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Abstract

We are interested in the study of computational chemistry applied to organic systems
such as host/guest inclusion complexes. Different computational chemistry methods have
been used to study the complexation of the host molecule S-cyclodextrin with the guest
molecule (S)-2-Isopropyl-1-(o-nitrophenyl) sulfonyl) aziridine: the semi-empirical method
PM3 and density functional theory DFT in gaseous and aqueous phases.

In this work, we have determined the complexation, interaction and deformation
energies, geometries, electronic structure and chemical reactivity in order to describe the
changes undergone by AZ during encapsulation in the two phases and the two orientations.
The results obtained with the hybrid functional of exchange-correlation: WB97X-D/base 6-
31G(d) clearly indicate that the complex formed is energetically favored in the two phases,
the inclusion complex in orientation A is more favorable than orientation B and shows a
good agreement with the experimental results.

NBO and NCI analyzes were also performed on the AZ/5-CD complex to understand
the various interactions. The AZ/—CD complex was identified by NMR using (GIAO).

Keywords: -Cyclodextrin, Aziridine, DFT, NBO and NCI



Résumé

Nous nous sommes intéressés a 1’étude de la chimie computationnelle appliquée aux
systemes organiques comme les complexes d'inclusion héte/invité. Différentes méthodes de
calcul de la chimie computationnelle ont été utilisées pour étudier la complexation de la
molécule héte p-cyclodextrine avec la molécule invitée (S)-2-Isopropyl-1-(o-
nitrophenyl)sulfonyl) aziridine: la methode semi- empirique PM3 et la théorie de la
fonctionnelle de la densité DFT dans les phases gazeuse et aqueuse. Dans ce travail, nous
avons déterminé les énergies de complexation, d’interaction et de déformation, les
géomeétries, la structure électronique et la réactivité chimique afin de décrire les changements
subis par AZ lors de I'encapsulation dans les deux phases et les deux orientations. Les
résultats obtenus avec la fonctionnelle hybride d'échange-corrélation : WB97X-D/base 6-
31G(d) indiquent clairement que le complexe formé est énergétiquement favorisé dans les
deux phases, le complexe d’inclusion en orientation A est plus favorable que I’orientation B
et présente un bon accord avec les résultats expérimentaux.

Les analyses NBO et NCI ont été aussi réalisee sur le complexe AZ/f—CD pour
comprendre les diverses interactions.
Le complexe AZ/—CD a été identifie par RMN a l'aide de la (GIAO).

Mots clé : p-cyclodextrine, AZ, DFT, NBO, NCI.
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e The Generalized Valence Bond (GVB) method.

e Configuration Interaction (CI).
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& J.A. Pople, G.A. Segal, J. Chem. Phys., 1965, 43, 136.

"J.A. Pople, G.A. Segal, J.Chem. Phys., 1966, 44, 3289.

8 J.A. Pople, D.L. Beveridge, P.A. Dobosh, J. Chem. Phys., 1967, 47, 2026.

® M.J.S. Dewar, W. Thiel, J. Am. Chem. Soc., 1977, 99, 4899.

10'M.J.S. Dewar, E.G. Zoebisch, E.F. Healy, J.J.P. Stewart, J. Am. Chem. Soc., 1985, 107, 3902.

11 (@) J.J.P. Stewart, J. Comput. Chem., 1989, 10, 209. (b) J.J.P. Stewart, J. Comput. Chem., 1989, 10, 221.
12.3.J.p. Stewart, J. Phys. Chem. Ref., 2004, 33, 713.

13 J.J.P. Stewart, J. Mol. Modelling., 2004, 10, 6.
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o T [p(¥)]: Kinetic energy of non-interacting system.
o J[p(¥)]: Electron-Electron repulsion energy.

o Enelp]: External potential.

° Exc[p(¥)]: Exchange-Correlation energy functional.
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14 W, Kohn and L.J. Sham, physical review., 1965, 140, 1133.
15 p. Hohenberg and W. Kohn, physical review., 1964, 136, 864.
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PBE PBE HGGA 1999 PBEh
LYP OPTX HGGA 2001 O3LYP
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MO05-2X M05-2X MHGGA 2005 MO05-2X

MO6-L MO6-L MGGA 2006 MO06-L
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17 Elhorri Abdelkader Miloud. Etude quantique des clusters de molécules pushpull. Structures et propriétés
physiques. Universite de Djillali Liabes Sidi Bel-Abbés, 2018, PP 24- 27.
18 C. Lee, W.Yang, R. G. Parr, Phys. Rev., 1988, 37, 785.
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MO06-2X M06-2X MHGGA 2007 MO06-2X
Attenuated Functional Long Range
Correction (LRC)
LYP B88 LRC 2001 LC-BLYP
LYP CAM-B88 LRC 2004 CAM-B3LYP
PBE PBE LRC 2004 WPBE
B97 B97 LRC 2008 wB97XD
Functional Double Hybrids (DH)

LYP, MP2 B88, MP2 DH- B2PLYP
LYP, MP2 mPW, MP2 DH- mPW2PLYP
PBE, MP2 PBE, MP2 DH- PBEO-2

Basis Sets Axulad) cile gaaall —3-1-2- 1
P ey LCAO 4pdll cblaall lad S5 Ll e 3ipall dasall Al cuyjis 2

i sl (g Ao sanall 038 Janl Jlsa ed Gyb 0o Adis @hlae il (Se cuiil) 13
sl (e Ao gens e Bl & Apulu) degendll Ul .Basis Sets dasluY! Cle sanaly
sl edgd Jadll Sl (A (e Sl 335 Al cllad) JSE e pell dardil
Cndgl) oLl J1sy alasiulS Gk sas Alasinly 3Ll Jsa (g i) aysill slag) aokaing
< agaall saeie Jlsall Gyl e sl camasued) B g pd Aales Jela e aaes il

(ke J1sd) Geske Jlsds 5w Jlga Loadd Lual @iy 1) daleal ¢ Joawill ALGE ¢Diabaal)
O 199) (M9 199 9 = = A o

. GTOs ediy Glusle g5 (e bladll o
o Ol (Sas mlyy Al sl G e gty ol Jlsa e IS el

Jiiall & oSls pasle g0 e el pa e Bam il ) Dl g5 e iladl)

Jaly . Dl g5 e e g Ajlie gyuly Jasd da @l S0 Gugle g5 e ladl)
L@ P e (Baad) il ld) B g8 e Shlaall e juail) (S ASGAl) 03]
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Al Ao ganal) JEal) Qs (xd (5omd s JeuY) Jall 3 Gusle g55 (e iblae aladinly
9 oule F5 (e Oljlae SO aladiul e S o Ol gsi (e Al e Ble A STO-3G

-le ganall o2gd Clayaill ey il

Minimal Basis Sets =¥ aal) ulad cile gana —1-3-1-2-1

pda Cania S Legiall Ciluald sae o Lpals e Al sylan Y ledasia)
. STO-NG & Lol alall S5 dpaad) iy il e cnlig S Gt Lol 4yl
SOy A P e D g8 e Ul da o 48 5 desenall o (o JUe g4 STO-3G

Olsle F 58 e C)laa

Split-Valence Basis Sets awdiall 338 (ulud cile gara —=3-1-2-1

Aagal) 3 oS1g Ay sluie lig SSIY) aen e Ll V) aal) Gile gene DI (saa))
Ayl ) dalay oad 13 Bgluie e oalal) GO iy Sl el G g i)
dagye bl eln) DA e 0K AR o38 Jag 4l ljladl cilip 5<Y) o il
Gl @l i€ e dady cllea eha) il Jalall Gl clip i<l e dlang
Double Zeta e 5 STOs b g53 (0 hlaadll 2e ddebias P (e el Sy Al
aladinl Sy Ua Landie 381K @b el deseae oo Ble o 321G Ji . Sl Gl DZ
First Number- al&Y) (e (and Lo any Bl g5 e Clae ol Glasle g3 e e
Of aadind Cisw Dl g5 e bladl o ixgs 3 gl 48 sV asdll Second Number G
&l .S sl Double Zeta s 21 G andll L Glissle g5 e hlae DB i Gk
s Obmsle £50 e e plasinls Lo il wan JY) Bal L dilae e Giluall S
& O3S S ) olsle g5 e e alasinly cujil) Gl oo Led Jal) i At 34
alaind L Al 5yall & 5 STO-2G  aladinly IV 85all (450 dlia oy daya) Akl
: triple (DN Q) @l Gulal) Gle sane e dagall A aaf Ly 5SIY) il STO-1G

.6-311G Basis set 3 6-311G++ Basis set zeta
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Diffuse Functional Basis Sets ,Wiii¥) 43 (bl cils gaza —g—-3-1-2-1
Adlaia¥) oda (allifiy s ddle (6K 315all (e il (g STV Dgay Adlaial ale JSy
Aala) oany 8 OST5 L g ASTY) an Y 8 Bl culilaall dies Bl (e aliY) die
o ALl 3ol lecal LYY Ay pladiud cis 5Bl Alal) b iy 3l daldy
ALE A (+) A pa )l LY AN ALl sie sole ey 0y RSV dgms e o
GHA andie K I3 Ala 6-31+ G Jie - uag yuelly ALEN GhHM (+4) 5 cngyued) e

SO uedly AL DA avdia 81K 1D Als 6-31++G 5 AL

Polarization Functional Basis Sets wUaiuy) 4la (ulul cile gasa —a —=3-1-2-1
O Y Gy ladiey DAT Jlae () ojlae e g S latiog 38 e any
SO asms OlSe e Gal D aed Qlagin) Al Qe dpals eyl
hae DA anead (*) rllagin] e Caypanll 06N sl ABla) a4 ag B A G
Dl ) ddla) Al IS (S o) - g pued) 553 () Adlia) A maead (*#) . G pugd)
Clainls audie 58185 ) Lulad degene e S)e a5 6-31 G(d) 5l 6-31G* Jie d,p sl d
G el e sana e Blie 2 6-31G(d,p) sl 6-31 G** 5 e el 53 lae A aeal

-6-311G++(d,p) Basis set (pas el 3)3 ae CHI aread illafinlg aniia 531K

Effective Core Potentials Jladll qulu¥! (> ol {159 Lilka) -, -3-1-2-1

Caa Adgyhall 13 et o5 13 Agalad) ulul) Cile gane aladinl oSy ¥ 5l Al b
g I alaay) Jliallys lege 4nd by A0l clidall 8 <l 5V Jladuly a6
Los el ddlday dda )l 58 (e AilaasSl) Gailiadd) paes o und Ll . dua )il ulidal
O Bays Al degene o ST aadis o adiid b dplis dglery oLl die oGl
cpdiiual) el e GHA (e gt ST daadtiall de ganall oty o 68

G ) e o) ki bl Glegendly oS Kl @bl e W
Ghb e b)) Glesandll JBa) o WS dalll gaiy Gaaall b)) g adind sl

19 L. Kahn and W. Goddard, The Journal of Chemical Physics., 1972, 56, 2685.

18



Ly gula) ¢ lassl Ja¥ Sl

o3a Caay (1) aly JSEN . jaians pd Alaleal da cuily J8) e ladly (330 il JJasd oS 551S0
Caay ) Jsasl) dal (e 4 1l LS L Aulul) cile seaally oSU K30lS0e 3ihkh (g A0
e SN ZUad Gk ey L8 Aagend) daball ai o) aY paagpd dilad JalS

Allall o3¢) Iasians JelS a1 Jseasll Cilgins (3530 28 culiliaY)

Basis Sets Tvpe/ Methods HF MP2 MP3 MP4

Minimal

Split-Valence

Polarized

Diffuse

Equation
AguluY] Gl seaalls oS 1100 @il G A sy aghadl au) 1(1) JS&

dagall Ao Judas gipha —4-1-2-1
Frontier molecular orbital (HOMO-LUMO) 4z3gaadl 4y jad) cufylaall ~i-4-1-2-1
Akl @y ablad) aal oina Gplae Gud Gl oo &L (b B Laie
il 1Y) (el abaall Sl ladll) Jlef dila cld AT jlaag (Il lae) duasdial
ge NBs NA ASie dallas Jixy MOs Glua 8 By A e JSI MO LG5 4 nB 5 nA
Ol
i 13gd clele i ) ecilylaall ca gl WS a5y Bl Ui haai 2 1952 ale Fukui o8
oall el L L IS Jlaa) as @) e lis Jerdie MO ag) <Dlelss 3 i
i e b (LUMO) _elall (mitidl Ajall ladly (HOMO)dskiall Y
3 Lal) chlaall e giall chlaall Jeadi Y doagaal) ddiall cyladiFukui

2K. Fukui, J. Chem Phys., 1952, 20, 722.
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S ye) sl ot £y a5 Sl ol 53 el asas Al (b Jauwl S8 maes

4 paldll HOMO DA (e (gl IS8y Je iy Sl (A gy g IV (s YL e
D Sye) Jidg Sl ey el (o uSall oL pala (S0 Ainidie A8l o (geing o3
. LUMO e Lall Jladll 8 ) lolagind 4a ¥ ) clig S Jlind ) (<l SN (e

Aleliid)l @lad) g Jallly HOMO-LUMO 46Ul ssad e 1) adiey

.(HOMO-LUMO) 4353a dgippall cablaall i ¢ (2)JSl

Natural Bond Orbital (NBO) dusdall ddajld) cifie Julad —-4-1-2-

Sl Caagl Jjs aUail G S ZAESH 2 )58 & NBO Adplal 4laY) 5yl
zo <y @bl Guy o BBSN Cuay ol Pousl g5 (e hbda gl g ST
o omSY G ALEe e @l bl zalls el g meilly e emli) g Sy
I idsal)l Aasdl A b sagase el 2l andill Jae a3 Clagleal LAan e
NBO &igylay Coagll ALE (4585 o Ganay sl Aty Allia (g0 lias) gan adgiall (1

¢ — L) (Donor-Acceptor) Jiidl~ milall clels 3] & PNBO Jlas
Usadall Lusl g 0 NBOs o Aldiaall EBleldlll asd PlA e Jlie¥) A (L))
e chlaa¥) Ak P e W@l 0y (Jafiadl) 32l Gusl e NBOs 5 (gl
Alaidl B phiny) d8la a8 3y ¢ Juies NBO (j) 5 zile NBO (i) JSU Anally 4t sl

:Aalll) Aalaall dailgs j ) i 0w (Delocalized electrons) 38 aill s

2L G. Lewis, J. Am. Chem. Soc., 1916, 38, 762.
22 M.S. Sadjadi, B. Sadeghi, K. Zare, Journal of Molecular Structure: THEOCHEM., 2007, 817, 27.
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E?=AEj=qiF (i,))*/ej—e  (9)

e qi: The occupation of the donor orbital.
e F(i,]): The Fock operator.
® ¢, ¢ The energies of the NBO orbitals.

The Global Indices (3, p, 1, ®)—g—4-1-2-1
05eS) Ji Ailaa)) anlidl Gidia Boae Ul DFT duilagl) G3ESH Gyl e
48l 3Dl (Electronegativity x) Zulus<lls (Potential Chemical p) Sl
Al (i, 1 M, ©) Shpdna) oda Gl A LA Ll (Electrophilicity o) (Hardness n)
.(Electron affinity) 4 5<IY1 2V Elymo s cplll B8US Epomodzasaad) cljlaall cilills
Al Uil e dadi ol 8 Al uin b 8 1A eladl) (o Aliise gl 228
eyl Jelill ol aladl SlEY) Ciuay (Saal) (o Jrad gd AL 4y) i

Mulliken population Juad —a-4-1-2-1
1305 L lete St A ChA pen o anb IS5 eqgiall AN Andl a8 o

Sase al) Clia ) 56 CulS 1Y) Ly ginnhs e adied Ally (e Aind 53 S Jea
Y Al i dgas e it laa @l e conal) b AilasSl g 15V Jelis a8 1
el gyl A dadll Ul e el Slis L lgidaadle (Say BaS ol pe 38150 Y
ab (e 488 gl ) Dl i Y bl o3 (S el S Lje 5F BCNMR - Jie
pai oz 3lail) o328 S adiad LAl cliadl) Glad Apbail) 23l e el @llia (g Al
aany 4 Lpaall Al Bal adill Alas HLia) aey Uil <3 o The electronic population
cddiall clindl) Gluad deadiuall @hhll u e lgle Jpaall 8 Al Glislll )6 30
1 K&

cakill S e e il Bl e

g ) A e sdias Fhh e

rdalaill e e Ao 5,aY1 sda aitidy daiiall o) e adiad 35y @
- Mulliken Population Analysis.
- Natural Population Analysis (NPA).
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U el aahy Agal cliadll Glaal J1 zed) Mulliken z58) 1955 e &
e Lasll Gladind Cudlal) ST aal s dpelialls dyooel) ailaluy <l Glly & 4 gl
e saadll) The electronic population (s (34l Ll Sle i 53 Leleat Al Mulliken i
gsane 4 o Al Cappad 0y Legiall Jala )3l Aalal) elliy Zi A jaall 3,20 (A 5SIYI
Clladll 3 smgal) clig S Caaig i e 558 pial) 230 cilylaall  3sm sall il g I
A byl Arpally leie s ddde 3)S)aiall 4l Ghlaall (e Laslis) & Al 45l

qi = Zi[Xei(DS)up + 1/2 Yy (DS)pV] (10)

:Cﬁ Cua

Jalall dighias: S

Al digdas: D @

(80 Camy ) (b ae (38153 pei il & sana)ipulid Aadag gl ) e e

A chlaal Caagd deadiuall Gad¥) e S JSG Mulliken Jalad il adiad

Gl¥) G LIS (N aipla e uad 138 U5 e i) aae of 4uis Mulliken <y,
W iy o380 Y1 NPA dilas e galll ) ool Lo 13as .80 J81 Mulliken Jilas oS ¢ ]
Mulliken Jalas aciagy Y ¢ g)al duali e g JS5 4ustl) 431580 Jasls ) 3 LS el Caa
Cluall dipl e il (i Alee @il ) sam 4 gAY BLEY) e S IS
.(QCISD <MP2 «B3LYP «Hartree-Fock) deaiivsall

