9Ta PeaKiys TUAPOIH30M, COJIBOJIM30M MITH MepesTepruKaluei, 1, COOTBETCTBEHHO,
HEBO3MOXHO 3aII0JIHUTh HH(POPMAIMIO O MPOMYIIEHHbIX peareHTax U NpoayKTax 0e3
JIOTIOJTHUTENBHBIX CBEIEHUH.
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JKcNepuMeHTATbHBIE pPe3yJbTaThl H HX 00CYXKIeHne

KI'P mpencrapisier co0oi BH3yalu3auio CTPYKTypHOH HH(DOpMANnu, 3aKOAUPO-
BaHHOW B PEAKI[MOHHOM YPaBHEHWH, B BHUJIE OJHOTO ICEBIOMOIICKYISIPHOTO Trpada,
B KOTOPOM BEPIIMHAMH SIBISIOTCS aTOMBI, @ peOpaMu, COSAUHSIOIINMHU aTOMbI, — JTHO0
OOBIYHBIC XUMUYIECKUE CBSI3H (OMWHApPHBIC, TBOWHEBIC U T. I1.), JIMOO TaK Ha3bIBAEMEBIC
JMHAMUYECKUE CBS3H, 0003HAYAOIIE Pa3phIB, 00pa30BaHIe WK N3MECHEHUE MOPSIKa
cs3u (puc. 2). KI'P (puc. 2, 6) MmoxeTr OBITb TONy4YeH U3 peakuuu (puc. 2, a) Hajo-
KEHUEM COOTBETCTBYIOIIMX APYT IPYTy aTOMOB M WACHTH(UKAIMECH N3MEHUBIINXCS
B PEaKIUM CBS3CH IMMOCIIC YCTAHOBJICHUS COOTBETCTBHS MEXJy aTOMaMH PEarcHTOB
U IPOAYKTOB (aTOM-aTOMHOTO 0TOOpakeHus). CyIiecTByeT B3auMHAasl OJHO3HAYHOCTh
MEXAY CTPYKTYpHBIM TipescTapienueM peakiuu U ee KI'P, To ecth MOXKHO ocyiecTs-
JISITh KOHBEPTAIHIO OTHOTO MPEBPAILCHHUS B Ipyroe 0e3 motepu HHHOpMAaIvu.

a) 4

4 4
0 8 0
16 13F 1 5 6 11 9 7 13]: . 16
S + 0 10 — 3 + o™
HO CH; 3 1 OH F 2
15 17 if E 7 9 11073 14 F 15
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Puc. 2. Xummdeckas peaknus (a) v ee KOHICHCHPOBaHHEINA Tpad (6). Homepa psgom ¢ aTomamu
COOTBETCTBYIOT aToM-aTOMHOMY oToOpaxennto. B KI'P 3auepkHyTast cBs3p O3HaudaeT paso-
PBaHHYIO OJJMHApPHYIO, KPYKKOM IToMeueHa obpa3oBaHHas oauHapHas C—O-cBs3b. [Ipesparne-
nue KI'P B peakuuio (6) mo3BossieT HACHTH(GUITPOBATH MPOIYIIIEHHBIE PEareHThI U IIPOAYKTHI

KiroueBbIM HaOIOEHHEM, TIOJIE3HBIM JUIsl MTOWCKA MPOIMYIIEHHBIX PEearcHTOB,
sieisiercst To, yto KI'P MoskeT ObITh IOCTPOCH Jaxe JIjIs He3aIOJTHEHHOW XUMHYECKON
peakuun. OOparHoe npeoOpa3oBaHue Tpada B peakuUuIo MO3BOJSIET WACHTU(DHULIHPO-
BaTh MPONYILIEHHBIE PEareHThl U MPOMYKTHI (CM. puc. 2, ¢). [lomydyenHas peaxuus Oy-
Jet cOalaHCHPOBaHHOM IO aroMaM. B 3ToM U 3akiro4aeTcs CyTh MpeiaraeéMoro HaMu
MO/IX0/Ia BOCCTAHOBJICHHSI MH(POPMALIUH O MPOITYLIEHHOM PEarceHTe Win MPOgyKTe.

