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PIRIDIN TUREVI ICEREN BAZI GECIiS METAL KOMPLEKSLERININ
SENTEZIi, ELEKTRONIK YAPI HESAPLAMALARI VE a-GLUKOZIDAZ
INHIBISYONLARI

OZET

Koordinasyon kompleksleri, koordinasyon merkezi olarak adlandirilan merkezi bir
metalik atom veya iyondan ve bunu gevreleyen ligantlardan olusan kimyasal bir
bilesiktir. Bir ligantin i¢indeki, merkezi metal iyonu ya da atomuna bagli atoma donor
atom denir. Tipik bir komplekste, bir metal iyonu ayn1 veya farkli olabilen birkag
dondr atomuna baglidir. Cok disli bir ligant, ligantin atomlarindan birkag1 vasitasiyla
merkezi atoma baglanan bir iyon veya molekiildiir. Metal kompleksleri tarim,
eczacilik ve endiistriyel kimyada 6nemli bir rol oynar.

CsHsNO kimyasal formiiliine sahip organik bir bilesik olan 2-piridin karboksaldehit,
koordinasyon kimyasi ve farmasdtiklerde ilgi ¢eken bilesiklerden biridir. Piridin
aldehitleri tipik olarak hidroksimetil veya metilpiridinlerin oksidasyonuyla
hazirlanirlar. Schiff bazlarinin tibbi agidan 6nemli oldugu ve tibbi bilesiklerin tasarimi
icin kullanildig1 bilinmektedir. Koordinasyon kimyasinda dnemli bir rol oynayan
Schiff bazlar1 yaygin olarak kullanilmaktadir. Imin grubu Schiff bazlarinda, genis
biyolojik aktiviteye sahip bu molekiillerin tiretilmesinde belirgin bir islev saglar. Genis
endistriyel uygulamalarina ek olarak antifungal, antiinflamatuar, antipiretik, antiviral
antiproliferatif ve antibakteriyel 6zellikler gibi g¢ok cesitli fizyolojik aktiviteler
sergilerler.

a-glukozidaz, polisakkarit ve disakkaritleri bagirsaktan emilim i¢in glikoza hidrolize
eden bir enzimdir. Bu enzimin inhibisyonu, bir 6giinden sonra karbonhidrat emilimini
geciktirir ve yemek sonrasi glikoz seviyelerini diisiiriir. Vogliboz, akarboz ve miglitol
mevcut kullanilan a-glukozidaz inhibitorleridir. Akarboz, ince bagirsakta gérev yapan
a-glukozidaz enzimini gegici ve segici bir bigimde engelleyerek etkisini gosterir. Bu
etki, karbonhidratlarin parcalanmasini yavaslatarak glikozun kana karisma siiresini
uzatir ve emilim hizin1 diisiiriir. Boylece kan sekeri seviyelerinde ani yiikselmeler
onlenebilir. Bu 06zelligi sayesinde, akarboz diyabetin klinik belirtilerinin ortaya
cikmasini geciktirme potansiyeline sahiptir. Bu tiir inhibitorler, siklikla diger kan
sekeri diizenleyici ilaglarla birlikte tedavi protokollerinde yer almaktadir.

Elektronik Schrodinger denkleminin ¢ézlimlerinden elde edilen enerji degerleri ve
dalga fonksiyonlari, incelenen sistemlerin tam olarak tanimlanmasi i¢in tek basina
yeterli degildir. Bu nedenle, atomik ve molekiiler diizeyde daha kapsamli nicel
verilerin hesaplanmasi gerekmektedir. Ozellikle, molekiillerin temel hal geometrisinin
optimize edilmesi, titresim modlarinin belirlenmesi, dipol momentlerin hesaplanmasi,
dogrusal ve yiiksek dereceli dogrusal olmayan kutuplanabilirlik gibi 6zelliklerin
degerlendirilmesi onem tasir. Ayrica, uyarilmis durumlara ait elektronik gegislerin
anlasilabilmesi i¢in absorpsiyon dalga boylari, osilator siddetleri ve gegis dipol
momentleri gibi parametrelerin hesaplanmasi1 gereklidir. Bu tir hesaplamalar,
deneysel bulgularla kuramsal verilerin birbirleriyle uyumu agisindan kritik bir 6neme
sahiptir. Teorik yoOntemler, bir maddenin sentezlenmesinden Once yapi-6zellik
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iligkilerinin ~ degerlendirilmesine olanak tanimasi1 ve deneysel Olclimlerin
uygulanabilirligi hakkinda 6ngorii saglamasi bakimindan oldukg¢a degerlidir. Ancak
cesitli hesaplama yaklagimlarinin basarisi, deneysel verilerle uyumlu olmasi
bakimindan degerlendirilebilir.