Molecular Mechanics 4uijall \Suilual) =221
el il s ccliull die el iS5 1930 ale 4 Aiiall KKl cpels
sinall Jie dphall ASalipll (ailadl) djme diphll o2a DA (e aadiis « gl 3]
Canlly A3l aalilaay Gy o gial) d8la aaad aolaing LS §pall &all f Lug i) 1 (g ))al

2430 g3al) aa i Alal AL AUl e S sl e

23 C. Hetényi, U. Maran, M. Karelson, Journal of chemical information and computer sciences., 2003, 43,
1576.
24 G.M. Keseru, D.K. Menyhard, Biochemistry., 1999, 38, 6614.
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Cim (e Alall DKe gd 1 S Cue e it oS KalSe e A dndatll culys

oo Lagamal aaall @y Agpall Ada) e dad galall ALE b bl leall ¢
b ae aayi) Jelii Jie 5,08 asaall @ld Apall Al dadlee o 5,0l 48 5]l ISalSal)
Ddind Al alSall gl (oAl Ral Ge P 5Sl) gsaal) L) Glaaadl Caag
.Born Oppenheimer Jleel e Wad oyl 138 adiny 230 Leadlgal A1 Jaié HUsil) 45l
o cogind) (B clig iy (sl ASa Juad Gyl o= Bom- Oppenheimer cui (i jidy
She ) GlSa dalas s s gl amge pe L (gysh S8 oy o (Say aY)
b alaill JSa adghy el K] mand cpagpadll 4ay Jo cluall 8 BaS B
o Al poena DA e plail) 1 d8lh iy G e pailadll e dauly desana
& 3an0 (o Liall Le )dl) A8l Cn gy Lay cligiall Jabs cdle il Jidh ) Cilaa Lol
Dl (Ran &N L Galls il 8l (gl A8Us cAlUsiaY) Ails b Al ilalgu)

by L
Etotal = Estretch + Ebending + Etorsion + Evan der waals + ..... (1 1)

(Al Ay el Jsh) Jleaii )l s L Glalluad) 23 (e JS
Ly 53 sigh et Byke e AU e (S9Y) 2all e aadl Canly

oo JSsed lihaly Aagiyall Clealuall goane <G 3 egiall Al e el S
LUy 3,5 canail) 3t Aiial) ISalSoall 4 carall 138 Aeaell 40 Cilaledll
Glalaal) de gana (anst (DFT, HF) (ssiall dle dpeseSl cililundl (o sl Gl cililyl)
o}d\ d}ﬁm MM lual 4_1“)5‘)@\
Al il 8 558 Jia —1-2-2-1

Ll 3181 ety Agiyiall Aig) ae Alaiaal) ABlal) RS Jiay by z3sad s

Dfially il sl Sl Aplial) Sl sl DA G (e Ca Al €58

%5 R.H. Holm, P. Kennepohl, E.l. Solomon, Chemical Reviews., 1996, 96, 2239.
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0 JS A5 cllan) 3 Jlesiad (gyspall (e chAl (e degenal Bl duigl e
sl o gl Gy 13 (45180 @liha) 3000 = 553 1000 e Gis) JBall dass e
Aldse Al loal A A Juds Gl L clsia) e YT Aaay dalae 8 38D S
b (Ko Jn Aapn Al 238 568 ) Cangy ol egiall calilaa) Jid Gllas Aoy
Alsdie Ayl 5yl ligiall ihall LSulually 4G (ailadl) slSlad 448 3835 de ju
A Adall ebleli) palang ) Al A JIss (e pasll e Bl Jia oS3

Abjiall e Al

ETotaI: Estretch + Ebend + Etors + Evan der Waals Eelectro"‘ E bond H (12)

EBond Eno-Bond
al) allaill dsdal Cuabiall 348l Jaa sl & MM ] 4yl Gbigall gaa) Jiah
Aalall el 8 335a5all Glalliad) s o 58 Jia JS dpagad ddain LYl (6

Bgal) Jas Auset o (’L‘: Jl an ‘;_“d\ Silatlh a4l =Y
£ gy

) oAt
V‘ﬁ)ﬂ alldai)

SN L) 5 0 923

T Jolis
Adaid) ey ddadiall Gl o egial) Jala Jelall : (3) Jea
dagiall chdl G Jelidl) 43k —-1-2-2-1
) UL iy
Stretching AdUaiud) d3Ua o
& Lealis ihilfie 080 om Al alat ) cag mlhias g cailgyll dad

dal () «(Morse potential) Guyse c¥lis) JS5 o daabluall sda (o puedl) &5 cJoca!

ooy ABlhall Caay M) Hoa (il (1o diiaa (x2) A8l el Aau s o o(blaal) Javs
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IS 4 bl e ) 23kl 35l Jgia Aylie a5 Lo Glle uldll Gyyla oo . il
ol dauly gl lgazy datise
E(L)=1/2 K (L-Lo)®>  (13)

:J Cua
(s ) A cli s Krooe
gisalll gakahll Jsh: L e
gl dahll Jsha i Lo e
Bending 8lSil) Lig) ogdi o

gy o8 ot moaill 10 0o iy Leilst aage Jon S zoai (o Aig)al) 48l Las
L Qe s ddahll Al el 4liia yuany <Epend ¢ 58S Ly o5 Jisad oy La Glle . 3élsl)
P 02 plhise el

E(0)=1/2 Ko (0 - 60)? (14)
:Qi dua
Aagyall culis Ko @
el ol Ayl 0 e
aragadl 58K Uiyt 0o
Torsional energy ¢sil¥) 48a o
Glaa o bagad &0 a5 4320 @hally ASE) gaadaw o 4Bl @l A

st Alulud Alase A dipla e (o6 Al oda a6 3D ecgiall Al A 4

-(Fourrier)

E($)=1/2[V1(1+cosd) +V2(1-c0s2¢) +V3(1+c0os3 ¢)] (15)

:L'j ITEN

Al A L) Culg A Vi Vo, Vs e

daag Al .
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=]
2 3
2

. Dihedral angle peaull 45805 45501 (i @ (4) Jsdd)

el & @l G Je i) ddla ——1-2-2-1
o Aaphy Jelan ) @bl el e Al pe cBA o cdlelilly dpaial )
26 Dlelii W 5% o) e 508 it gy S (e SIS A seaiall )3 b cdealus
I Agemge EDG S ifl ol asls ddasly A geadall A G cdlelal) Y Gl Ldday sie
Lol e oadl e s ) Llg3lls Adadhl) JIghal 05 dagpdi A (pe AUSH 4 Loy 2

oalld a2 d3Ua e
et bl dalal) ol sl cliiall G Jeldll 8 Lpasa heo caald Lls 58 8
Cila AVl gl aaly e On G5B pay ASAE B0 Ui s Lo Led Ualiie

Al Aslaally Lgie yuaeil) adiiasig

E(vdw)= *[-C1(r*/r)®+Czexp (-Cs(r/r*)] (16)

:Qi (ITEN
Akl s Loadl e g d8Uall Joatia Culis g% o
Mg Lo Ale i) chAll ulla il dedY) ggane t 1%
b G AS i) Aslesall: 1 e
Jaadl culgiiC1, C2,C3 e
Ll g gl eDlelial) o

G5l Camyy Aind leghe JS Jesd ) o cDlel@l) o A8l g <) ke il
rdedll 1 Zila 55
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Eetect=)_qi0}j/ Drij (17)
:Qi dua
bl Al colialil i, g e
DA G AS pidial) ddlaall: 1 e

d58l) Joda —z—-1-2-2-1
o Ul ey (e Saaliy cdibide 5 Jgia gl ) Gl e LIS 8 &
ading Cymy Gkl Gume Lo Lo IS0 Lo ginll ULl o puanil) okt b Cilalhadl DA
(e Jaa (haw St CSall &8 Fla by ahall allaill (ailad Je el Jia lodl

)'BS{Y\ 3qal) Y laa CJ\ ..... ‘?_g,;});:@\ oyl et ya alyall Jelal) &5 cJolaa ¢ ladls a8l

MM4, MM3, MM2 o
Jea¥l 8 el &3 X small Gailall U8 e Glatind JSY) 3480 Jis s MM2
Gl ¢ JignSl S pay ccali&i )y il (b Jie dap) 4 ganl) ciliyiall
igpanll Clipall 2o (Sadl o Clea® MM4 57 MM3Aieaa) aidis oSl &
LBaxal)
MM+ o
S cligall e digla (Kay lalaall ey dila) go (MM2 358l Jisl dxial a
Piggcarl) e GLSHall Jia 18
(Assisted Model Building with Energy Refinement) AMBER e
palea¥ly il e agulss (Sa 00LadsS opph (o3 Apal) Ko 358 Jia 5
AT Bpiall Clially Cyadsll Load addios Ayl

% N.L. Allinger, Journal of the American Chemical Society., 1977, 99, 8127.

2I'N.L. Allinger, Y.H. Yuh, J.H. Lii, Journal of the American Chemical Society., 1989, 111, 8551.
2 N.L. Allinger, K. Chen, J. H. Lii, Journal of Computational Chemistry., 1996, 17, 642.

2 A, Hocquet, M. Langgard, Molecular modeling annual., 1998, 4, 94.

303, Weiner, P. Kollman, D. Nguyen, D. Case, J. Comput. Chem., 1986, 7, 230.

31 p.K. Weiner, P.A. Kollman, Journal of Computational Chemistry., 1981, 2, 287.

27



Ly gula) ¢ lassl ¥ Jailf

(Chemistry Harvard Macromolecular Mechanic)CHARMM (Bio+) e
M. Karplus® 5 R. Brookset J# (1 1983 ale layehi o3 AKuluall sl 3)ldjla ¢l

Gligally ddpall Zaladll dupadll 8l Ay axdids; AMBER aseiel 4ilie lgaseia
Ayl Galaa) ectlisiy ) Jia dmglad
MMFF94 o

o oyl o5 dipnal) Liall SO0 (o8 Ui e sma (o 0 MMFFO4 Jia yiiny
MM3 Al és o)) Al salally Ay 48U “Tom Halgren  Jé
(Universal Force Field) UFF e

sas Je jold¥ dlle 38 Jis aveal o32la)y CJ. Casewits A. K. Rappe Jsla
w3l Jsanl) 3 5agmsall G e degane ol o ggiad ) iyl

Geometry ) JiaY) sa wdigl Alic b sgia o aSad ) adiia s Dyl
S Jpeaslly LAY A8l iy il <Y adlla & el 1 & o) Y (optimization
i (o) AL Uy ¢ 38USaI g3 el Jlsb) sl e il gl s 5 28 o3
e sy ally LA e il oS Jany D81 13 ge Gl L JRY) ALY e Jpeanll
Global Minimum « Hilltops..... rhalaill (e de ganay Jiaall 2alSl) A8l mlass caunle 138
Olash 2ds dl el s o) Galfiss (pitie (e Auhall ea) &3 13 .Saddle Pointe
s Caay (5) a8y JSall L olad] 3 8 cdaud) 138 (i (Say ( Dihedral Angles  geland) 4505
AN NP HIA

E = f(d1.d2)

Al AL sl Lkadl : (5) Jsd)

%2 B.R. Brooks, R.E. Bruccoleri, B.D. Olafson, D.J. States, S. Swaminathan, M. Karplus, Journal of
Computational Chemistry., 1983, 4, 187.

33 T.A. Halgren, Journal of computational chemistry., 1996, 17, 490.

3 A K. Rappe, C.J. Casewit, K.S. Colwell, W.A. Goddard, W.M. Skiff, Journal of the American Chemical
Society., 1992, 114, 10024.
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Molecular Dynamics dsisjad) Sealisal) —3-2-1

slSlae o agf L Agaal) dadal) slaal Whadind V) daphll & dipall Kbl
Acyuy Qlgiall AS)a aBg AASHall (fign ol o badine GlLSally lipadl dysula
Gty (AplsSl) — Al gadll el aall) las ojpual Apie) I e laaag Sy L0
sl st dasn LilS Jala 83 IS ld 13gls - (B)hal) Aaas paally Liall) aaae Cagyls
(sl ALK Jad

YF=md (18)

gt Ll 6 53 S @)U Jlae Alilaa Gl 5355 o) AV Alslaal o3¢) Adliall cdlalsl

(st il i goludl i mi ALSH, X goa e
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&5 John Pople ilaulsy Jea¥l b o3li) & ¢loadid Ay sulall clasSll zmaly €I (1
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43yl Apluall lleall aypedl ( Gaussian orbitals - GTO)Aawusall <ilylasll Pople aladiul
. Ab-initio 4ipk dald iy sulall o Lal el 138 Jau + Dl llae a2iis Al sl
by @mi EaYs «Carnegie-Mellon dsala Jé (pe 4ladl) & Gaussian sy Llaay) S
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e Molecular mechanics.

v AMBER.

v Universal force field (UFF).

v DREIDING force field.
e Semi-empirical quantum chemistry method calculations.

v Austin Model 1 (AM1), PM3, CNDO, INDO, MINDO/3, MNDO.
o Self-consistent field (SCF methods).

v Hartree—Fock method: restricted, unrestricted, and restricted open-shell..
o Magller—Plesset perturbation theory (MP2, MP3, MP4, MP5).
e Built-in density functional theory (DFT) methods.

v B3LYP and other hybrid functionals.

v Exchange functionals: PBE, MPW, PW91, Slater, X-alpha, Gill96, TPSS.

v Correlation functionals: PBE, TPSS, VWN, PW91, LYP, PL, P86, B95.
e« ONIOM (QM/MM method) up to three layers.
o Complete active space (CAS) and multi-configurational self-consistent

field calculations.
o Coupled cluster calculations.
e Quadratic configuration interaction (QCI) methods.

35W.J. Hehre, W.A. Lathan, R. Ditchfield, M.D. Newton, and J. A. Pople, Gaussian 70 (Quantum Chemistry
Program Exchange, Program No. 236, 1970.
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https://en.wikipedia.org/wiki/QM/MM
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5 PM3 5 PM6 5 PM7 alaainly Glayly speall cliall e clblua ela) Je 08
Audiglly Bl Lad (poSill Hla Aiall Ghlad) e Jpaall (RM15*7MNDO 5 AM1
Sl cluaslly A3aY) GLLY) Glusy MOPAC asii omiliall oda aladinly Lagiyhall
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3% "MOPAC". Stewart Computational Chemistry.
$TW. Thiel, A. Voityuk, Theor. Chim. Acta., 1992, 81, 391.
38 W. Thiel, A. Voityuk, J. Phys. Chem., 1996, 100, 616.
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L A, Villiers, Compt. Rend., 1891, 112, 536.
2 F. Schardinger, Wien. Klin. Wochenschr., 1904, 17, 207.
3 F. Schardinger, Zentralbl. Bakteriol. Parasitenk. Abt., 1905, 14, 772.
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iy 455 S Al gl 130 aaly oy palddl LSl Jladdl 556 i 55kl
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106 (@) M. Kitagawa, H. Hoshi, M. Sakurai, Y. Inoue, R. Ch(jd, Bull.Chem.Soc. Jpn., 1988, 61, 4225.
(b) M. Sakurai, M. Kitagawa, H. Hoshi, Y. Inoue, R. Ch{j6, Carbohydr., 1990, 198, 181.
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107 A, Gafni, Y. Cohen, J. Org. Chem., 1997, 62, 120.
1%8(a) A. Buvari, L. Barcza, J. Incl. Phenom., 1989, 7, 379. (b) Y. Matsui, M. Fujie, K. Hanaoka, Bull. Chem.
Soc. Jpn., 1989, 62, 1451.
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Al cpng puel) Ay Aad (e HESG U8 Aaill o e st o (dse [ easlS S 1L
& A el Ayl 50 dB Y Al al e 120G 0 Gl il e LI el b
Sl ) (Sl e (il sl O sa ASE 03] ail) Candl L Jaall Biia el
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19T, Nakagawa, S. Immel, F.W. Lichtenthaler, H.J. Linder, Carbohydr. Res., 2000, 324, 141.
10T, Aree, J. Jacob, W. Saenger, H. Hoier, Carbohydr. Res., 1998, 307, 191.

11T, Steiner, W. Saenger, J. Chem. Soc. Chem. Commun., 1995, 20, 2087.

112 E B. Starikov, W. Saenger, T. Steiner, Carbohydr. Res., 1998, 307, 343.

113 3P, Van Helden, B.P. Van Ejijck, L.H.M. Janssen, J. Biomol. Struct. Dyn., 1992, 9, 1269.
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114 K. Kano, M. Tatsumi, S. Hashimoto, J. Org. Chem., 1991, 56, 6579.
115 G, Crini, M. Morcellet, N. Morin, [’actualité chimigue., 2001, 11, 18.
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1] 3002947296
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038.027
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2as phase
Onentation A

43742143
448416426
6.56/6.216.30
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(S)-2- “apall sginll Canall/Canadl Gpaail) diead Ak Auly el & (Uiay
aladiuly B-Cyclodextrin - —apiaall ¢(gial) &= isopropyl- 1-(o-nitrophenyl)sulfonyl)aziridine
—Jalall Limgl) duida gl Jlsall ads DFT Ayl ) 4GS 20ty ¢!y el 430 PM3 il
@l pshall (4 6- 31G (d)sluY) a0 %5 BO7D3 5 WBI7X-D 532 B3LYP:dilidall Lals)
BA ) Gy Sl

Gk e f-CD Cisal 3 AZ Canall ¢ gia z bl Ayl (S5 (e LS Ayl 28
aadll il Glas A o AZ/B-CD el dieal hiad €Y dpunigh JSLed) aaas
Losaall el cllad)l dghall Al Gldedl Glua SIS gl il Jelill
Giginlill 5 dplead) Ailuasl claliiy) o 4aal) La,A) cliadll Jilas s HOMO-LUMO
@Al Ayl aladinly (pecaill peaed THNMR (g5l balinall cipll Ay gy o
cligall G Dle i) andil NBONCH Jilas b Uiay 38l . (GIAO) <ubil

cabhlly algalt 2111

DFT iyl ol A8ESH 400 Aol sy sl Jaad) 138 8 de Sl A0S bl gyl
Aplad) sk ,36-31G (d) oelu) g ** BI7D3 5'WBI7X-D 5 PB3LYP uillagl alasiuly
. ' MOPAC 2016 5° Gaussian 16 §* Gaussian 09 (uaalinll aladiuly 45kl

Chem s"PubChem <l yall culilull 5308 (pe f-CD 5 AZ 1 45Y) JSlll z haiul

=l alaaiul AZ/B-CD pene ;530 WS .2 office3D Ultra (version10, Cambridge Software)

1J.J.P. Stewart, J. Comput. Chem., 1989,10 , 209.