OpHaxo y NpeyIoKEHHOTO MOJIX0/1a ECTh HEKOTOPBIE OrPaHUUYEHMS], TPUBOASIILINE
B HEKOTOPBIX CIy4asx K ONIMOKaM B CTPYKTYpaxX pearcHTOB W MPOIYKTOB: 3a4acTyIO
B PEaKIUH y4acTBYeT HECKOJIBKO PEareHTOB OAHOTO THIA, HO KOA()(UIMEHTH B peak-
UMM He yKaszassl (puc. 3, a). B 3ToM ciydae npeasiokeHHbId aJITOPUTM HE CHOCOOEH
MTOJTHOCTBIO YPaBHOBECHUTH peakumio. st OamaHcHpoBKH KO3(D(DUIIEHTOB peaKiuu
ObUT pean30BaH alTOPUTM, KOTOPBIA C MOMOIIBIO MOJCTPYKTYPHOTO TIOMCKA WACHTH-
¢unupyert, ckonbko pa3 B KI'P noBropsiercst onuH 1 TOT ke (parMeHT (BBIAEIEH ITyHK-
TUPHOH JMHKEH Ha pHc. 3, @), 1 TyOIUpyeT COOTBETCTBYIOLINE PEareHThl M MPOLYKTHI
Tpebyemoe duciio pa3. Bropyro mpobieMy Ui IpeaioKeHHOTO MOAX0/Ia MPEICTaB-
JISIIOT M3MEHEHUsI B POpMaJIbHBIX 3apsAax U CTETICHAX OKHCIICHHS aTOMOB B peareHTax
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Puc. 3. a) HecbanancupoBanHasi mo K03(h(UIMEHTaM U MPOIYKTaM XUMHYECKAs PEaKius
(al), ee xoHACHCHUpPOBaHHEIH Tpad (a2)  KoHeuHas cOanaHcupoBaHHas peaknus (a3). B KI'P
BBIJICJICHBI 00MIKe (pparMeHTHI U TIOKa3aH IPOIECC KOMMMPOBAHUS YTEPSTHHOW HH(pOpMAU 00
yxomsmei rpynme. 6) HecoanmancupoBanHas peakiust (61), HEKOPPEKTHO cOaTaHCUPOBAHHAS
(62) m BoccraHOBNIEHHAs (63) Ha OCHOBE SMIIMPHUYECKOTO TpaBmia (64), BHOCsIIEro nHMOp-
MallMIO O MMPOIYIEHHBIX PeareHTax u psiie MpoayKTOB

HO. :
_O
©/ + HyC” “CH;,
H,0 14

U IpoaykTax (cM. puc. 3, 6). B pesynbrare, B HEKOTOPBIX CIy4asx (PeakIHsX OKUCIe-
HHS-BOCCTAHOBJICHHsI) CTPYKTypa peareHTa WIHM NMPOAYKTa YCTaHaBIMBAETCS HEKOP-
pekTHO. s 3Toro Hamu ObII CO31aH OCHOBAHHBIN HAa AMITMPUYECKHUX MPaBUIIaX aj-
TOPUTM, KOTOPBI TPUMEHSIET MpeJIOKeHHbIe MpaBmia i TpaHchopmanuu KI'P
B IIOJIHOCTBIO0 COQIaHCUPOBAHHYIO PEAaKIHMI0 C KOPPEKTHBIMU CTPYKTYpaMH pearcH-
TOB U NpoAyKToB. [IpuHunn paboThl aaropurMa 3aKiO4aeTcsl B N3MEHEHUH YacTen
KI'P, ynoBiieTBOpsIOIUX ONPEAEIEHHOMY IPAaBUITy, B COOTBETCTBHH C 3apaHee OIpe-
JICIICHHBIM 111a0JI0HOM (puc. 3, 64). C 1oMOIIBI0 H30MOPGHOTO BIOKESHHMS JIEBOM da-
cti 1mabnoHa uaeHtuduuupyetrcs yacts KI'P, Tpebyromas momudukaumu, mocie
IIPUMEHEHUS MIpaBUia co3taercst ckoppekTtupoBaHHbiii KI'P, koHBepTanus koToporo
00paTHO B PEAKIMIO MPHUBOAUT K KOPPEKTHO CTEXMOMETPHUYECKH ypaBHOBEIIEHHON
peakuuu (puc. 3, 63). Habop npasui 3aMeHbI co31aBajics BPYUHYIO U BKJIIOYAN B ce0s
IISATh CaMbIX PAaCHpPOCTPAHEHHBIX THUIIOB PEAKIMH: THMAPOIN3a HEKOTOPHIX IpymIl U
sTepuduranuu. s pacmpeHns NIPUMEHUMOCTH TIOIX0J]a BO3MOXHO JI00aBIeHHE
HOBBIX MPaBWJI. ITH TEXHOJIIOTUH JIETVIH B OCHOBY pa3pa0OTaHHOTO HAMH aJropuTMa
JUISL CTEXHOMETpUYeckoro ypasHosemmBanus peakiuii CGRBalancer.
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3akioueHne