Bu tez kapsaminda, N-(piridin-2-ilmetilen)metanamin (L;)’nin izotiyosiyanat ile
[Mn(L1)2(NCS)2] (1), [Co(L1)2(NCS)2] (2), [Ni(L1)2(NCS)2] (3), [Cd(L1)2(NCS)2] (4),
[Zn(L1)2(NCS)2] (5), [Cu(L1)2(NCS)2] (6), [Ag(L1)(NCS)2] (7), [Hg(L1)2(NCS)CI] (8)
ve azid ile [Mn(L1)2(N3)2] (9), [Ni(L1)2(N3)] (10), [Coa(L1)2(N3)2]-2H0 (11),
[Cua(Li)o(N3)s]  (12),  [Hg(Li)2(N3)-H20]  (13),  [Cd(Li)(N3)]  (14),
[Ag(L1)(N3)2-2H20] (15), [Zn2(L1)2(N3)2Cl2-4H>O] (16) kompleksleri sentezlenmistir.
Sentezlenen komplekslerden [Mn(L1)2(NCS)2], (1), [Co(L1)2(NCS)] (2), ve
[Cd(L1)2(NCS)2], (4) tek kristal yapida elde edilerek yapilart X—is1m1 kirinim yontemi
(XRD) kullanilarak aydinlatilmistir. Diger izotiyosiyanat iceren [Ni(L1)2(NCS)z2], (3),
[Zn(L1)2(NCS)2], (5), [Cu (L1)2(NCS):], (6), [Ag(L1)(NCS)2], (7), [Hg(L1)2(NCS)CI]
(8) ve sodyum azid igeren [Mn(L1)2(N3)2], (9), [Ni(L1)2(N3)], (10), [Co2(L1)2(N3)2]
2H20, (11), [Cuz2(L1)2(N3)3], (12), [Hg(L1)2(N3)-H20], (13), [Cd(L1)2(N3)], (14),
[Ag(L1)(N3)2'2H20], (15), [an(Ll)z(N3)2C12'4H20], (16) kompleksleri toz turin
olarak elde edilerek yapilari kiitle spektroskopisi yontemi kullanilarak aydinlatilmistir.
Yapisal ozellikleri belirlendikten sonra FT-IR spektrumlar titresim frekanslarini
incelemek i¢cin UV—Vis spektrumlar ise elektronik gecisleri incelelemek icin
kaydedilmistir. Deneysel yontemlerle detayli analizi yapilan komplekslerin taban
durumundaki yapisal ve titresim Ozelliklerinin teorik analizi hibrit yogunluk
fonksiyonu teorisi (DFT) metodu kullanilarak yapilmistir. Bunun yani sira, elektronik
spektrumlar zamana bagli DFT (TD-DFT) yontemi ile saglanmistir. Hesaplanmis
sonugclar ve deneysel sonuglarin birbirleriyle uyumu karsilagtirilmali olarak verilmistir.
Sentezlenen komplekslerinin elektrik dipol momenti, kutuplanabilirlik, 1. ve 2.
mertebeden lineer olmayan optik parametreler teorik olarak incelenerek, -
elektronlarin delokalize etkisi, substitute ve yiik transferi gibi faktorlerin bu NLO
ozellikleri ile iliskisi arastirilmistir. Kompleks yapilar icin sinir orbitallerdeki HOMO
(en yiiksek enerjili dolu molekiiler orbital) ve LUMO (en diisiik enerjili bos molekiiler
orbital) enerjileri hesaplanarak kaydedilmistir. Bu enerjiler kullanilarak, HOMO-
LUMO enerji aralig, elektronegatiflik, kimyasal yumusaklik ve kimyasal sertlik gibi
molekiiler reaktivite parametreleri elde edilmistir. Bunlara ek olarak SWizard ve
Chemissian programalar1 kullanilarak molekiiler orbitallerden elektronik gecislere
gelen katkilar belirlenmistir. Dogal bag orbitali (NBO) analizi ile molekiil i¢i ve
molekiiller aras1 baglarin yani sira yiik aktarimi ve konjugasyonla iligkili etkilesimleri
detayli bigimde ortaya ¢ikarilmistir. Ayrica, azot, oksijen ve metal merkezleri lizerinde
bulunan eslesmemis elektronlar arasindaki etkilesim enerjileri de net bigimde
belirlenmistir. Molekiiler elektrostatik potansiyel (MEP) ylizeyler DFT metodu
vasitastyla olusturulmustur. Bu komplekslerin a-glukozidaz inhibisyon etkileri
incelenmistir. Ayrica inhibisyon mekanizmalari ve yapi aktivite iliskilerini belirlemek
amaciyla molekiiler yerlestirme ¢alismalar1 yapilmistir.