2K .Kim, K. D. Jordan, J. Phys. Chem., 1994, 98, 10089.

8 M. J. Frisch, J. Phys. Chem., 1994, 98, 11623.

4 Head-Gordon.C, J. Phys. Chem. Chem. Phys., 2008, 10, 6615.

S .Grimme, S. Ehrlich, L. Goerick, J. Comput. Chem., 2011, 32, 1456.

6 A. D. Becke, J. Chem. Phys., 1997, 107, 8554.

" A .Keniche, M. Z. Slimani, J. I. Miranda, J. M. Aizpurua, Mediterr. J. Chem., 2014, 2, 620.

8 M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A. Robb, J. R. Cheeseman, and al. Gaussian
09, Revision C.01; Gaussian Inc.: Wallingford, CT, USA, 2010.

®M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria ,and al. Gaussian Version ES64L-G16, Revision
C.01, Inc. Wallingford, CT. 2019.

19James J.P. Stewart, Stewart Computational Chemistry, Colorado Springs, MOPAC 2016, CO, USA.

11 E.E. Bolton, Y. Wang, P.A. Thiessen, S.H. Bryant, R.A. Wheeler, D.C. Spellmeyer, Annual Reports in
Computational Chemistry, 4, Elsevier., 2008,4 , 217.

12 Chem-Office 3D Ultra, Version 10 Cambridge Software 2006.
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Cauiae pudag aiy - 99710 8 daa pall Adpkl) Ll f-CD sl Caysati Jals AZ
Cile gena g o Aalal) sl Jual 4 e 03850 Cippat 2s XY gsidll e -CD
Cauall 3 S Ky s o ?3 Z el ‘;11;,3:}[\ olady¥) a3 B-CD Ll JaouS g el

13 Hyperchem, Relaese 7.51 for windows 2002 Hypercub. Inc.
4 Roy D. Dennington Il, Todd A. Keith etlohn M. Millam. Gauss view 5.0, Revision C.01; Gaussian Inc.:
Wallingford, CT 0642, USA, 2010.

15 L. Liu, Q.X. Guo, J. Incl. Phenom. Macrocycl. Chem., 2004, 50, 95.

16 S.M.R. De Sousa, L. Guimaraes, J.L. Ferrari, W.B. De Almeida, C.S. Nascimento Jr, Chem. Phys., 2016,
?75&.15:%“, F. Madi, L. Nouar, A.E. Bouhadibaa, S. Haiahem, D.E. Khatmi, Y. Belhocine, J. Mol. Lig., 2014,
1189I9.,[5)Jg)illa'mi, F. Madi, L. Nouar, S. Haiahe.m, M. Rahim, D.E. Khatmi, A. Bouhadiba, C. R. Chim., 2015, 18,
11972'. Guendouzi, S.M. Mekelleche, H. Brahim, K. Litim, J. Incl. Phenom. Macrocycl. Chem., 2017, 89, 143.
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A% L +5A0 L)
zleudl 1385 (22 JSAN) B-CD Capaall ¢ gin (8 Canall egia zhaY Gaaladl Ly adl
t S suel) o Ll Ay W
S-CD sl (S g nell sai dgage dpplanll dalal) A o3y @
-CD Y JsaS 5 5el) s dgange Applanll d3L)) B slasY) @

Orientation B Orientation A

inil) Alee Cioa sl axdiall cllaay) ol 1(22) JS&d)
(Geometry optimization) JieY! &gl JSEYI 3 Canally Ciucadll G Je il yaa)
gl ddllag 22 Jelitl 48y 20 adail) 28Ua A8l Gyt e el pladia
SV ailla 3 Al b Sal) dilday alaill dila G Al Ll e adaill dila (el e
(21 Aolaall) i

AEcompIexation = Ecomplex - [E S-CD free + EAZ free] (21)

201 . Nouar, S. Haiahem, B. Abdelaziz, M. Fatiha, J. Mol. Lig., 2011, 160, 8.
2L A. Bouhadiba, Y. Belhocine, M. Rahim, I. Djilani, L. Nouar, DE. Khatmi, Journal of Molecular Liquids,

2017, 233, 358.
225, Himri, I. Lafifi, A. Guendouzi, M. Cheriet, L. Nouar, F. Madi, Journal of Molecular Liquids, 2019,

280, 218.
23 . Nouar, S. Haiahem, B. Abdelaziz, M. Fatiha, Mol. Lig, 2011, 160, 1.
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il Ji AZCauall

a8y Aalaally Cppazill Cilrane b Canall cgially Canaall e giall Gu Jelil) 48l Jisi o
.22

AEinteraction = Ecomplex - [E p-cDsp t Eaz SP] (22)

ssi> Al Eazep Jiary el 2y f-CD A8l Epcpsp Siar cpanall 48Ua Ecomplex Jiay Cus
cdail) 2y Cavall
o leyd 5 panall 365 o U] Cipually Capaall ¢ IS0 osill Aila o 5aY) A6 o
(24523 Cilalaall) g 2ny g2l (sSall dla G 3l L]
E deformation (5-cD) = E p-cD sp— E p-cD free (23)

E deformation (AZ) =Eaz sp— E AZ free (24)

el OIS 3y Y ) Al Gl sigiall adial L 1Y) Adjrey opill mllaas aui prans
Y 1 JLEY ekl Canadl)
LiBlial) y gitaiti-3-111
48Uati-1-3-11

(Cinia f-CD Canadll (et A AZ Canall # )y Al churdl Sl sl e g
JSlgll A8l (e Y1 aall o Ul cCulymiall oda (e .23 Ay JSAI 8 imge s WS
ALia aieil) il By A aladl Z=-3A%,7=-3 A% xie sl e a8 Bl <Y
(8 oy dxall) Jsill e By A clasd-17.063 keal/mol 5 -16.260: kcal/mol 4
AU Cailla gl aladiuly Gluall e Jle ssiue e il saall o
& Sl gl cyshall 8BI7D3 / 6-31G(d) s WB9I7X-D/6-31G (d) s B3LYP/6-31G (d)
9 ady Jsanll b canall 13g] dabiaall clilal) Qs il
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BsA u...\Ma.a\)!\ cf AZ/p-CD tuaj J,}A:C\J\ ol (S)J}A;J\

Z(A%  AEcomplexation A AEcomplexaion B Z(A%)  AEcomplexation A AEcomplexation B
+5 -9,343384 -6,739068 0 -9,447632 -15,608312
+4,5 -9,289376 -9,600864 -0,5 -9,36976 -12,494688
+4 -11,177772 -6,131792 -1 -8,7763 -14,071596
+3,56 -13,135248 -6,941284 -1,5 -3,583996 -11, 954608
+3 -4,014804 -0,262504 -2 -10,558564 -16,753784
+2,5 -4,316244 -14,218548 -2,5 -15,296196 -16,535868
+2 -13,47688 -7,885796 -3 -16,260176 -17,063388
+1,5 -10,954832 -15,183156 -3,5 -13,316112 -14,746068
+1 -10,1579 -13,297272 -4 -13,6747 -11,271344
+0,5 -7,804784 -15,013596 -4,5 -11,616744 -9,612796
0 -9,447632 -15,608312 -5 -12,207064 -10,505184
AZ -0,037023 -0,037023 BCD -2,318769 -2,318769

-16

-
o]
1

— = — QOrientationA
— e — QrientationB

complexation energies (Kcal/mol)

'
o

Position(AO)

S il ST i) 8 chanatll 405 PM3 Sl e e 98y Jgaall i

AZ 7z o A i lee Al Jelilly agail) Clila o of JaadU LS LB oladVl 8 4t A
bl e Vi A8 g Lilln s Cadanll Cililae 5 dphall A€0alall Lalil) (40 48150 f-CD

Ay il
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a3y ysuna lally ) shll 8AZ/ B-CD S)yal ddlisall culilall 1(9) J gand)

.B97D3/ 6-31G (d) s WB97X-D / 6-31G (d) s B3LYP / 6-31G (d): &)kl

Gas phase Aqueous phase
Orientation A Orientation B Orientation A Orientation B

B3LYP/6-31G(d)
AEcomplexation ~ -19.60 -6.80 -11.37 -3.52
AE interaction -25.58 (-12.01) -8.74 (0.31) -14.82 -4.42
EDEeF(Host) 9.52 1.38 5.79 0.53
EDper(Guest) -3.54 0.56 -2.34 0.36
WB97X-D/6-31G(d)
AE complexation  -41.06 -37.02 -31.85 -31.38
AE interaction -52.35 (-39.24) -46.56 (-32.00)  -40.37 -38.67
EDEF(Host) 12.84 6.74 9.05 4,53
EDEF(Guest) -1.53 2.80 -0.52 2.75
B97D3/6-31G(d)
AE complexation ~ -41.66 -37.85 -33.41 -33.89
AE interaction -52.15 (-36.65) -47.22 (-30.38)  -40.86 -39.77
EDEeF(Host) 12.20 6.66 8.17 3.77
EDEF(Guest) -1.70 2.70 -0.71 2.10

4yl WB97X-D (-52.35 kcal mol) 4y pliuls A ieraction a8 e e Jsanl) 2y
WBI7X- D iiphall oiiled dually B3LYP diph aladinly 43)lae B97D3 (-40.86 keal / mol)
yaas cAgigiall (35 4alai¥) sle)e aa lage Sle (Dispersion effect) ciidall ik ay (B97D3 5
L) @il celi L0 Al gl sl chAll s sl ae Adgeall cidil) g el
OS5 (e S datlise e (158 Lagys Slgiadl G Je i) dapla 8 Uaga D5 (35S
cewdal) il ) Sl el skl o A8 38 el
O DN (il gl e 9 a8y Jsaald) 8 Sy (g3l Gayshall 8 osdill culila il el
Dgye o K5 125 By A GaladNI A 3 AZ cgin (o ST Wil -CD egial osill dila
Ols 2 2l xie aleSh alaill iy ciliall g Jelil sl & lga 53 ol f-CD 4
osuiill A8l (f Wl 1aad L AZ egin (g ST A-CD siginll (ssiase o S Spall b ol
Ofiphally Aijlae Jil (952 keal/mol) B3LYP ASudSH dayllly f-CDCiuadl ¢giall

ol a5 JIE Y s (12.20 keal / mol) B97D3 s WB97X-D (12.84 keal/mol)  ¢xiialasl

SR
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G dilee A Kbe  Lit B97D3/6-31G(d) s WB97X-D / 6-31G (d) aillagll
Aalel) B3LYP 48 sk (e JiY1)
Al o a3 Jial dpudin JISE e Jgeanll Jal (e Akl Lails 88 (]
-2 counterpoise d&yka alaiiul *Basic set superposition error (BSSE) ddaul s Je &l
AEinteraction = Ecomplex - [E p-CcDsp T Eaz sp] +BSSE (25)

U:""“"ﬁ O 9 eﬁj d}l&j\ & E.JJ\} BSSE dasiaall sl

By A spalaiy) & BSSE a8 : (10)J g2

Orientation A

B3LYP Counterpoise corrected energy = -5511.182225980358
BSSE energy = 0.021644501682

WB97XD Counterpoise corrected energy = -5509.826753865556
BSSE energy = 0.020799715210

B97D3 Counterpoise corrected energy = -5508.250430585039
BSSE energy = 0.024693208946

Orientation B

B3LYP Counterpoise corrected energy = -5511.169086465923
BSSE energy = 0.014397458350

WB97XD Counterpoise corrected energy = -5509.818001269858
BSSE energy = 0.023113232284

B97D3 Counterpoise corrected energy = -5478.179420848198
BSSE energy = 0.060259825882

Geometry Optimization ddgall 4], 4 -2-3-1l1

W ol el shall 8 Lpunigl Claleal) alane  lgle Joanll & ) il e el
by paadi eha) (Lo b il o ) kil ¢ Sl jehall LS Uy el s
B-CD 5 AZ s s3a) had) 3L Llg3s 58S Wy s dadgsl) Jlghal (mes 125 11 galsand) (sgim
reailagl) alasinls lede Joeanl) o3 S Bhinu) ASY) JSLed) o s cxiaill sayg Ui

Jsaall & (e 58 LS BI7D3/6-31G (d) /B3LYP/6-317G (d) / WB97X-D / 6-31G(d)

Ay ainia e AZ Canall G ) AelatY) 8 Lggle Jgeanll 2 3 bl i 11 o8,

24 F.B. van Duijneveldt et al, Chem. Rev., 1994, 94, 1873.
% S.F. Boys, F. Bernardi, Mol. Phys., 1970, 19, 553.
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Gas phase

Bond lengths (A°)
S162-N163

S162-0164

S5162- 0161

S162-C151

N163- C165

N158-C152

N158-0160

N158-0159

Bond angles ©
S162-N163-0164
S162-N163-0161
C170-C172-C176
N158-0159-0160
Dihedral angles ©
S5162-0164 — 0161 — N163
S162-N163-0161- C151
C170-C172-C176- C168
N158-0159-0160-C152

AZ free
1.68533/1.65750/1.70223
1.45743/1.44610/1.46705
1.46626/1.45281/1.47390
1.83528/1.81415/1.83341
1.45920/1.45030/1.46495
1.47780/1.47340/1.48795
1.22698/1.21710/1.23119
1.22703/1.21821/1.23217

33.20858/33.32424/33.54393
34.01644/34.20759/33.87474
34.50108/34.41051/34.35516
27.31243/27.18033/27.00923

29.42244/29.12510/29.08409
39.31551/39.86245/39.14013
34.00432/34.12508/34.01451
-2.04908/-2.42876/-2.46196

OrientationA
1.68112/1.65715/1.69477
1.47020/1.45629/1.47679
1.47259/1.45989/1.48091
1.81780/1.79808/1.81689

1.482351/1.47311/.1.48522
1.47158/ 1.46630/ 1.47807
1.22277/1.21232/1.22640
1.23432/1.22599/1.24220

33.15066/33.34177/33.50891
30.83691/30.68916/30.16744
34.78914/34.51077/34.35747
27.39896/27.26431/27.07071

26.27647/26.35349/25.65453

46.47501/47.45518/47.97080

34.13218/35.11948/35.03659
2.37838/2.57936/2.76262

OrientationB
1.69319/1.66463/1.71185
1.45870/1.44765/1.46869
1.47040/1.45730/1.47917
1.83322/1.81767/1.83841
1.46552/1.45552/1.47303
1.47630/1.46804/1.47784
1.22732/1.21163/1.22674
1.22751/1.22600/1.24247

33.18244/33.22970/33.43585
33.24486/33.16152/32.53187
34.77135/34.58358/34.42303
27.33109/27.44670/27.34700

29.16483/28.66806/28.37705
39.45268/39.85353/39.74485
34.28066/35.72488/35.92938
-2.09480/-1.40003/-1.40641

LWl skl 4BI7D3/6-31G (d) 531G (d)
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dilial] g geiliil I Ll

cails IS el aays J digl Ciladeal) o <yt Cus B ola) 8 il 4)lhe Lol
AZ (0164~ S162: Las ll Jishl 3 Gl has ellia o WhaaY (gilall el 8 4y
B olaiV)s (0164-S162:1.47/1.45/1.47 A%) A oV & & aixil) aay5 J8 1.45/1.44/1.46A0)
AN U ad G Al DA (e Jaagd swall il (K1(0164-S162 :1.45/1.44/1.46A)
335 J8 S162-N163-0161- C151 (39.31°/39.86° 39.14%) Canall ¢ giall mlanall 4L s )5
PLIRT T
B AZ e mhaull 400 Lglys agaill J8 AZ ¢ ghad mland) 40U Ll o @A A olaY) e
$162-N163-0161- C151 (46.47°/ 47.45° /47.97%). agas Lasale (3% panal
Lol pats il ) ylaslls S162-N163-0161- C151 (39.45°%/39.85%/39.74%) B ola¥) & e
il (5l s old sl J8 AZ egial mhadl 450 Lisls A olad) A adand) 3405
ST Gpa pane i) Capadl) Ciygat ae illaie A sladY) 8 AZ Canall ] ey Las
(9J52a]) osinl) lila A e Aagitll o3a 28E 5. 1)y
215 0 f-CD J (53lly 15V Jen g el cpmis¥ oy cililisall e si (s AT dga (10
(24 JSall) 35V Anaigy 4nlie die S-CD st b S 0 (12 Jsaall) AZ pe il
(4.16 -4.21A% Jski 044-055(2.84 A%) 5 033-044 (2.83 A% ililusall cinpal AslaV!
OV L Lagipall H117 5 AZ Canal 0164 G <Ble i IS5 e Al salyill sdag ¢ Jsill e
Aolaiy) 8 5agase biladll 538 «033ansY L dagiyall H107 5 AZ ipal 0159 (5 044
AolaiV) & Gaeaill Jelatll Zila o€ o yudy 13ag B ol b dgle ol
AN Coilla ol aaan ae yshall DS 3B (-46.56 keal/mol) ola¥) (e Jil (-52.35 kcal / mol)

. a P 9
. e ), 3. o
e S oy TR e
{3;-9""2.84?&0 .,0'3 ? ’424'A 3.,‘9 Q /6’ 9 : aj >
F A e Fe ")
) ‘;. 81AT iﬁ : ¥ ﬁ: 4." ’gﬁﬁ%lﬁ’o‘%‘:"ﬂi,
9 ’ 9 N 5,
”‘ f g s 04.:&05 2 y ’J : 8 e s‘,ﬁ ’
? ; * 2 83% F3 o )
5 s 42 S AT L 5
D 9 v @
%‘QJ';f‘J" J'&s 3 ”s ’ J 0P 9 o
F s 9
(@) (b) ©