C HCToIh30BaHUEM TEXHOJIOTHH KOHACHCHPOBAHHOTO Tpada peakiuu ObLI pea-
JIU30BaH JOCTATOYHO MPOCTON M 3((EKTUBHBIA AJITOPUTM, CIIOCOOHBIA HICHTHU(U-
IUPOBATH CTPYKTYPBI MPOMYIICHHBIX PEAr¢HTOB U TPOAYKTOB B XMMHUYECKHX peak-
musix. [Iporece morcka 3aHUMaeT oMK CEKYHJ Ha OHY peakiuio, He TpeOdyeT aHa-
JIN3a MEXaHUu3Ma PeakIuy U BO3BPAIaeT PEATMCTUYHBIC CTEXHOMETPUICCKH YPaBHO-
BEIIICHHBIC PEaKIIMH, €CJIM B MCXOMHON peakiuy He ObLIO YIYIIEHO CIHIIIKOM MHOTO
nHpopmaru. JlaHHBIN momxon, Jexamntuii B ocHoBe anroputMa CGRBalancer, mo-
KET OBITh UCIOJNB30BaH JJIs 3allOJHCHHS IMPOIYIIEHHOW WH(POpPMAUUd B OOIBIIUX
0a3ax TaHHBIX XUMHUYECKUX PEaKITHA.

Baaroxapuocru. PaboTa BbINoHeHa nipyu (PMHAHCOBOW TOAACpkKKe Poccuii-
ckoro HayyHoro (horfa (mpoekT Ne 14-43-00024).
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Abstract

One of the problems of chemical reactions databases management is the fact that most reactions
in them are stoichiometrically unbalanced, i.e., they lack information about one or more reagents or
products. It leads to the problem that some reactions cannot be found in structural searches. A solution
of the problem based on the use of the Condensed Graph of Reaction (CGR) approach has been suggested.
The CGR is a compressed representation of the reaction transformation in which the atoms of the reagent
and the product are aligned. As a result, so-called dynamic bonds corresponding to changes in the bond
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order during the chemical transformation are identified in the pseudomolecular graph along with
the usual chemical bonds. The key observation is that the Condensed Graph, on the one hand, contains
all required structural information on chemical reaction and, on the other hand, can be constructed for an
unbalanced chemical reaction with missing reagents or products. During the inverse transformation of
the Condensed Graph into a chemical reaction, the information on the missing reagents and products can
be restored. There are some limitations to this approach, because information about coefficients missing
in the reaction cannot be retrieved by the proposed method. To solve such problems, an algorithm based
on the use of isomorphic embedding has been developed. This algorithm reveals similar motifs in
the Condensed Graph and, if necessary, adds a coefficient before the reagent and/or product, or copies
them the required number of times in the reaction equation.
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Figure Captions

Fig. 1. The example of unbalanced (@) and balanced (b) reactions. If the user is interested in the reac-
tions involving molecule Q, the unfilled reaction (a) will not be retrieved as the results of the
search, while the filled reaction (b) will be.

Fig. 2. Chemical reaction (a) and its Condensed Graph (b). The numbers next to atoms correspond
to atom-to-atom mapping. In CGR, a crossed bond means a cleaved bond, a circle marks formed
single C—O bond. Converting CGR into reaction (c¢) allows identification of the missed reagents
and products.

Fig. 3. a) Unbalanced reaction with missed coefficients and products (al), its Condensed Graph (a2)
and the final balanced reaction (a3). Using CGR, common fragments are identified. The process of
restoration of the lost information about the outgoing group is shown. ) An unbalanced reaction
(b1), incorrectly balanced (b2), and restored (b3) on the basis of the empirical rule (b4), which provides
information about the missing reagents and a number of products.
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