Kompleksler 1-3 i¢in UV—Vis bolgesinde metanol ortaminda elde edilen deneysel
ticiincii derece dogrusal olmayan optik (NLO) duyarlilik (x®)) sonuglari; sirastyla 4,68,
4,21 ve 5,25 eV foton enerjilerinde maksimum zirvelerde yaklasik olarak ayni1 degerde
bulunmustur (x® = 51,65x10713, 51,42x10713 ve 51,42x10°"3 esu). Bu ¢alismada teorik
ve deneysel olarak elde edilen ii¢lincii derece NLO parametreleri, kompleks 1’in
optoelektronik cihazlarin  gelistirilmesinde kullanilabilecegini  gdstermektedir.
Kompleksler 4-8’de, a-glukozidaza karst ICso degeri 5,618 pM olan kompleks 6’nin,
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B ve y parametreleri dikkate alindiginda umut verici bir NLO (nonlineer optik)
materyal adayi olarak degerlendirilebilecegi ongoriilmiistiir. Bu ¢alismada, L1 ve NCS
ligantlarinin metal kompleksleri baglaminda, in vitro/doking ve NLO sonuglari
dikkate alindiginda, kompleks 8’in (ICs50=0,2376 uM) tip 2 diyabet (T2DM) icin
alternatif bir ila¢ adayi, kompleks 6’nin ise NLO materyal adayina sahip yapilar
oldugu belirtilebilir. Kompleks 9 i¢in en yiiksek <y(0;0,0,0)> degeri, CAM-B3LYP
diizeyine gére 2216,40x103¢ esu olarak elde edilmis olup, bu deger pNA’ya
(15x1073¢ esu) gore 147,76 kat, iireye (7x107¢ esu) gore ise 316,63 kat daha biiyiiktiir.
B ve y sonuglari, sirastyla kompleks 10 ve 9’un mikroskobik ikinci ve iigilinci
dereceden NLO ozellikler agisindan oldukca etkili oldugunu gdstermektedir. Bu
sonuclarin ¥@ ve ¥ parametrelerinin sonuglariyla da desteklendigi goriilmektedir.
Lineer azid anyonunun, kompleks 10’un geometrisi, y isareti ve biiyiikliigii tizerinde
bir etkisi oldugu gozlemlenmistir. Kompleksler 12-16 i¢in ICso degerleri 0,2802 +
0.62 ile 420,88 + 1.42 uM araliginda elde edilmistir. Kompleks 13, en yiiksek o-
glukozidaz inhibitor aktivitesini gosterirken, kompleks 14 en diisliik inhibitor
aktiviteye sahiptir. Ayrica, kompleks 12 (1,562+0,83 uM) ve kompleks 15 (1,274+
0,32 puM)’de etkili ICso degerlerine sahiptir. Bu sonuglar, reseptor-ligant
etkilesimlerini ortaya koyan doking calismalari ile desteklenmistir. Ek olarak, toplam
50 ns’lik molekiiler dinamik (MD) simiilasyonlari ile yapilan ¢aligmalarda, bilesiklerin
MD simiilasyonu boyunca kararli oldugu gosterilmistir. Kompleks 15 ve kompleks 12,
a-glukozidaza karsit anlamli ICso degerleri gosterirken, ayn1 zamanda 3 ve y sonuglari,
sirasiyla bu komplekslerin mikroskobik ikinci ve iliglincii dereceden NLO o6zellikler
acisindan oldukea etkili oldugunu gostermektedir. Sonug olarak, Schiff baz—azid metal
kompleksleri arasinda, kompleks 13'lin tip-2 diyabet icin alternatif bir anti-diyabetik
inhibitor olabilecegi, kompleks 12 ve kompleks 15’in ise NLO materyal adaylari
olarak oOnerilebilecegi diisiiniilmektedir. Molekiiler doking ve in vitro sonuglarina
gore, yapr—aktivite iligkileri dikkate alindiginda Cu, Ag ve Hg atomlarini igeren metal
komplekslerin a-glukozidaza karsi 1iyi inhibitor Ozellik sergiledigi sonucuna
varilmistir.
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SYNTHESIS, ELECTRONIC STRUCTURE CALCULATIONS, AND a-
GLUCOSIDASE INHIBITIONS OF SOME TRANSITION METAL
COMPLEXES CONTAINING PYRIDINE DERIVATIVES