Bs A cpalaiy) (b, ) 2daill 3y Jid f-CD(a) panal druigl JSLgll £(24) Jsid
L)) skl & WBI7X-D/6-31G (d) diyh aladinly 4 suns
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p-CD free

Orientation A

Orientation B

Primary hydroxyls

033-044
044-055
055-066
066-077
077-011
011-022
022-033

Secondary hydroxyls

071-060

060-049

049-038

038-027

027-016

016-05

05-071

Glycosidic oxygens

029-040
040-051
051-062
062-073
073-07

07-018

018-029

2.90283/2.83951/2.85477
2.91598/2.84070/2.86453
6.64604/6.45276/6.52267
3.00495/2.94197/2.96995
5.42044/4.73093/4.91430
4.32643/4.29921/4.28407
2.80088/2.77544/2.78820

5.61539/5.60332/5.63442
5.27160/5.22476/5.23753
5.50448/5.44637/5.49611
5.65356/5.57953/5.65959
5.55475/5.54197/5.57506
5.24709/5.13946/5.18804
5.31875/5.41006/5.42860

4.38697/4.32858/4.35743
4.41192/4.34352/4.38052
4.53971/4.49404/4.51474
4.32027/4.30222/4.30697
4.30375/4.23090/4.26841
4.55260/4.48338/4.52048
4.43932/4.40220/4.42052

4.37789/4.21047/4.32601
4.48229/4.16410/4.26629
6.5656216.21324/6.30827
3.25139/3.22140/3.16881
4.11672/4.04929/4.08965
5.00948/4.68822/4.73642
2.76559/2.74107/2.76019

5.56752/5.54523/5.60421
5.31969/5.36046/5.36581
5.18635/5.22280/5.19147
5.32647/5.29720/5.31853
5.38797/5.31728/5.36824
5.32438/5.35133/5.37246
5.26031/5.19209/5.21157

4.44632/4.38157/4.40000
4.40036/4.37239/4.39002
4.49089/4.40830/4.44384
4.45725/4.43010/4.45748
4.38709/4.33634/4.35288
4.45963/4.37477/4.40460
4.46792/4.41116/4.44938

2.91158/2.85620/2.92105
2.94114/2.92605/3.09938
6.74980/6.71265/6.91025
3.00437/2.91224/2.97620
5.80021/5.41315/5.64692
4.09010/4.25804/4.30595
2.77979/2.73998/2.76990

5.68449/5.66255/5.69660
5.27119/5.23585/5.20089
5.51887/5.37530/5.35151
5.61842/5.37530/5.53507
5.56897/5.55156/5.55910
5.19497/4.83387/4.82159
5.19475/5.24939/5.24462

4.37759/4.27811/4.30500
4.43871/4.40150/4.44080
4.46673/4.41876/4.43564
4.35166/4.24035/4.24832
4.31315/4.30360/4.36073
4.51279/4.31508/4.34687
4.48947/4.46704/4.47374

2 B3LYP / 6-31G (d) / WB97X-D / 6-3G (d) / B97D3 / 6-31G (d) :@hkhll aladiuly 4 gune 2xill 2ay5 Ji8 f-CD 1 Jasly )}l Jlshal 1(12) Jpaadl
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S Jfadlf

dddlial g &Ly

oo Lo Jsanll & 0 Bhiid Y1 Gleasall duaigll JShel) 265 25 KAl Jiey

& @l Sl gl i BI7D3 (a%, b") s WBI7X-D (a, b’)s B3LYP (a, b)<blea

Gllia e lgale Janll & Al Bl Y1 Gileeaall gl JSLel) 1(25) Jil)

BsAGalaly AW hll 4B9I7D3 (2", b”) s WBI7X-D (a, b) 5 B3LYP (a, b)
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Glhlia e lgde Jganll & ) Bl Y] Cilranall dpuigll JSbel) £(26) JSil)
ByAcmlaiYls gl )l $BI7D3 (", b") s WBI7X-D (a, b') s B3LYP (a, b)
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4 had LSl Gailadl) —3-3-11

Pal ha dilad alaatiuly dpulal)l Aphall ASulnall Gldzall clibaa ¢)a) &
dayas 1 atm baics v Sl el as o)) shall & (Harmonic frequency analysis)
il 2 (WBO7X- D/ 6-3G (d) / B97D3 / 6-31G (d) : @ikl aladiuly (4l< 298.15 5)ha
@l simall s ((AH) (hal) ssinall Jia (AZ/ -CD Syl dphall Aualinal) Ll
@Al il o of Laa clial Jsaall (e 13 8y dsaall 3 (AS) Lus sl (AGY) Lal
Ll (e Adlge Gpecaill Alee of N DAY o3a s comlat¥) DS 8 Al (AHO)
JSI(AHC = -48.67kcal / mol) A slady) & hall ssinall (i (Al Aali ey ddyhall
258 Vander Waals <Dle s ) e sy ¢(AH? = -42.89kcal B/ mol) Bolai¥) (ye Al
e AGY Allal) all o Lall o)< Cipaall & Cinall e g3l (ae ) (31515 f-CD 5 AZ (o
s s il (i s ey Lgteuhy 4365 dlee o f-CD & AZ 71y ddee o )
Tl ) e e 38 AGO <0 dgylail) il

S5 O (W13 ey s et OIS 8 (AS) Ly Y ks o Aaadle Wl o<y
b iyl (& L) ghall il e dadl Bl 3a)lk ddee AZ/B-CDppanaill pana
S-CD Casad Bpaganas il ouvigh S e aalill e ldl) Salall cuw (AS) il

TAZ egiad dulysally A Al da )

Lisuna AZIB-CD 5 B-CD 35 AZ Syaldghyall 4€alinall clallaall o 1(13) Jgaall

LSy 3l skl & WBO7X-D / 6-3G (d) / BI7D3/ 6- 31G (d) skl alasinl,

Gas Phase

S-CD free AZ free Orientation A Orientation B
AH®
(keal/mol) - - -48.67/-48.35 -42.89/-44.71
AG? - - -30.70/-32.97 -24.80/-26.43
(kcal/mol) ' ' ' '
B - - -60.01/-52.81 -60.54/-59.04
(cal/mol.K) ' ' ' '
HOMO -0.32/-0.19 -0.35/-0.22 -0.32/-0.19 -0.33/-0.20
LUMO 0.11/0.01 -0.02/-0.11 -0.02/-0.12 -0.03/-0.13

% 3. Haiahem, L. Nouar, I. Djilani, A. Bouhadiba, F. Madi, D. E. Khatmi, C. R. Chim., 2013, 16, 372.
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AE(HOMO-
LUMO) -0.44/-0.20 -0.32/-0.11 -0.291/-0.06 -0.297/-0.07
u(eV) -0.10/-0.09  -0.1868/-0.174 -0.175/-0.16 -0.1862/-0.171
X (eV) 0.10/0.09 0.1868/0.174 0.175/0.16 0.1862/0.171
n (eV) 0.22/0.10 0.16/0.05 0.145/0.032 0.148/0.036
o (eV) 0.02/0.04 0.106/0.27 0.105/0.39 0.11/0.40
Aqueous Phase

S-CD free AZ free Orientation A Orientation B
AH®
(kcal/mol) - - -37.05/-39.25 -34.91/-36.29
AG°
(kcal/mol) - - -21.60/-18.84 -19.65/-16.76
gt - - -51.64/-66.23 -50.95/-65.52
(cal/mol.K) ' ' ' '
HOMO -0.33/-0.20 -0.35/-0.23 -0.33/-0.20 -0.33/-0.20
LUMO 0.12/0.01 -0.02/-0.12 -0.03/-0.13 -0.04/-0.13
A (HOMO-
LUMO) -0.46/-0.22 -0.32/-0.10 -0.295/-0.06 -0.290/-0.07
u(eV) -0.10/-0.09 -0.19/-0.180 -0.182/-0.168 -0.188/-0.171
X (eV) 0.10/0.09 0.19/0.180 0.182/0.168 0.188/0.171
n (eV) 0.23/0.11 0.16/0.05 0.147/0.033 0.145/0.036
o (eV) 0.02/0.03 0.111/0.29 0.113/0.41 0.12/0.43

HOMO-LUMO 4agaal) 4.iy5ad) <fylaal) —4-3-111

Ugdiall 5 daganll diad)l lylaally A griadl HOMO 4 soal) diyiall ciladl cali
cpaall Jaly Cipaall ¢ gial calxil) 50 agd 8 Lga 1507 LUMO

lale Jgaall 23 ) (AE (HOMO-LUMO) 5 LUMO 5 HOMO <ilila il apan o
Jsaall b AWl g5lad) skl 8 WBI7X-D /6-3G (d) / B97D3/ 6-31G (d) (silykal) ddausl sy
AE (HOMO- af Judi cage il (e AAE (HOMO-LUMO) 8l 55a8 .13,
AE (HOMO-ad 022 Jaf delay Jef cild e Jpasll 1) Lllall 4501 LUMO)

plaD panall (g5lall shall 3 WB97X-D / 6-3G (d) diykally lesle Jpasll &5 Nl LUMO)

27 p, SenthilRaj, S. Periandy, S. Xavier, M. I. Attia, Springer, Cham., 2017, 655.

28 N.S. Venkataramanan, A. Suvitha, Y. Kawazoe, J. Incl. Phenom. Macro, 2019, 95, 307.

29 S, Ramalingam, S. Periandy, M. Karabacak, N. Karthikeyan, Spectrochim. Acta A., 2013, 104, 337.
30 M. Karelson, V. S RLobanov, A. R. Katrizky, Chem. Rev., 1996, 96, 1027.
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diliall g peitisl

FSTA ola) 3 aanall o) a3 5 ¢- 0.297 eV 5 -0.291 eV : sl e s BolaiV)s A

 Bola (po Bl

slai¥ls A (-41.66 kcal / mol)elai¥ L dcalal) el d8Ua 7l ae 1aua (385 ALY 28

aladiuly AZ/B-CD S yal LUMO s HOMO 4gsaall dsiysall ciblaal) LB (-37.85 keal / mol)

dainge Sl gkl < WBI7X-D/ 6-3G (d) 5 )l shll & BO97D3/ 6-31G (d) bkl

-0.19 eV

Orientation A

-0.330eV

Orientation A

27 sl

-0.20 eV

-0.334eV

Orientation B

aladinly Zysuas AZ/B-CD Sl LUMO 5 HOMO 4uasaall Adiiall cblad) 1(27) Jd)

.Sl skl EWBI7X-D/ 6-3G (d) s syl skl & BI7D3/6-31G (d): 3kl
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The Global Indices (y, p, n, @)=5-3— 1l

Jis The Global Indices ad xas3 & LUMO s HOMO ¢y 48lall 5sad alodind oSy
48l s00ally (Electronegativity x) 4wlug Sl (Potential Chemical p) Al (5 5o<1)
-(Electrophilicity ) s (Hardness n)

-eg)al) 4l 5 5l (Electrophilicity o) - (Potential Chemical p) (Al ¢ sa<l) Jasi y
oe (Hardness 1) duibuesll s0all st L (x) dandeeS)) adl llae Sl (G oalll add g
ceernd) bl i gd Gl i€y ) iy e ghall 1 OIS olsu culinil) Jai ¢ giall da sl
[ dusinl e ogiall 538 23ny aga mllaas ga (Electrophilicity ) olé «elly ) adlayl
Spsiaal) Tl Loty o( i) 2im S5 50 ) () 3 el il o5 il SO e
Bl Gl ) QL) e 5,80 ) AT ey (@) v diglSs e (o)

Y bl aladialy Alals (g3lall cpyehall A The Global Indices (x, p, n, @) e &5 . ) &)

:aalul)
1 =(E Homo + E Lumo) /2 (26)
x=— 1 ==(E nomo + E Lumo) /2 (27)
n = (E Lumo - E Homo) /2 (28)
®=p?2n (29)

Goshll (8 Al Slasl) (pesl) a8 o WaaY o om0 pam ) 13 o8 Jeaal) o
M Shasll saSll igsie sl s B-CD Chugad (& AZ adad o ) el My comlanyly
AN AZ cgial (Sl skl i) @lall skl AWBI7X-D /631G (d) cblea sladinly
a5l 53 f-CD (g A Jiiy CDAY) 138 zansys ¢ jall f-CD o dualdl) el e Jif
Jsaall 382yl aill W85 .(-0.18 eV) aidia Shesll ool 3 AZ ) (-0.10 €V) al)
Al J8 2 Lee (oalady) DS dage AZ/B-CD Syl AilasSl) 530l (8 codle]
Opaaill dirae ) it of liey coMe ] Jsaal) b giliill (e WUl Electrophilicity ol

gy e Ble s AZJB-CD

31 G. Parr, R. G. Pearson, J. Am SC Chem Soc., 1983, 105, 7512.
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iy, cliadd-6-3-11

Mullikend 43 s &l (008 ) 212350 AZ/B-CD aasall (& clindl) ansh Julat
aui o8 Lidaa g (Natural Population Analysis NPA) 5 (Mulliken Population Analysis MPA)
[NPA 5 MPA ikl ¢y 3 aally i3 cliadl) ayiss

9 ped prand Al A3l Glis Sl yassl Mulliken Atomic Chargedilas e ha) o3 sl

14 Jsaall & (e NBO alasindy dyguenall 33,30 cilincll s - Lele ity dpall JSLel

pladinly 4 g f-CD (& ezl 2ay5 Jé AZ 1 Mullikend 430 s i) :(14) Jgand)

(@) skl & BI7D3/6-31G (d) JWBI7X-D /6-31G (d) :(3ihkal

AZ free Orientation A Orientation B
C 148 -0.173/-0.142 -0.174/-0.141 -0.162/-0.130
C 149 -0.144/-0.111 -0.144/-0.111 -0.147/-0.126
C 150 -0.188/-0.172 -0.138/-0.139 -0.191/-0.189
C151 -0.221/-0.194 -0.193/-0.173 -0.229/-0.205
C 152 0.239/0.239 0.251/0.254 0.249/0.259
C 153 -0.154/-0.122 -0.153/-0.122 -0.166/-0.137
H 154 0.200/0.164 0.199/0.165 0.203/0.169
H 155 0.198/0.162 0.200/0.166 0.191/0.171
H 156 0.234/0.203 0.221/0.208 0.236/0.219
H 157 0.223/0.184 0.220/0.183 0.228/0.196
N 158 0.396/0.352 0.405/0.360 0.414/0.365
0 159 -0.373/-0.344 -0.396/-0.368 -0.405/-0.379
0O 160 -0.367/-0.340 -0.356/-0.331 -0.352/-0.330
0161 -0.546/-0.508 -0.564/-0.531 -0.548/-0.512
S 162 1.300/1.211 1.361/1.285 1.298/1.213
N 163 -0.514/-0.482 -0.577/-0.540 -0.524/-0.493
O 164 -0.512/-0.476 -0.561/-0.530 -0.513/-0.478
C 165 -0.225/-0.205 -0.275/-0.270 -0.250/-0.263
H 166 0.212/0.187 0.233/0.211 0.224/0.230
H 167 0.191/0.178 0.216/0.213 0.182/0.174
C 168 -0.001/0.009 -0.029/-0.02 -0.007/-0.013
H 169 0.194/0.169 0.248/0.234 0.191/0.187
C 170 -0.145/-0.116 -0.155/-0.128 -0.129/-0.105
H171 0.145/0.135 0.177/0.164 0.153/0.145
C172 -0.515/-0.478 -0.521/-0.504 -0.531/-0.536
H 173 0.213/0.201 0.201/0.199 0.201/0.197
H 174 0.160/0.143 0.162/0.145 0.191/0.184
H 175 0.163/0.147 0.172/0.167 0.134/0.141
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C 176 0.494/-0.456 10.522/-0.505 20.513/-0.493
H 177 0.166/0.152 0.175/0.170 0.149/0.135
H 178 0.171/0.154 0.168/0.151 0.220/0.209
H 179 0.168/0.152 0.173/0.174 0.154/0.151
Charge 0.000/-0,004 0.036/0.056 -0.049/-0.045
transfer

iail) dayy J8AZ ddyal B97D3/ 6-31G (d) s WBI7X-D / 6-31G (d) (33l ykall Lialadsin
Gliail) e of Aaadle Sy (14 Jpaall il (e WL L paladll s )l ) &
il aey Al el e Calias Caliall 8 AZ A3

(H 171: 0.177 1 0.164) s pased) hd 1 e 85m 50 dumsall cilindll o milial) <y jg il
(O 160: -0.356 (panSY) 1 e 5asasa 68 Aalluadl linll Ll ¢S 162: 1.361 / 1.285) <V
1l cmg il @by sS8 f (Saye (€ 170: 0155/ -0.128) ys0Sl) clyds /-0.331)
0 159: -0.396 /) uluss oSU Ale (pmusSl )3 gms sy (N 158: 0.405 / 0.360)4sn 54
Casay ¢(N 163: -0.577 /-0.540) 4l 5f ¢ yslaall oasall 4 (O 160: -0.356 /-0.331 5 -0.368
- (S 162: 1.361 /1.285)4ail) duase ayySU 353 Lol

H (H 166, H 167, H 171, H 174)cihd Jelan «cpualat¥) MS 8 4l oy of Wl iy
sl o s sla) Jeaad) (e Al Liliad e 2 Lae B-CD 1 AN e3al) s AZ (e
el LS (C 168: -0.001/0.009 —» -0.029/-0.02) A olai¥) & (S il dadll & sl
OsSs <l (B(-0.049) olaY) b adde 58 Lee ,STA (0.036) sla) 3 Aiatll Jis of iyl
2B olatV) b aie A slad) 8 Bl ST AZ/S-CD pens