SUMMARY

Coordination complexes are chemical compounds composed of a central metallic atom
or ion, known as the coordination center, and surrounding ligands. Within a ligand, the
atom that directly bonds to the central metal ion or atom is referred to as the donor
atom. In a typical coordination complex, the metal ion is coordinated to multiple donor
atoms, which may be identical or different in nature. A polydentate ligand is an ion or
molecule that attaches to the central atom through several of its own atoms. Metal
complexes play a crucial role in various fields, including agriculture, pharmaceuticals,
and industrial chemistry.

2-Pyridinecarboxaldehyde (chemical formula: CsHsNO) is an organic compound of
interest in coordination chemistry and pharmaceuticals. Pyridine aldehydes are
typically synthesized through the oxidation of hydroxymethyl- or methylpyridines.
Schiff bases are known to be medically significant and are widely employed in the
design of pharmaceutical compounds. In coordination chemistry, Schiff bases play an
important role and are commonly utilized. The imine group plays a prominent role in
the formation of Schiff bases, which are known for their broad spectrum of biological
activities. In addition to their extensive industrial applications, these compounds
exhibit a wide range of physiological effects, including anti-inflammatory,
antibacterial, antiproliferative, antifungal, antipyretic, and antiviral properties.

a-Glucosidase is an enzyme that hydrolyzes polysaccharides and disaccharides into
glucose for intestinal absorption. Inhibition of this enzyme postpones carbohydrate
absorption after a meal and lowers postprandial glucose levels. Voglibose, acarbose,
and miglitol are currently used as o-glucosidase inhibitors. Acarbose inhibits o-
glucosidase in the intestine, competitively. That reduces the rate of glucose absorption
through postponed carbohydrate digestion and prolonged digestion time. Therefore,
these inhibitors are used in combination with other anti-diabetic agents.