& Aiiall A gall Catlla gl plaal) Cileesilly A chlia i) Gl Jilat Aay)da 0k o5
Al clindll Clus SAZ/B-CD panal dpnilly .3 aladl (53 (g)laall (b)) Cile sana 8
NBO Jilat (ya Ay guonall dymplall 430 culinll 0 e Jgeanl) &5 NPAJAS dlau sy Adlall
Gase Dhiiud Jelsh 4l 55 Mullikend Sy NPA Jidad aay .15 o8y Jsaall 8 daye oy
. AZ/ f-CDpane b Juail (3 35 Sy iyl il Ui

32 M. V. De Almeida et al, MagnReson Chem., 2012, 50, 608.
3 A E. Reed, R. B. Weinstock, F.Weinhold , J. Chem. Phys., 1985, 83, 735.
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Ayl aladiily Zysusa AZ/B-CD aenal NPA 5 Mullikend apall cliacil) :(15) J gaad)

.l skl AWB97X-D / 6-31G (d)

Orientation A Orientation B

Mulliken charges NPA Mulliken charges NPA
C 148 -0.174 -0.210 -0.162 -0.211
C 149 -0.144 -0.212 -0.147 -0.218
C 150 -0.138 -0.175 -0.191 -0.216
C 151 -0.193 -0.307 -0.229 -0.329
C 152 0.251 0.088 0.249 0.077
C 153 -0.153 -0.223 -0.166 -0.218
H 154 0.199 0.260 0.203 0.266
H 155 0.200 0.261 0.191 0.255
H 156 0.221 0.278 0.236 0.287
H 157 0.220 0.275 0.228 0.281
N 158 0.405 0.560 0.414 0.560
O 159 -0.396 -0.405 -0.405 -0.417
O 160 -0.356 -0.345 -0.352 -0.341
O 161 -0.564 -0.978 -0.548 -0.973
S 162 1.361 2.405 1.298 2.403
N 163 -0.577 -0.761 -0.524 -0.735
O 164 -0.561 -0.964 -0.513 -0.931
C 165 -0.275 -0.268 -0.250 -0.261
H 166 0.233 0.271 0.224 0.257
H 167 0.216 0.240 0.182 0.226
C 168 -0.029 -0.065 -0.007 -0.055
H 169 0.248 0.283 0.191 0.251
C 170 -0.155 -0.293 -0.129 -0.281
H171 0.177 0.260 0.153 0.249
c172 -0.521 -0.698 -0.531 -0.696
H 173 0.201 0.251 0.201 0.253
H 174 0.162 0.240 0.191 0.249
H 175 0.172 0.233 0.134 0.207
C 176 -0.522 -0.694 -0.513 -0.692
H 177 0.175 0.234 0.149 0.223
H 178 0.168 0.244 0.220 0.272
H 179 0.173 0.236 0.154 0.228

NBOJalas —7-3-11l

oslly paaty Cauany Cawa G M Qlpall gus Qlpall Jaly Laglgll aasd Gaag

% R.G. Parr, R.A. Donnelly, M. Levy, W.E. Palke, J. Chem. Phys., 1978, 68, 3801.
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Dby 38Ul Alalee Leadin) ccanall/Canmal ¢ 1S58l e pile g 53 (e Adlida) cDle il
Sl SN e peibe cligiall o cdlelil) cul€ ¢ sl el WS Al (3030le) E@
e Ll chlaally (Aahll e s Adall) gl cblaall (g pSIY) ASESH Jlan) . s

.3 d.\s.um—c._iu Jelas J\)s.w\ ) éﬁb{.} (.Lubﬂ BJL@AJ\)

E@=q FG)) ( 30)

gj—ei

10 dus
* Qi Is the donor orbital occupancy.
» g and gj are diagonal elements.

* F(i,j) is the off diagonal NBO Fock matrix element.

LS .16 a8 sl (A& E@) gl s AZ / B-CD siaal Jieus—peibe S lill jany 3y o

el A olat¥) Jal (o lilaa¥. E@ o aal WBI7X-D 4yl axi cJsaall & muase 5o
Lol abaall Jiisall laalls AZ (e (0159) (anSY) 5,3 willl laall free doublet(LP) ¢
- 12.06/10.62kcal mol™ &l ,))diul 48la as 1.87 Alxic 3sasall B-CDJ 6 *(033 - H 107)
O 83 wilall laddl (e free doublet(LP) (e JAT Jelés Gl Jandl ¢ gilall olall 3
Db 28l 202.02A° 2 Kl 6 %(044 - H117) Ll Al aliaall il ladlls (0164)
(0159) zilall JIMULP z30 Gu Jelii LhaaY B ol duilly .4.89/3.43kcal mol 1asE @)
sle) o) S LlaaY L19IAY die 3Syaiall 6 *(069 - H 140)kal il sliadll Jiial) ladll ae
A syl A hinuy) A8y 43)lie J8 B ola¥) 3 (6.68/6.21kcal/mol) )iy 48l dad
Luls) oS DA e Dhinad €T A olat¥) 3 sixdl o) WS ((12.06/10.62kcal mol™)
Crpalady ) ST dpigl) JSLell (8 Clipadl cp daiag )am Jasly ) 2o gi . BoladW s 45)lhe Ay s yan
Jiig clipiall cp mg el Tl of S5 o WiSey (NBO cilils 7508 (e (28 JSAY)

I WCON| I P - 351 aa Lusal) davafddiiaa 3ye Lially A gedall cljlaal) o dasd)
sl (A (gt ad A : o) Ll D

% L. Liu, K.S. Song, X.S. Li, Q.X. Guo, J. Incl. Phenom. Macrocycl. Chem., 2001, 40, 35.
3% L. Abdelmalek, F. Madi, L. Nouar, M. Cherait, N. Merabet, D.E. Khatmi, Journal of Molecular Liquids.,
2016, 224, 62.
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223y 4 gune Jifieae—peile <Dlelis Y E@ (keal / mol) i) 43la :(16) Jgaall

. laDU y)yshall & BO7D3/ 6-31G (d) s WBI7X-D / 6-31G (d) : ikl

E @ (kcal/mol) E @ (kcal/mol)

Orbital donor Orbital acceptor

d(A%)

Gas phase. Aqueous phase.
Orientation A
o(1) (0161-S162) o> (1) (C63-H134)  0.61/0.47 0.61/0.36 2.34
LP(2) (O11) o*(1)(C165—-H166) 3.76/2.37 4.12/2.01 2.30
LP(1) (0159) o*(1) (044 - H117)  3.01/1.48 2.87/1.64 2.19
LP(2) (O159) ¢*(1) (033 - H107) 12.06/10.62 13.84/11.73 1.87
LP(1) (0164) o*(1) (044 - H117)  4.89/3.43 5.33/3.44 2.02
Total 24.33/18.37 26.77/19.18 -
Orientation B
LP(2) (016) o*(1) (C149 — H155) 1.25/0.79 1.17/0.81 2.57
LP (1) (062) o*(1) (0165 - H166) 5.1/4.56 4.81/2.7 2.16
LP (1) (O159) o*(1) (069 - H 140) 5.53/4.31 5.98/4.09 1.91
LP(2) (O159) 6*(1) (069 - H140) 6.68/6.21 6.41/4.64 1.91
Total 18.56/15.87 18.37/12.24 -
oo %
o -fﬁv-"‘{:\xjj(" r
sl Gt
LD o e
s i et "
J %, s 4
:A’:' 1) ‘o‘g ’
4 ,.95%..}‘ N ‘v’ “

Orientation A Orientation B

(NBOA&y ks (puaill AZ/B-CD (el diaal B s A (o laid Zownigh JSUell :(28) Jedd)
Ll skl AWBI7X-D/ 6-31G (d) alaiiuls 4 suns
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IHNMR Julai-8-3-1II

Dhse 4 (Canall-Canadl) dalail Al 5306 o) ST asl NMR aadall Jalsill aa,
L)) 13 atall Cancall o gin Angis 0)sSiall CiSpall iy Jsn alaiadl 13a 3yt dgpene Cilaslas
Gl Glua Gpb e @lldy cCanmall i Caygad Jal Capaall ¢ gia i) dipka A jee
- (0) Al

The Gauge-plaainly NMR Al claly¥) 8 cplall duhs G ceiall a3
aladinly B3LYP/6-311 + G (2d P)anagia 2ty 5 . ¥ Including Atomic Orbital (GIAO)
iy Afadll duigl) Iy sle (Single-point calculations) saslgl ddadll iblua
Osisd) Gilhl Clual Luulia Y elldy (B97D3/ 6-31G (d) s WBI7X-D/ 6-G(d) (il
(0) 535 asil pmushalinall iyl AplaiSl) Clalyil ) Caal 9995, gnal) culigall 45kl
Jine oo byl Al GlalyiV) e duhall ad Glpall 48kl GlalyV) 75k Gk oo

Dl Pl Go (0) Alal) SaliY) Glus 2 (209 TMS (Dl
8=6TMS—o (31)

29 JSlls 17 Jsandl & 28l amyg J8 AZ Canial A00eSl GlaliiY) & iyl (age o
5] Clisigll bl clalyV) 4 sl DA e f-CD sl & AZ zhal oy
e L2l axg dpluadly Aapadl) Qligig yll (il 45kl GlalyV) oy cadatll J8 ddladll
Aphill A3Lesl) Al ad e 4y (8 H166: 2.80ppm) Ayl A8l cilalyV) o
8) B olad) LuSe 1ppm adll aliea 3 ety ¥ 5yl ol (H166: 3.42ppm)  Aeladyl
& Al 5 Aplial) A8lell GlaliV) o SbeS Z L3l ST gl L (H166: 4.55ppm
obedn U Gaplall sl oSS of casy LBeladY) a (8 H156: 9.04 ppm) (ysis sl
Sy 4y A yatl) i) g Applail) sl e lading LegiSly e lalady) Laa d8all 3aY) sl

Gaedle SV JGedl s A dagill e

37 M. Zaboli, H. Raissi, StructChem., 2015, 26, 1059.

38Y. Erdogdu, D. Manimaran, M. T. Gulltiolu, M. Amalanathan, I. Hubert Joe, S. Yurdakul, J Optics Spectro.,
2013, 114, 525.

3 H. Yuksek, J.Mol.Sci., 2005, 6, 219.
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S Jfadlf

Ay liey AZ/ JCD 5 2l 2nyy U8 AZ Jppliilly Agel) Aglasl ilaliiV) £(17) Jsiad

.Sl skl & BI7D3 s WBI7X-D:@ilykall aladinly 4ysusas GIAO

Calculated Experimental
Protons AZ incomplex  AZ incomplex AZin
AZ free Orientation A Orientation B AZ free complex
H (157) 8.04/ 0.85 8.07/8.20 8.50/ 8.71 8.52 8.17
H (154) 7.99/8.18 8.08/ 8.24 8.58/ 8.72 8.14 7.71
H (155) 7.99/8.17 8.13/ 8.28 8.49/8.75 8.02 7.90
H (156) 8.42/ 8.54 8.48/8.50 9.04/8.87 7.68 8.50
H (166) 2.93/3.10 3.42/3.18 455/ 4.41 1.50 2.80
H (167) 2.50/ 2.61 2.70/ 2.86 2.40/ 2.60 1.50 2.38
H(169) 2.46/ 2.58 3.95/3.94 2.99/2.86 1.59 2.75
H (171) 1.47/1.70 2.50/ 2.66 1.74/ 1.77 1,98 1.87
H(173) 2.38/ 2.47 1.98/2.24 2.44/ 2.56 0.88 0.82
H(174) 1.05/1.21 1.36/1.56 2.15/2.04 0.88 0.82
H(175) 0.90/ 1.05 1.57/1.48 1.19/1.30 0.88 0.82
H (177) 0.78/0.94 1.51/1.45 0.74/1.00 0.84 0.82
H (178) 0.92/1.08 1.36/1.56 2.21/1.98 0.84 0.82
H(179) 0.85/0.98 1.80/1.79 0.96/1.11 0.84 0.82
lg m Theoretical 1H

2 | chemical shifts of

7 | free AZ

6 - m Theoretical 1H

5 chemical shifts in

4 - || orientation A

3 - Theoretical 1H

2 — chemical shifts in

1 - orientation B

0 .

m Experimental 1H

complex

—_
oy chemical shifts in

Tl i gl ] ] ] ] ] ]

Cligigyn 5 2l aayy Jd AZ Dligig sl Aplailly dppaill 480l clalyyiy) :(29) Jedl)
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Non-covalent interaction (NCI)Jsai-9-3-1ll
e cDlelall lgd Gt Al Blaliall by Howa caaludl) e Jeldill Jalasi ddy)la jés
sliadll 44092 )@l cleldilly Lulld o 8 COleldly Ay ued) Lals )l Jie dpealidll
B2t e el Al cdlelal) e Copall NCI Jalatl Koy 5yaY) 2559 b . sl
Lbie 558 30 JSE) bz gall NCI (gslasia grhad slad¥l D6 S el 6 .AIM
ek colpmd Aady ddaulsy Van der Waals <lela ) Ly 0 saill e ol S
elyan) aidl Ay steric (s sy wius el 5 dady Aandyy Tl G yuel) iy el
By A eI S 8 CD 5 AZ G celpiad ads d5ag Wlaal (30 J<All) (NCI) Jalas (4
Ommsell 18,30 alll (yamy Uil llin g cvan der Waals Je i cass dipnaa dpdla ) ey Lae
Cann oels Uyl lla LS Canmally Cinall Gn g jugl) Jadg ) edlelss Juas s
JaS g huell 4 -CD A ddmacall Aipall Gaagyued) dday)) cBle iy (ulld y Gl cOleldl

. f-CDMilag AZ 14y daal) dalal) 6 Joalll liily ggililly V)

Orientation A Orientation B
=0 sign(h2) p decrease p=0 sign(2) p increase 2=0
72<0 -« 320 - 12<0
Strong attraction: Van der Waals interaction Strong repulsion:
H-bond, halogen-bond Steric effect in ring and cage

& WBI7X-D 4dyh aladinly &y suns AZ/B-CD (ppaai S el NCI Jalasi £(30) Jsiul)

40 E. Zahedi, S. Shaabani, A. Shiroudi, J. Phys Chem. A., 2017, 121, 8504.

1 N.S. Venkataramanan, A. Suvitha, Y. Kawazoe, J. Mol. Lig., 2018, 49, 454,

42 N.S. Venkataramanan, A. Suvitha, J. Mol. Graph Model., 2018, 81, 50.

4 N.S. Venkataramanan, A. Suvitha, Y. Kawazoe, J. Mol. Graph. Model., 2017, 78, 48.
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dala —4-1

ORI S & (1:1) f~CDaysad Jala AZ Gpanai aSE Wiy Juadll 138 4ylgs b
Sy g3al) skl 5B A

A olady) IS Gl (B slatV) 3 aiel] d8la (e Al ST A otV 3 aianll 23l
B olai¥) (e deeDa i

) e BO7D3 JWBI7X-D 5 B3LYP (sihhll dlauls diluaal) dpunigl JISIY|
B sl A W Cilae AZQ) masi By AgaalaiVly Slally () cyshall 8 6-31G (d)
b Dl 1Y) diuigy jlie pumd 8 AZegia o) Dl JSLell i i WS .CD
5 WBI7X-D lilua DA (e zilitl) Jumdl o Jumall 5 L aaill 2ey Lpusigll ilaleall
. B3LYP / 6-31G (d) 4,li B97D3 / 6-31G (d)

Alie dindall s gpshall NS 8 A o) o) AE (HOMO-LUMO)48Uall (35 ¢y

-] A8l el e Il (5 50N 228 LB olaY

O WS gk lee 8 f-CD AAZ zhd dilee () iny Las 20l AG? 3yal) A8l o
Gzl dlae o) a1y pala¥I BUS 8 Gl AS? s 515 AHO (g)hall sl 28
B)hall 33yl ddee & f-CDasi AZ

s cCanadly Capall o 5sm sl dalidall e Ll 3383 NCIs NBO Jilai e ha)
iy panail) dlee b Lela 150 Canli f-CD s(sins AZ O Ay paell Il o ) e

.CA.;A\

Gob e b 5 AZ/ B-CDpanail g (255 NMR Ll Lgilall pailiadl) o (]
Al G g Lo Gl Al Al Lindils 4l
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Lole dola

f-CD 4 AZ Cpaad Alend el giwdl o Ayl dul lyal (daadl 18 Pl
ol S bl e el A Ayl il e Gy

AL Al Bpaaludll e Jalg b gailly dunatl) bl £ sale) ol e
Gibha Grany Lieadind L ladudty Ayl il e daed) alasiud &5 13 (el pane (35S0
Al sl Jlsall ety DFT Apialasl) 4GSl 4k 5 (PM3 el 4l diphall : (Jie o811 1S501S00
Opshll & 6-31G (d) pslY) ae BI7D3 s WBO7X-D «B3LYP :adbiaall Lals )l —Jalall diagl)
B A clat¥l g Sy g5l

(AZIB-CD Gpaaill dine JS5 e ¢ suall Tagludiy sgha) 5 o3 (gplatll Bacll Ul ans
ges il e 2Ly A-CD Canad) e gha Ciysad & Canall egia JIA) dapla ) dilayl
tel Lo G lliag el 13 8 Gyl Lgutlic cas A culilual)

oo Agpaall cleliilly pemill Claesal Bhiin) SV gl JShgll pand el
eyl 4 B-CD cayead 8 Ui daad @3 8 AZ e gin of Slalls ) shall 3 gy s
SWBI7X-D bl PIA e i) Juadl e Jpmall &5 LA olady) g8 Sipas by
. B3LYP/6-31G (d)= 4,lae B97D3 / 6-31G (d)

dal e AZ Canzall cgin ol Adysal 4 AZ ¢lgiaY -CDI ilS g cogiil) dila Canls
aal Ll say Gl L aganll o] Al Alail) il 3 lage Hsd ccipaall Ciygad e Sl
cCpeaail) Gileana (2985 (4 Badaall Jalgall

ainill any AZegin gty Al At Djlie ) dnigl) Al) il s
W) opi Gyl e ol Jalg ) i) ol Jaiva Gl e L) cdpuntigl) ilaleal) 8 cDlaa)
S e Lae 1305 L g 538 Ay Wagale OIS ) 558 Y) 038 danad) 435 g3 53100
rldls )l Gpshall IS 8 e (panal S e

<A f-CD A AZ by Llee o ) Siny Lae Dlls (ppshall AAGO 3pall Lt 43l o8
Lee 0 las¥) OIS 8 s AS® Ly ity AHO (gl (sgimall (o LS elgingalay 20l dulas
Hhallsylh ddee s (el pane G258 Sn

@ e ST (Sl ) Gkl 8) A sl AE (HOMO-LUMO) A8kl (38

caiail) Al il pe Vs (34T ol o328 LB o3y ddlal)
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Lole dola

Canall ¢ gy Jeliy e a5l L)) NBO aladinly 4 sl AZ 33530 clial) a5y
ccadanll ey Al B e Cabian Calail) (8 4,30 s i) gy old f-CD pe
Canzall (G 8asasall dibiddll cDle @l aaaiy iy 2SE NCILy NBO Jilas ¢l &
G ued) Tl o ) el s B-CD o alall Zygilills A ¥ JauSppael) Silesanas
sl Dhinly el ddae A Laga D50 all Cinaall o ghns nall o g O
Wl s . AZ/ f-CDpanill aane 53585 NMR g sassnal) Ll (ailiadd] xSl fal
G Apleal) il ppen Al i) g lgle Jpmnll 5 S Ay plail) Ll 45 hay 138
LSl sl Al o (et LAyl bl e e IS (365 Canll 13 8 Ll Liliass
aailly A salall ¢ LasSll (g 88153
Lyl (58
ALy olaial J<a o oSaall (e ) AN analsall 215 Wiy Al o3 DA (e
1g s sall 13¢]
(A Glisas 5l B-CD Ciliidia go AZ Cancall aiiad dulyy o
Y G AEA) g ats AZ Capall lSlaie (e SWie g f-CD il Ay @
Agsulal) cLall 8 5a0a o)a] Bk i) .

« ONIOM calculations« Local reactivity descriptors: Jie (s A1 dgylai ciblua dufyy @

Molecular electrostatic potential (MESP) analysis< AIM analysis ..............

Agllapud) GahaV) b aadind IS 5ain Al lse go f-CD (e dlee Aulyy
19-28 S,

AZIB-CD paill (S pal aglsnll Jaliill Ay o
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4 ki allwall gy galal)
LA 4 -1

@) (b") (c”)

B 5 A el b (b, ¢) 2iaill anys (3) U A-CD penal dpigh JSLigl) (1) JS
&= B9I7D3 (a", b", ¢") 5 WBI7X-D (@, b', ¢') sB3LYP (3, b, ¢) : @bkl alasinls 4y pune

L.,SJL’J‘ skl ‘;6-316 (d) BRI
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5 A i) (b, c) uéaill aays (a) S8 B-CD panal Zapwtigll JSLell 1(2) JSl)
Bg?D " " " 1 1

& 3(a",b",c") s WBI7X-D (@', b',c¢) s B3LYP (a, b, c): 3kl aladiuls 4, gusa

LSl skl 36-31G (d) L)
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Aqueous Phase

bond lengths (A%
S162-N163
S5162-0164

S162- 0161
S162-C151

N163- C165
N158-C152
N158-0160
N158-0159

bond angles ©
S5162-N163-0164

S5162-N163-0161
C170-C172-C176
N158-0159-0160
dihedral angles ©
5162-N163-0164—- 0161
5162-N163-0161- C151
C170-C172-C176- C168
N158-0159-0160- C152

AZ free
1.68273/1.65295/1.69716
1.46614/1.45449/1.47507
1.46972/1.45653/1.47751
1.82401/1.80249/1.82278
1.46979/1.45979/1.47411
1.47150/1.46921/1.48145
1.22962/1.21949/1.23471
1.22898/1.21923/1.23359

33.61497/33.75817/33.89177

33.83960/34.16348/33.82968
34.55478/34.46378/34.40072
27.76198/27.58205/27.48107

30.70788/30.48280/30.41600

38.13283/38.49055/37.98900

34.14723/34.24542/34.12439
-1.35747/-1.75408/-1.68627

OrientationA
1.67923/1.65960/1.69699
1.47358/1.45917/1.47975
1.47349/1.45982/1.48063
1.81353/1.79412/1.81394
1.48326/1.47484/1.48659
1.46752/1.46340/1.47332
1.22386/1.21293/1.22780
1.23635/1.22769/1.24384

33.26348/33.58586/33.59052

30.62882/30.61003/30.16924
34.77418/34.45766/34.39909
27.66842/27.50450/27.36847

26.61385/26.63182/26.00036

46.02482/46.78452/47.08488

34.21629/35.00111/34.90168
1.83827/1.98142/2.26811

OrientationB
1.69039/1.66132/1.70028
1.46619/1.45482/1.47516
1.47173/1.45844/1.47950
1.82429/1.81054/1.83319
1.47222/1.45924/1.46937
1.47007/1.46522/1.47461
1.22977/1.21372/1.22990
1.22939/1.22741/1.24396

33.57369/33.64639/33.78096

33.25075/33.29984/33.31826
34.80691/34.68896/34.66835
27.76994/27.79304/27.80875

30.26594/29.82251/29.96993
38.46223/38.62168/38.11945
34.44519/35.66608/35.02687

-1.26092/-0.87462/-0.97790

.Sl skl 4B97D3/6-31G (d) 531G (d)
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B-CD libre Orientation A Orientation B

Primary hydroxyls

033-044 2.87745/2.81748/2.82988 4.47497/4.26138/4.38600 2.88499/2.83656/2.87684
044-055 2.91385/2.84490/2.86830 4.48139/34.24357/4.1077 2.92081/2.91342/2.92434
055-066 6.52148/6.32391/6.42392 6.74295/6.25426//6.48181 6.59053/6.52657/6.67998
066-077 2.93043/2.87780/2.91839 3.33250/3.28846//3.14683 2.92799/2.85705/2.90019
077-011 5.68356/5.36901/5.40219 4.19293/4.03776/4.05816/ 5.92537/5.47382/5.83931
011-022 4.01959/3.88556/3.98790 5.08010/4.77522//4.90229 3.86616/4.17089/3.72865
022-033 2.80874/2.77578/2.78973 2.79025/2.76628//2.78196 2.80642/2.76101/2.85841
Secondary hydroxyls

071-060 5.65762/5.66042/5.66479 5.55368/5.53618/5.63453 5.70898/5.67784/5.73510
060-049 5.30086/5.27200/5.27510 5.24720/5.33409/5.27065 5.27818/5.26078/5.14032
049-038 5.49229/5.41074/5.47040 5.24420/5.23360/  5.22150 5.50225/5.36287/5.43023
038-027 5.64389/5.57631/5.63669 5.26248/5.28113/5.29042 5.63213/5.45008/5.57788
027-016 5.56535/5.56129/5.58631 5.36603/5.25637/5.34041 5.56804/5.61999/5.55217
016-05 5.26304/5.18641/5.21466 5.33973/5.36360/5.34380 5.22621/4.89608/4.89831
05-071 5.27077/5.26756/5.32252 5.22360/5.16000/5.19366 5.18510/5.25145/5.19062
Glycosidic oxygens

029-040 4.39088/4.35035/4.35875 4.43646/4.37455/4.40031 4.39509/4.27142/4.39606
040-051 4.41750/4.34961/4.39744 4.39126/4.36367/4.38577 4.43682/4.40190/4.44992
051-062 4.52815/4.45517/4.50084 4.50557/4.41315/4.44390 4.47062/4.42274/4.36086
062-073 4.31184/4.30791/4.29044 4.44092/4.42730/4.43839 4.33083/4.24519/4.23917
073-07 4.32716/4.26426/4.30132 4.38026/4.31327/4.35330 4.32718/4.30890/4.38118
07-018 4.53433/4.45691/4.50088 4.46711/4.38498/4.41183 4.52009/4.31318/4.42107
018-029 4.45448/4.42114/4.43573 4.47212/4.41854/4.45144 4.47775/4.47633/4.39282

¢ B3LYP /6-31G (d) / WB97X-D / 6-3G (d) / B97D3 / 6-31G (d) : 5yl aladiasly 4y pusna 28al) 3a3y Ji8 f-CD 3 Laslg )l Jishal 1(2) Jgand)

LSl skl
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HOMO-LUMO 4agaal) duiysad) <fjlaall —2-1

-0.20 eV -0.20 eV

-0.32 eV
Orientation A Orientation B

A3l dysuna AZ/ B-CD Syal LUMO 5 HOMO 4agaall digiall clladl) £(3) Jsl
L&l skl FWBI7X-D/ 6-3G (d) 5 Skl yshll & BI7D3/6-31G (d): ilykall
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Liadl

AM cladl -3- 1

2231y L guna f-CD b pransill 2aa5 J8 AZ 1 Mullikend 3,3l cslinzll £(3) Jgaal

Sl shll & B97D3/ 6-31G (d)

AZ B97D3 Complex A Complex B
1C -0,142131 -0,143305 -0,1276
2C -0,109303 -0,11456 -0,123135
3C -0,173208 -0,156861 -0,177531
4C -0,189003 -0,176672 -0,201115
5C 0,248466 0,256094 0,26652
6C -0,121045 -0,119468 -0,140212
7H 0,193262 0,193949 0,194484
8H 0,190904 0,190067 0,19615
9H 0,213017 0,217283 0,222109
10H 0,203116 0,205211 0,209049
11N 0,348885 0,363108 0,364432
120 -0,361138 -0,378928 -0,393459
130 -0,367655 -0,350569 -0,356978
140 -0,528745 -0,527894 -0,525861
15S 1,185524 1,275398 1,199846
16N -0,507821 -0,547953 -0,508797
170 -0,523281 -0,541014 -0,519063
18C -0,212565 -0,26569 -0,24825
19H 0,199766 0,209395 0,216595
20H 0,200712 0,219166 0,199414
21C 0,004412 -0,026813 -0,012617
22H 0,188935 0,225585 0,197276
23C -0,117304 -0,125917 -0,114926
24H 0,149023 0,166541 0,149618
25C -0,480779 -0,510282 -0,525455
26H 0,180467 0,190638 0,191719
27H 0,156744 0,155301 0,165711
28H 0,153973 0,168619 0,151756
29C -0,464894 -0,509824 -0,503256
30H 0,158467 0,173633 0,15501
31H 0,162301 0,159729 0,186303
32H 0,160896 0,179813 0,167774
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adl

pladinly 4 guns f-CD (A paaill any5 Jid AZ 1 Mullikend 4,30 clia ) :(4) Jgaad)

.Sl skl & WB97X-D/ 6-31G (d)

AZ Complex A Complex B
1C -0,175836 -0,178024 -0,162963
2C -0,143011 -0,151434 -0,146746
3C -0,19061 -0,155896 -0,181174
4C -0,216294 -0,196297 -0,22697
5C 0,24455 0,248888 0,256927
6C -0,151582 -0,150509 -0,168484
7H 0,229916 0,229925 0,229815
8H 0,227245 0,225492 0,209727
9H 0,241633 0,228312 0,239003
10H 0,241598 0,243372 0,244078
11N 0,393526 0,407472 0,411091
120 -0,386737 -0,406437 -0,414751
130 -0,391475 -0,370445 -0,372421
140 -0,564898 -0,561831 -0,556663
15S 1,268516 1,349117 1,278762
16N -0,53765 -0,584188 -0,542449
170 -0,559795 -0,570995 -0,555941
18C -0,236669 -0,274986 -0,249219
19H 0,225759 0,233622 0,2206
20H 0,215818 0,221867 0,208054
21C -0,006432 -0,026276 -0,009886
22H 0,215299 0,233598 0,202369
23C -0,148093 -0,152627 -0,133509
24H 0,160106 0,180179 0,161468
25C -0,517719 -0,528036 -0,533061
26H 0,19047 0,190239 0,192334
27H 0,175454 0,174237 0,189246
28H 0,170677 0,172258 0,148986
29C -0,503982 -0,526843 -0,528045
30H 0,172939 0,17682 0,164776
31H 0,18023 0,17839 0,203266
32H 0,177047 0,177808 0,172046

LJlaad) :gilﬂ\ dalall
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The present work aims to study the theoretical chemistry applied to organic systems such as host/guest inclusion complexes. In
literature, different molecular modeling computational methods have been used to study the complexation of the host B-cyclodextrin
molecule (B-CD) with the guest (S)-2-Isopropyl-1-(o-nitrophenyl) sulfonyl) aziridine molecule (AZ). Among such methods are semi-
empirical (PM3) and Density Functional Theory (DFT) calculations in gas and aqueous phases. The present paper focuses on
complexation, interaction, deformation energies determination, besides geometries, electronic structure, and chemical reactivity to describe
the changes of AZ during encapsulation in two phases and at two orientations. Long-range corrected hybrid functional (WB97X-D/6-31G
(d) basis) was used and the results clearly indicate that the formed complex is energetically preferred in both phases. The orientation in
which the guest molecule pointed toward the secondary hydroxyls of B-CD showed good compatibility with the experimental results. The
Natural Population Analysis (NPA) charges obtained from NBO analysis were used in order to find out the possible coordination modes of
the AZ compound with B-CD. Natural bond orbital analysis (NBO) and Non-covalent interaction (NCI) analysis were performed on the -
CD/AZ complex to understand the different interactions. The 1H nuclear magnetic resonance (NMR) of the complex was studied using the
Gauge-Including Atomic Orbital (GIAO).

Keywords: B-Cyclodextrin, AZ, DFT, NBO and NCI

INTRODUCTION groups, which leads to the solubility of cyclodextrins in an
aqueous medium. Due to the presence of mentioned non-
Cyclodextrins (CDs) are cyclic oligosaccharides that can  polar cavity, cyclodextrins are able to form inclusion

be obtained artificially by enzymatic conversion of amylose  ¢omplexes in an aqueous medium with a variety of
using the enzyme cyclodextrin glycosyltransferase

(CGTase) of bacterial origin. The three most commonly
used CDs are a-CD, B-CD, and y-CD, which consist of 6, 7,
and 8 subunits of D-glucopyranose, respectively [1,2] linked

hydrophobic host molecules; the formation of complex
depends on a proper match between the size of the host
molecule and the cyclodextrin molecule. In this article, B-

. i CD (Fig. 1a) has been used as a host due to its non-toxicity
together by a-glycosidic bonds (1 — 4). Thus the cavity . i

) to the human organism. It has been used frequently in the
formed has non-polar carbonate and hydrophobic ] o .
. . . food, pharmaceutical, and cosmetic industries.
environment, while the outer part contains many hydroxyls S ' i ] ]
Aziridine is an interesting class due to its chemical

*Corresponding author. E-mail: hadjer.nouioua@univ- reactivity. They are valuable natural and/or synthetic

tebessa.dz organic compounds that are widely used to access many
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Fig. 1. Molecular structures and atom numbering for f-CD (a) and AZ (b).

medicines and bioactive products [3,4].

Molecular modeling is a technique that not only can
represent the chemical properties and chemical reactions,
but also to manipulate the structure of model compounds in
two or three dimensions. Actually, there are a large number
of theoretical methods used in the molecular modeling of
supramolecular systems. Among these methods are
molecular mechanics (MM), molecular dynamics (MD),
semi-empirical methods, and DFT methods that are widely
used for large systems to determine the graphical
representation of the geometry or configuration of the atoms
of a molecule and assessing the physical and chemical
properties of the molecule. Molecular modeling associated
to a graphical representation of the stereochemistry allows
interpretation of physical and chemical phenomenon,
suggesting new experiments, and thus analyzing the results
in a more significant way than the traditionally used
experiments. In fact, both approaches, pure theoretical and
experiment, are complementary.

This work is composed of two parts: in the first part, the
processes of AZ inclusion in the f-CD cavity are examined
using the semi-empirical PM3 method for determining

minimum energy structures. In the second part, the more
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stable complex, obtained through PM3 calculations, are
improved by the density functional theory (DFT) using the
functionals B3LYP [5,6], WB97X-D [7], and B97D3 [8,9],
and 6-31G(d) basis set in gas and aqueous phases. In this
part, complexation, interaction, and deformation energies,
geometries, thermodynamic parameters, frontier molecular
orbitals, the global indices of reactivity, the (NPA) atomic
charges, and natural bond orbital (NBO) are calculated. We
also systematically compare the chemical shifts deviations
obtained from Gauge-Including Atomic Orbital calculations
(GIAO) and corresponding experimental values of 1H NMR
[10].

Finally, analysis of non-covalent interactions (NCI) as a
robust approach for evaluating intermolecular interactions is
considered.

COMPUTATIONAL DETAILS

Quantum mechanical calculations were performed using
density functional theory (DFT) applying the functionals
B3LYP [5,6], WB97X-D [7], and B97D3 [8,9], and the 6-
31G(d) basis set in the gas and aqueous phases. Gaussian 09
[11] and MOPAC 2016 [12] software were used.
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Qrientation B

Orientation A

Fig. 2. Coordinate systems used to define the complexation process for both orientations.

The initial structures of the guest AZ and the host f-CD
were retrieved from PUBCHEM compound database [13]
and Chem office3D Ultra (version10, Cambridge Software)
[14], respectively The AZ/B-CD complex was generated by
Hyperchem 7.5 [15] molecular modeling software. The AZ
and B-CD structures were optimized by the semi-empirical
PM3 method [16]. Semi-empirical calculations were first
performed using MOPAC 2016 [12], and the visualization
and treatment of results were done using Gauss view 5.0
[17]. The optimized host and guest structures are shown in
Fig. 1.

The coordinate system used to define complexation
process is shown in Fig. 2. To inclusion the guest AZ
molecule inside the B-CD, methods described in the
literature have been followed [18-22]. The B-CD host is
positioned at the XY plane and its center is defined as the
origin of the systems coordinates. The secondary hydroxyl
groups of B-CD are oriented in the positive direction of the
Z axis, and then the mass center of the guest molecule AZ is
placed at the XYZ reference center. The center of the B-CD
host is located at the origin of the reference frame, O (0,
0.0) and B-CD is in fixed position. The guest to host is then
moved along the Z axis from -5 to +5 A0 with 1 A step.
Figure 2 shows two directions for insertion of guest
molecule into the $-CD host molecule. This allows us to see
the effects of the two types of hydroxyls: Orientation A, in
which the aromatic ring is oriented toward the secondary
hydroxyls of B-CD, and Orientation B, in which the
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aromatic ring is oriented towards the basic hydroxyls of
B-CD.

To define the host-guest interaction in the optimized
geometries, several energetic expressions were used:
complexation energy [23], interaction energy [24,25], and
deformation energy [26].

The complexation energy is defined as the difference
between the energy of the complex and the energy of the

individual components in their optimized geometries,
Eq. (D).

AEcomplexation = Ecomplex = [Ep-cDfree T EAZ frec] (1)
Where E ompex represents the energy of the complex, Egcp
represents the energy of -CD before the complexation, and
Eaz represents the energy of the AZ guest molecule before
the complexation.

Interaction energy represents the interaction between the
host molecule and the guest molecule in the inclusion
complex (Eq. (2)).

AEineraction = Ecomplex = [Ep-cpsp T Eazsp) )
Where Ecompex represents the energy of the complex, Egcp
represents the energy of B-CD after the complexation, and
Eaz represents the energy of the guest molecule after the
complexation.

The last energy is the deformation energy of each host
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— = — OrientationA
— o — QrientationB

complexation energies (Kcal/mol)

Position(A")
Fig. 3. Complexation energies of the inclusion of AZ into f3-

CD optimized at different positions Z using (PM3
calculations).

and guest component during the formation of the complex.
It is defined as the difference between the energy of the
fully optimized component compared to its energy in the
complex (Egs. (3) and (4)).

Edeformation (B»CD) = E[i—CD sp E[i»CD free (3)

Edeformation (AZ) = EAZ sp EAZ free (4)
RESULTS AND DISCUSSIONS

Energies

The graphical presentation of the energy changes for the
insertion of AZ in the B-CD are shown as two curves in
Fig. 3. From these curves, it is observed that the minimum
energy of the more stable structures falls at Z = -3 A, and
Z = -3 A for the two orientations A and B, respectively. The
corresponding complexation energies are: -16.260 kcal mol”
' and -17.063 kcal mol’ for orientations A and B,
respectively. After that, the resulting complex was
optimized at a high computational level using the following
functionals: B3LYP/6-31G(d) and WB97X- D/6-31G(d)
and B97D3/6-31G(d)) in gas and aqueous phases. The
calculation of the different energy conditions for the two
orientations were reported and compared in Table 1. From
Table 1, it is observed that, in contrast to PM3 semi-
empirical calculations, the interaction energy isin favor of

Table 1. The Different Energies of f-CD/AZ in the Gas and Aqueous Phase were Calculated by
Methods: B3LYP/6-31G(d), WB97X-D/6-31G(d), and B97D3/6-31G(d)

Gas phase

Aqueous phase

Orientation A

Orientation B

Orientation A Orientation B

B3LYP/6-31G(d)

AEcomplexation -19.60 -6.80 -11.37 -3.52
AEineraction -25.58 (-12.01) -8.74(0.31) -14.82 442
EErtosn 9.52 1.38 5.79 0.53

EbEr(Guest) -3.54 0.56 -2.34 0.36

WB97X-D/6-31G(d)

AEcomplexation -41.06 -37.02 -31.85 -31.38
AEineraction -52.35(-39.24)  -46.56 (-32.00) -40.37 -38.67
EbErtosy 12.84 6.74 9.05 4.53

EpEr(Guest) -1.53 2.80 -0.52 2.75

B97D3/6-31G(d)

AE compexation -41.66 -37.85 -33.41 -33.89
AEineraction -52.15(-36.65)  -47.22(-30.38) -40.86 -39.77
EErtosn 12.20 6.66 8.17 3.77

E b Guest) -1.70 2.70 -0.71 2.10

72



Theoretical Investigation on Inclusion Complex/Phys. Chem. Res., Vol. 10, No. 1, 69-87, March 2022.

Fig. 4. Geometrical structures of the most stable complexes obtained from B3LYP/6-31G(d) (a, b), WB97X-D/6-
31G(d) (a', b") and B97D3/6-31G(d) (a", b") calculations for AZ/B-CD in gas phase.
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Fig. 5. Geometric structures of the free B-CD (a) and the AZ/B-CD complex (b, ¢) in the orientations A and B calculated
by the method WB97X-D/6-31G(d) in the gas phase.

orientation A. It is worth noting that the complexation and
interaction energies have negative values, indicating that the
inclusion of AZ in B-CD is thermodynamically favorable,
and the encapsulation processes and the calculations are in
good agreement with experimental data [10]. Significantly
higher values of AEjyeraction €n€rgy obtained using WB97X-
D/6-31G(d) (-52.35 kcal mol') and B97D3/6-31G(d)
(-40.86 kcal mol™") methods, compared to B3LYP/6-31G(d)
(-25.58 kcal mol™") method. For the two methods, WB97X-
D/6-31G(d) and B97D3/6-31G(d), the dispersion effect is
an important factor to study the supramolecular systems;
weak dispersion forces increase with increasing the number
of atoms and the molecular weight [19]. The effects of
electron correlation play an important role on the nature of
intermolecular interaction probably having a considerable
contribution to dispersion forces [19]. The solvent effect is
indicated by energy difference between the gas and aqueous
phases. The results of the deformation energies of the gas
and aqueous phases calculated by the three functionals are
shown in Table 1. From the results, the deformation energy
of the B-CD molecule is always higher than that of the AZ
molecule in both orientations, A and B. This confirms that
the flexibility of the B-CD structure plays an important role
in increasing the intermolecular interaction and affects
the stability of the whole system upon complexation
[25]. Especially, the primary hydroxyl groups of B-CD
play an important role in the formation of bonds with AZ
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(see Fig. 5).

We also note that the deformation energy of the B-CD
molecule calculated by the classic B3LYP method
(9.52 kcal mol™) is lower than that obtained using the
WB97X-D/6-31G(d) (12.84 kcal mol') and B97D3/6-
31G(d) (12.20 kcal mol™) methods. This indicates that
WB97X-D/6-31G(d) and B97D3/6-31G(d) predict better
optimized geometries than the traditional B3LYP method.

To improve the accuracy of our theoretical results, from
the computation of optimized geometries, the interaction
energy was corrected considering the basic set superposition
error (BSSE) [27] using the counterpoise method [28]
through (Eq. (5)).

AEinteraction = Ecomp]ex - [EB»CDsp + EAZsp] + BSSE (5)

BSSE corrected energies are shown in brackets in Table 1.

Geometry Optimization
According to our results, most of the geometric
parameters have approximately the same values in both the
gas state and the aqueous state. This let us to provide a
single interpretation in the gas axis. Tables 2 and 3 report
the geometrical parameters (bond lengths, bond angles, and
dihedral angles) of the AZ and B-CD molecules before and

after complexation, which are related to the most stable



Theoretical Investigation on Inclusion Complex/Phys. Chem. Res., Vol. 10, No. 1, 69-87, March 2022.

Table 2. Geometric Parameters (Bond Lengths, Bond Angles and Dihedral Angles) for AZ before and after

Inclusion in B-CD Calculated with B3LYP/6-31G(d)/WB97X-D/6-31G(d)/B97D3/6-31G(d) in the

Gas Phase
Gas phase

AZ free Orientation A Orientation B

Bond lengths (A)
0 164-0 161 2.54/2.52/2.56 2.52/2.49/2.53 2.53/2.51/2.54
0 164-S 162 1.45/1.44/1.46 1.47/1.45/1.47 1.45/1.44/1.46
S 162-0 161 1.46/1.45/1.47 1.47/1.45/1.48 1.47/1.45/1.47
N 163-C 165 1.45/1.45/1.46 1.48/1.47/1.48 1.46/1.45/1.47

Bond angles (°)

S 162-0 164-C 151
S 162-0 164-0 161
S 162-N 163-0 164
S 162-N 163-0 161

42.10/41.96/41.92
29.75/29.49/29.39
33.20/33.32/33.54
34.01/34.20/33.87

38.89/38.00/37.84
31.01/31.28/31.04
33.15/33.34/33.50
30.83/30.68/30.16

42.04/42.35/42.02
30.32/30.23/30.24
33.18/33.22/33.43
33.24/33.16/32.53

N 158-0 159-0 160
Dihedral angles ©

S 162-0 164-0 161-C 151
S 162-0 164-0 161-N 163
S 162-N 163-0 164-0 161
S 162-N 163-0 161-C 151
N 158-0 159-0 160-C 152

27.31/27.18/27.00 27.39/27.26/27.07 27.33/27.44/27.34

-41.76/-41.48/-41.14
38.81/38.50/39.41
29.42/29.12/29.08
39.31/39.86/39.14

-2.04/-2.42/-2.46

-37.48/-36.13/-35.81
32.49/32.32/32.13
26.27/26.35/25.65
46.47/47.45/47.97

2.37/2.57/2.76

-41.61/-41.63/-41.15
37.82/36.89/37.30
29.16/28.66/28.37
39.45/39.85/39.74

-2.09/-1.40/-1.40

Table 3. The Selected Parameters for Free B-CD and In-complex Forms Calculated with B3LYP/6-
31G(dy/WB97X-D/6-31G(d)/B97D3/6-31G(d) Methods in the Gas Phase

Gas phase

B-CD free Orientation A Orientation B
Primary hydroxyls
033-044 2.90/2.83/2.85 4.37/421/432 2.91/2.85/2.92
044-055 2.91/2.84/2.86 4.48/4.16/4.26 2.94/2.92/3.09
0 55-0 66 6.64/6.45/6.52 6.56/6.21/6.30 6.74/6.71/6.91
0 66-0 77 3.00/2.94/2.96 3.25/3.22/3.16 3.00/2.91/2.97
Secondary hydroxyls
0 71-0 60 5.61/5.60/5.63 5.56/5.54/5.60 5.68/5.66/5.69
0 60-0 49 5.27/5.22/5.23 5.31/5.36/5.36 5.27/5.23/5.20
049-038 5.50/5.44/5.49 5.18/5.22/5.19 5.51/5.37/5.35
0 38-027 5.65/5.57/5.65 5.32/5.29/5.31 5.61/5.37/5.53
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structures obtained with B3LYP/6-317G(d), WB97X-D/6-
31G(d), and B97D3/6-31G(d) methods. As shown in
Table 2, the results for the orientation A indicate that the
initial geometry of guest AZ is completely changed. This is
while the difference in the geometric parameters before and
after the complexation slightly changed for the orientation
B. Initially, there was a slight change observed in the bond
lengths of the AZ before (O 164-S 162: 1.45/1.44/1.46 A)
and after the complexation in the orientation A (O 164-
S 162: 1.47/1.45/1.47 A) and in the orientation B (O 164-
S 162: 1.45/1.44/1.46 A). The real change was observed
through the difference between the bond angles and
dihedral angles of the AZ molecule before and after the
complexation. For orientation A, the difference between the
S 162-0O 164-O 161-N 163 dihedral angle (38.810/38.50°/
39.41°) of the free AZ molecule and the dihedral angle
S 162-0 164-0 161-N 163 (32.49°/32.32°)/32.13°) of AZ in
the complex is important. The mentioned difference is more
obvious compared to the similar results of dihedral angle
S 162-O 164-O 161-N 163 (37.820/36.890/37.30°) in the
orientation B. This means that the guest AZ in the
orientation A must be profiled to fit the host -CD cavity
and form a more stable inclusion complex. This result was
confirmed by deformation energies (see Table 1). On the
other hand, the distances between the primary and
secondary hydroxyls’ oxygens of B-CD and AZ, before and
after complexation, (Table 3) show significant distortion in
the B-CD lumen compared to its initial geometry (see
Fig. 5). In the orientation A, the O 33-O 44 (2.83 A) and
0 44-0 55 (2.84 A) distances became longer (4.21 A and
4.16 A, respectively), which is due to interactions between
0164 and H 117 from oxygen O44 and between O 159 and
H 107 oxygen O 33; the latter is present in the orientation
A, but not in the orientation B (see Fig. 5). This explains
why the interaction energy of inclusion in the orientation
A (-52.35 kcal mol™) is less than that in the orientation
B (-46.56 kcal mol') in both phases using all three
functionals.

Thermodynamic Properties

Calculations of standard thermodynamic parameters
were performed using harmonic vibrational analysis [29].
Calculations were performed in vacuum and water at 1 atm
pressure and temperature of 298.15 K using WB97X-D/6-
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31G(d), and B97D3/6-31G(d) methods. The thermodynamic
quantities of the AZ/B-CD complex, such as the enthalpy
change (AH°), the thermal Gibbs free energy (AG®), and
entropy contribution (AS°®) are summarized in Table 4.

It was observed that the enthalpy values (AH®) are
negative in both orientations, and these differences indicate
that the inclusion process is enthalpically favorable. On the
other hand, the enthalpy differences of the orientation A
(AH® = -48.67 kcal mol™') were more negative than that in
orientation B (AH® = -42.89 kcal mol™), which is attributed
to stronger van der Waals interactions [25] between AZ and
B-CD in deeper penetration of the guest molecule into the
hydrophobic host. Values of AG® = -60.01 cal mol” K™ are
negative and this indicates that the process of AZ inclusion
in B-CD is spontaneous at 1 atm and 298.15 K. when the
system is well arranged, the results of our theoretical

calculations AG®< 0 is in good agreements with the data in
the literature [10]. We can also see that the entropy (AS®)
has a negative change in both orientations. This indicates
that the formation of the complex is an exothermic process
resulting from enthalpy [20]. Due to steric barrier, the
negative change of the entropy (AS°) caused by molecular
geometrical shape that limits the free shift of B-CD cavity
and rotation of AZ molecule [20].

Frontier Molecular Orbitals (FMOs)

The occupied HOMO and unoccupied LUMO frontier
[30] play an important role
understanding the effect of guest molecule encapsulation
within the host. HOMO is the electron donor and LUMO is
the electron acceptor [31,32]. Results for the energies of
HOMO and LUMO, and AE (HOMO-LUMO) obtained by
WB97X-D/6-31G(d) and B97D3/6-31G(d) methods in the
gas and aqueous phases are shown in Table 4. The energy
gap AE (HOMO-LUMO) is an important measure of
stability. The higher chemical values of AE (HOMO-
LUMO) indicate higher stability and lower reactivity [33-
35]. The values of AE (HOMO-LUMO) obtained by the two
methods in the gas and aqueous phases of the AZ/B-CD
complex are -0.291 eV for orientation A and -0.297 eV
for orientation B. This means that orientation A is more

molecular orbitals in

stable than orientation B. These results are in good
of
the orientation A (41.66 kcal mol™) and the orientation

agreement with the complexation energy results
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Table 4. Thermodynamic Parameters, HOMO, LUMO, A(HOMO-LUMO) and Global Descriptions
of the AZ, B-CD, and AZ/B-CD Complex Computed by Methods WB97X-D/6-31G(d)/
B97D3/6-31G(d)) in the Gas and Aqueous Phases

Gas phase

B-CD free AZ free Orientation A Orientation B
AH® (kcal mol™) - - -48.67/-48.35 -42.89/-44.71
AG® (kcal mol™) - - -30.70/-32.97 -24.80/-26.43
AS° (cal mol™" K™ - - -60.01/-52.81 -60.54/-59.04
HOMO -0.32/-0.19 -0.35/-0.22 -0.32/-0.19 -0.33/-0.20
LUMO 0.11/0.01 -0.02/-0.11 -0.02/-0.12 -0.03/-0.13
AE (HOMO-LUMO) -0.44/-0.20 -0.32/-0.11 -0.291/-0.06 -0.297/-0.07
n(eV) -0.10/-0.09  -0.1868/-0.174 -0.175/-0.16 -0.1862/-0.171
x (eV) 0.10/0.09 0.1868/0.174 0.175/0.16 0.1862/0.171
n (eV) 0.22/0.10 0.16/0.05 0.145/0.032 0.148/0.036
o (eV) 0.02/0.04 0.106/0.27 0.105/0.39 0.11/0.40
Aqueous phase

B-CD free AZ free Orientation A Orientation B
AH° (kcal mol™) - - -37.05/-39.25 -34.91/-36.29
AG® (kcal mol™) - - -21.60/-18.84 -19.65/-16.76
AS® (cal mol™" K™ - - -51.64/-66.23 -50.95/-65.52
HOMO -0.33/-0.20 -0.35/-0.23 -0.33/-0.20 -0.33/-0.20
LUMO 0.12/0.01 -0.02/-0.12 -0.03/-0.13 -0.04/-0.13
A(HOMO-LUMO) -0.46/-0.22 -0.32/-0.10 -0.295/-0.06 -0.290/-0.07
u(eV) -0.10/-0.09 -0.19/-0.180 -0.182/-0.168 -0.188/-0.171
x (eV) 0.10/0.09 0.19/0.180 0.182/0.168 0.188/0.171
n (eV) 0.23/0.11 0.16/0.05 0.147/0.033 0.145/0.036
o (eV) 0.02/0.03 0.111/0.29 0.113/0.41 0.12/0.43

B (-37.85 kcal mol™). The Frontier orbitals of AZ/B-CD in
the two obtained phases were calculated by B97D3/6-
31G(d). Results indicate that HOMO orbit is localized on
the host, and the LUMO orbit is localized on the guest
molecule, which means mutual interactions are generated
between B-CD and AZ (see Fig. 6).

The Global Indices

The energy gap between HOMO and LUMO can be
used in determining the global indices of the reactivity such
as electronegativity (y), electronic potential (p), hardness
(n), and global electrophilicity index (w). Indices of the
reactivity were calculated by the methods WB97X-D/6-
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31G(d) and B97D3/6-31G(d) in gas and aqueous phases
using the following equations:

1= (Baomo + Erumo)/2 (6)
X = -1 = (Enomo * Erumo)/2 (7)
N = (ELumo - Exomo)/2 8)
o =p*2n )

Table 4 shows the global indices of reactivity. It is clear that
the values of the electronic potential (1) are negative in the
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Orientation A

020 eV

Orientation B

Fig. 6. The Frontier orbitals HOMO and LUMO of the AZ/B-CD complex was obtained using the B97D3/6-31G(d)

method in the gas phase.

two phases, and the two orientations. This demonstrates
that the complexation of the AZ in the B-CD cavity is
a spontaneous phenomenon. Using WB97X-D/6-31G(d)
method in the gas and aqueous phases, the electronic
chemical potential of the free AZ molecule was less than
that of the free B-CD. This difference allows the charge
transfer from the B-CD, with high electronic chemical
potential (-0.10/-0.10 eV), to AZ, with low electronic
chemical potential (-0.18/-019 eV) [36]. From the values in
the Table 4, it is clear that the chemical hardness of
AZ/B-CD is important in both orientations, confirming the
charge transfer. From the results obtained for the total
global electrophilicity index, we can conclude that the
compound is electrophilic.

Atomic Charges

The charge distribution in the AZ/B-CD complex was
analyzed using two population analysis methods: The
Mulliken Population Analysis (MPA), and NPA; our goal
was to compare them and assess their utility. Mulliken
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atomic charge analysis was performed to identify the partial
atomic charges that o allow the qualitative understanding of
the structures and reactivity of molecules. The charge
distributions of atoms calculated by the NBO approach are
presented in Table 5. WB97X-D/6-31G(d) and B97D3/6-
31G(d) methods were used to study the free and
encapsulated AZ in the gas phase and in different
orientations. From these results, it can be seen that all the
atomic charges of AZ were altered upon complexation with
the host B-CD. The results showed that the positive charges
were localized on hydrogen (H 171: 0.177/0.164) and sulfur
atoms (S 162: 1.361/1.285). The negative charges were
localized on oxygen (O 160: -0.356/-0.331) and carbon
atoms (C 170: -0.155/-0.128). Nitrogen atoms can be either
positive (N 158: 0.405/0.360), due to the presence of high
electronegative oxygen atoms (O 159: -0.396/-0.368 and
0O 160: -0.356/-0.331) in the adjacent position, or negative
(N 163: -0.577/-0.540), due to the attachment of the
positively charged sulfur atom (S 162: 1.361/1.285). We can
also see that in both orientations, the H atoms (H 166,
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Table 5. Variation of Mulliken Atomic Charges of AZ before and after
Inclusion into B-CD Calculated by WB97X-D/6-31G(d) and

B97D3/6-31G(d) in the Gas Phase

N° = Atome AZ free Orientation A Orientation B
C 148 -0.173/-0.142  -0.174/-0.141 -0.162/-0.130
C 149 -0.144/-0.111  -0.144/-0.111 -0.147/-0.126
C 150 -0.188/-0.172  -0.138/-0.139  -0.191/-0.189
C 151 -0.221/-0.194  -0.193/-0.173 -0.229/-0.205
C 152 0.239/0.239 0.251/0.254 0.249/0.259
C 153 -0.154/-0.122  -0.153/-0.122  -0.166/-0.137
H 154 0.200/0.164 0.199/0.165 0.203/0.169
H 155 0.198/0.162 0.200/0.166 0.191/0.171
H 156 0.234/0.203 0.221/0.208 0.236/0.219
H 157 0.223/0.184 0.220/0.183 0.228/0.196
N 158 0.396/0.352 0.405/0.360 0.414/0.365
0159 -0.373/-0.344  -0.396/-0.368  -0.405/-0.379
0 160 -0.367/-0.340  -0.356/-0.331 -0.352/-0.330
0 161 -0.546/-0.508  -0.564/-0.531 -0.548/-0.512
S 162 1.300/1.211 1.361/1.285 1.298/1.213
N 163 -0.514/-0.482  -0.577/-0.540  -0.524/-0.493
O 164 -0.512/-0.476  -0.561/-0.530  -0.513/-0.478
C 165 -0.225/-0.205  -0.275/-0.270  -0.250/-0.263
H 166 0.212/0.187 0.233/0.211 0.224/0.230
H 167 0.191/0.178 0.216/0.213 0.182/0.174
C 168 -0.001/0.009 -0.029/-0.02 -0.007/-0.013
H 169 0.194/0.169 0.248/0.234 0.191/0.187
C 170 -0.145/-0.116  -0.155/-0.128  -0.129/-0.105
H 171 0.145/0.135 0.177/0.164 0.153/0.145
C172 -0.515/-0.478  -0.521/-0.504  -0.531/-0.536
H 173 0.213/0.201 0.201/0.199 0.201/0.197
H 174 0.160/0.143 0.162/0.145 0.191/0.184
H 175 0.163/0.147 0.172/0.167 0.134/0.141
C 176 -0.494/-0.456  -0.522/-0.505  -0.513/-0.493
H 177 0.166/0.152 0.175/0.170 0.149/0.135
H 178 0.171/0.154 0.168/0.151 0.220/0.209
H 179 0.168/0.152 0.173/0.174 0.154/0.151
Charge transfer 0.000/-0,004 0.036/0.056 -0.049/-0.045

H 167, H 171, H 174) of AZ interact with the internal part
of B-CD increasing their atomic charges. A significant

change in trend was obtained in orientation A: C 168
(-0.001/0.009-0.029/-0.02). The data shows that the charge
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Table 6. Calculated Net Charges by Mulliken Population Method and Natural

Population Analysis (NPA) of the
in the Gas Phase

AZ/B-CD Complex by WB97X-D/6-31G(d)

Orientation A

Orientation B

N° = Atome Mulliken charges NPA Mulliken charges NPA
C 148 -0.174 -0.210 -0.162 -0.211
C 149 -0.144 -0.212 -0.147 -0.218
C 150 -0.138 -0.175 -0.191 -0.216
C 151 -0.193 -0.307 -0.229 -0.329
C 152 0.251 0.088 0.249 0.077
C 153 -0.153 -0.223 -0.166 -0.218
H 154 0.199 0.260 0.203 0.266
H 155 0.200 0.261 0.191 0.255
H 156 0.221 0.278 0.236 0.287
H 157 0.220 0.275 0.228 0.281
N 158 0.405 0.560 0.414 0.560
0 159 -0.396 -0.405 -0.405 -0.417
0 160 -0.356 -0.345 -0.352 -0.341
0O 161 -0.564 -0.978 -0.548 -0.973
S 162 1.361 2.405 1.298 2.403
N 163 -0.577 -0.761 -0.524 -0.735
O 164 -0.561 -0.964 -0.513 -0.931
C 165 -0.275 -0.268 -0.250 -0.261
H 166 0.233 0.271 0.224 0.257
H 167 0.216 0.240 0.182 0.226
C 168 -0.029 -0.065 -0.007 -0.055
H 169 0.248 0.283 0.191 0.251
C170 -0.155 -0.293 -0.129 -0.281
H 171 0.177 0.260 0.153 0.249
C172 -0.521 -0.698 -0.531 -0.696
H 173 0.201 0.251 0.201 0.253
H 174 0.162 0.240 0.191 0.249
H 175 0.172 0.233 0.134 0.207
C176 -0.522 -0.694 -0.513 -0.692
H 177 0.175 0.234 0.149 0.223
H 178 0.168 0.244 0.220 0.272
H 179 0.173 0.236 0.154 0.228

transfer in the orientation A (0.036) is greater than in the
orientation B (-0.049), so the AZ/B-CD complex is more
stable in the orientation A than in the orientation B [37]. A
method of natural population analysis has been developed
to calculate atomic charges and orbital populations of
molecular wave functions in general atomic orbital basis
sets [38]. For the AZ/B-CD complex, the net charges are

calculated by Natural Population Analysis (NPA). The
calculated natural atomic charge values were obtained from
the Natural Bond Orbital Analysis (NBO) [39] and are listed
in Table 6. The natural population analysis is an alternative
to conventional Mulliken population analysis, and seems to
exhibit improved numerical stability to better describe the
electron distributions in AZ/B-CD complex.
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Table 7. Stabilization Energy E® (kcal mol™) of the most Important Donor-acceptor Interactions
Calculated by WB97X-D/6-31G(d) and B97D3/6-31G(d) in the Two Phases for the Two

Orientations

Orbital donor Orbital acceptor E®@ (kcal mol™) E () (kcal mol™) d
WB97X-D/B97D3  WB97X-D/B97D3 (A)
Gas phase Aqueous phase
Orientation A
o(1) (0 161-S162) o*(1) (C 63-H 134) 0.61/0.47 0.61/0.36 2.34
LP(2) (O 11) 6*(1) (C 165-H 166) 3.76/2.37 4.12/2.01 2.30
LP(1) (O 159) 6*(1) (O 44-H 117) 3.01/1.48 2.87/1.64 2.19
LP(2) (O 159) 6*(1) (O 33-H 107) 12.06/10.62 13.84/11.73 1.87
LP(1) (O 164) 6*(1) (O44-H 117) 4.89/3.43 5.33/3.44 2.02
Total 24.33/18.37 26.77/19.18 -
Orientation B
LP(2) (O 16) o*(1) (C 149-H 155) 1.25/0.79 1.17/0.81 2.57
LP(1) (O 62) o*(1) (O 165-H 166) 5.1/4.56 4.81/2.7 2.16
LP(1) (O 159) o*(1) (O 69-H 140) 5.53/4.31 5.98/4.09 1.91
LP(2) (O 159) o*(1) (O 69-H 140) 6.68/6.21 6.41/4.64 1.91
Total 18.56/15.87 18.37/12.24 -

Natural Bond Orbital Analysis (NBO)

In order to determine intra- and intermolecular bounds
and interactions [40] between guest AZ and host B-CD,
to identify, and quantify the different donor-acceptor
interactions of the host/guest partners, we used the energy
E? in Eq. (10); if E? is larger, the interactions between
donors and acceptor is intense [41]. The delocalization of
the electron density between occupied orbitals and
unoccupied orbitals is related to the stabilizing donor-
acceptor interaction [42].

F(i,Jj)

E(Z) = qi};/—b’,

(10)

Where q; is the donor orbital occupancy, & and g are
diagonal elements, and Fj is the off diagonal NBO Fock
matrix element. The donor-acceptor interactions and their
corresponding E® energies are shown in Table 7. As shown
in Table 7, WB97X-D method gives the best values of E.
For orientation A, an interaction between the free doublet
(LP) of donor orbital of the oxygen atom (O 159) of AZ and
the anti-binding acceptor orbital c* (O 33-H 107) of B-CD
positioned at 1.87 A with a stabilization energy E® of
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12.06/10.62 kcal mol™ in the gas phase, another interaction
is observed between the free doublet (LP) of donor orbital
of oxygen atom (O 164) and anti-binding acceptor orbital
o * (O 44-H 117) positioned at 2.02 A with a stabilization
energy E@ of 4.89/3.43kcal mol™. The same interaction was
obtained between the free doublet (LP) of the donor orbital
of oxygen atom (O 159) and the anti-binding acceptor
orbital 6* (O 69-H 140) that was positioned at 1.91 A. In
orientation B, lower energy value of 6.68/6.21 kcal mol™
was obtained compared to orientation A. Orientation A
is strongly stabilized by the formation of hydrogen.
Intermolecular hydrogen bonds exist in the geometrical
structures of both orientations (Fig. 7).

From the results of NBO calculations, we can confirm
that the intermolecular hydrogen interactions and charge
transfer between occupied and unoccupied orbitals of host/
guest have major contribution to the stabilization of the
complex.

"H NMR Analysis

'H NMR spectroscopy is one of the most useful
techniques for studying host-guest systems, as it provides
very interesting microscopic information about the structure
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Orientation A

Orientation B

Fig. 7. Geometric structures of the tow orientations of the AZ/B-CD complex optimized by the NBO method,

WB97X-D/6-31G(d) (a, b) in the gas phase.

of the formed molecule and the orientation of the embedded
guest molecule. To better explore the introducing guest
particles into the lumen of the host molecule, we calculated
the chemical shifts 3. In this part, variability in H NMR
chemical transitions was studied using the Gauge-Including
Atomic Orbital (GIAO) approach [43]. The B3LYP/6-
31G(d) method was applied using single-point calculations
on geometries optimized by WB97X-D/6-31G(d) and
B97D3/6-31G(d). The method was found suitable for the
theoretical Proton NMR spectroscopy of organic molecules
[44,45]. NMR chemical shifts (3) were calculated by
subtracting the nuclear magnetic shielding tensors of
protons in molecules of interest from those in tetramethyl
silane (TMS) as a reference. Chemical shift (5) was
calculated by the equation:

0 =0IMS -o (11)
Changes in the chemical shifts of the isolated AZ guests and
their inclusion complexes are shown in Table 8 and
Fig. 8.

The inclusion of AZ in the B-CD cavities was evidenced
by the change in the chemical shifts of the last encapsulated
protons with respect to the chemical shifts of the same
protons in the free form. The values of the calculated and
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free AZ
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chemical shifts in
orientation B
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complex

Fig. 8. Chemical shifts experimental [10] and calculated of
free AZ protons and inclusion complexes AZ/B-CD
by the GIAO approach, B3LYP/6-31G(d).

experimental chemical shifts [10] (H 166: 2.80 ppm), before
and after the complexation, are close in orientation A
(H 166: 3.42 ppm). The difference in most values does not
exceed lppm from orientation B (& H 166: 4.55 ppm).
The largest
transformations and experimental chemical transformations

difference between theoretical chemical
in proton (H 156: 9.04 ppm) was observed for direction B.
It should be noted that the two theoretical structures

presenting minimum energy are in both orientations, but on
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Table 8. 'H NMR Chemical Shifts (ppm) of AZ before and after Complexation Calculated by GIAO
Method at B3LYP/6-31G(d) Optimized with WB97X-D/6-31g(d) and B97D3/6-31G(d) in

the Aqueous Phase
Calculated Experimental
Protons AZ free AZ in complex AZ incomplexe AZ free AZ in complex
Orientation A Orientation B
H(157) 8.04/0.85 8.07/8.20 8.50/8.71 8.52 8.17
H(15 4) 7.99/8.18 8.08/8.24 8.58/8.72 8.14 7.71
H(155) 7.99/8.17 8.13/8.28 8.49/8.75 8.02 7.90
H(156) 8.42/8.54 8.48/8.50 9.04/8.87 7.68 8.50
H(166) 2.93/3.10 3.42/3.18 4.55/4.41 1.50 2.80
H(167) 2.50/2.61 2.70/2.86 2.40/2.60 1.50 2.38
H(169) 2.46/2.58 3.95/3.94 2.99/2.86 1.59 2.75
H(171) 1.47/1.70 2.50/2.66 1.74/1.77 1,98 1.87
H(173) 2.38/2.47 1.98/2.24 2.44/2.56 0.88 0.82
H(17 4) 1.05/1.21 1.36/1.56 2.15/2.04 0.88 0.82
H(17 5) 0.90/1.05 1.57/1.48 1.19/1.30 0.88 0.82
H(177) 0.78/0.94 1.51/1.45 0.74/1.00 0.84 0.82
H(178) 0.92/1.08 1.36/1.56 2.21/1.98 0.84 0.82
H(179) 0.85/0.98 1.80/1.79 0.96/1.11 0.84 0.82

the basis of our theoretical results, the orientation A can be
considered as the most convenient structure.

Non-covalent Interaction Analysis (NCI)

The non-covalent interaction analysis method provides a
graphic visualization of regions in which non-covalent
interactions such as hydrogen bonds, van der Waals
interactions, and repulsive steric interactions [46,47]
produce in real space. Recently, the NCI analysis has been
used to identify the weak interactions from the AIM
analysis [48,49]. In the 3D spatial visualization of NCI
isosurface shown in Fig. 9, the color-coding scheme is as
follows: Van der Waals interactions are indicated by a green
spot, strong hydrogen bond interactions are represented by a
blue spot, and the repulsive steric forces are visualized by
the red spot. From the NCI isosurface (Fig. 9), we observed
green spots between AZ and B-CD in the orientations A and
B, indicating weak attraction due to the van der Waals
interaction. We also observed some blue spots for hydrogen
bond interactions between guest and host. There was also
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the appearance of weak van der Waals, and weak intra-
molecular hydrogen bond interactions in B-CD, between the
primary and secondary hydroxyls, and steric repulsions in
the aromatic rings of AZ and B-CD.

CONCLUSIONS

This theoretical work explored the detailed study of the
inclusion complex of AZ/B-CD. The DFT functionals
B3LYP, WB97X-D, and B97D3, and 6-31G(d) basis set
were used in both gas and aqueous phases. Orientation A
was more preferable than orientation B in both the gas and
aqueous phases, which is in good agreement with the
experimental results. The best results were obtained using
WB97X-D and B97D3/6-31G(d). Geometry optimization
calculations for the complex in the aqueous phase were
almost similar to those in the gas phase. The analysis of the
thermodynamic calculations indicated the negative valued
for AG, AH, and AS, suggesting that the formation of AZ/f-
CD inclusion complexes in vacuo is a spontaneous and
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Orientation A

p=>0 sign(d;) p decrease
<0 —//

Strong attraction:
H-bond. halogen-bond

Van der Waals interaction

Orientation B
sign(A,) p increase  p=0
— > <0

Strong repulsion:
Steric effect in ring and cage

Fig. 9. NCI isosurfaces for the AZ/B-CD inclusion complex calculated by method WB97X-D/6-31G(d) in gas phase.

enthalpy-driven process. The charge distribution calculated

using NBO method indicated that when the guest molecule

interacts with B-CD, its charge distribution changes. The
NBO and NCI analysis showed that the driving forces
for the formation of complexes were formation of

intermolecular hydrogen bonds. Finally, the results of the

RMN and GIAO calculations were in agreement with

experiment.
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