In theoretical calculations, the energies and wave functions obtained from the solutions
of the electronic Schrodinger equation are not sufficient on their own for characterizing
the materials under investigation. In such cases, it becomes necessary to compute
additional quantities that provide a more comprehensive characterization of atomic
and molecular systems. In particular, determining parameters such as ground-state
molecular geometry optimization, vibrational frequencies, dipole moment, linear
polarizability, and higher-order nonlinear polarizability, as well as electronic
absorption wavelengths, oscillator strengths, and transition dipole moments for
excited-state electronic transitions, is crucial for establishing connections with
experimental results and assessing the agreement between theoretical and
experimental data. Theoretical calculations hold particular significance as they allow
for the investigation of structure—property relationships prior to detailed synthesis and
experimental characterization, and they also provide insight into whether
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measurements are feasible. However, the reliability of various computational
approaches can only be evaluated based on their consistency with experimental data.In
this thesis, the complexes of N-(pyridin-2-ylmethylene)methanamine (L) with
isothiocyanate {[Mn(L1)2(NCS)2] (1), [Co(L1)2(NCS)2] (2), [Ni(L1)2(NCS)2] (3),
[CA(L1)2(NCS)2] (4), [Zn(L1)2(NCS)2] (5), [Cu(L1)2(NCS)2] (6), [Ag(L1)(NCS)2] (7),
[Hg(L1)2(NCS)CI1] (8)} and with azide {[Mn(L1)2(N3)2] (9), [Ni(L1)2(N3)] (10),
[Cox(L1)2(N3)2]-2H20 (1), [Cuz(Li)2(N3)3]  (12),  [Hg(L1)2(N3)-H20] - (13),
[CA(L1)2(N3)] (14), [Ag(L1)(N3)2:2H20] (15), [Zn2(L1)2(N3)2CL.4H20] (16)} were
synthesized. #Among the synthesized complexes, [Mn(L1)2(NCS)2] (1),
[Co(L1)2(NCS)2] (2), and [Cd(L1)2(NCS)2] (4) were obtained as single crystals and
their structures were elucidated using X-ray diffraction (XRD) analysis. The remaining
complexes {[Ni(L1)2(NCS)2] (3), [Zn(L1)2NCS)2] (5), [Cu(L1)2NCS)2] (6),
[Ag(L1)(NCS):] (7), [Hg(L1)2(NCS)CI] (8)}, and the azide-containing
{IMn(L1)2(N3)2] (9), [Ni(L1)2(N3)] (10), [Co2(L1)2(N3)2]-2H>0 (11), [Cuz(L1)2(N3)s]
(12), [Hg(L1)2(N3).H20] (13), [Cd(L1)2(N3)] (14), [Ag(L1)(N3)2-2H.0] (15),
[Zn2(L1)2(N3)2Cl2-4H20] (16)} were obtained as powder products and characterized
using mass spectromery. Following structural determination, FT-IR spectra were
recorded to investigate their vibrational properties, and UV—Vis spectra were obtained
to study electronic transitions and charge transfer interactions. The synthesized
complexes were subjected to a comprehensive theoretical investigation at their
optimized ground-state geometries using hybrid density functional theory (DFT), with
their electronic absorption characteristics modeled through time-dependent DFT (TD-
DFT). The comparison between computed and experimental data revealed a high
degree of consistency. Essential electronic and optical features including dipole
moment, polarizability, and both first- and second-order nonlinear optical (NLO)
responses were explored in relation to structural parameters such as m-conjugation,
electron delocalization, and substituent-driven charge redistribution. To evaluate
electronic behavior, the energies of frontier orbitals (HOMO and LUMO) were
computed, enabling the derivation of molecular reactivity descriptors like energy gap,
chemical hardness and softness, and electronegativity. The roles of specific molecular
orbitals in electronic transitions were elucidated with the aid of SWizard and
chemissian softwares. In addition, Natural Bond Orbital (NBO) analysis was
employed to unravel intra- and intermolecular interactions, revealing insights into
bonding characteristics, charge delocalization, and interactions involving lone electron
pairs on electronegative atoms and metal centers. Electrostatic potential surfaces,
obtained through DFT calculations, provided further information on reactive regions
within the molecular frameworks. Lastly, the a-glucosidase inhibition profiles of the
complexes were evaluated, and molecular docking simulations were performed to
clarify the binding mechanisms and structure—activity correlations underlying their
biological function.

For complexes 1-3, the experimentally obtained third-order nonlinear optical (NLO)
susceptibilities () in the UV—Vis region in methanol exhibited maximum peaks at
photon energies of 4.68, 4.21, and 5.25 eV, respectively, with approximately equal x*
values (x® = 51.65 x 10713, 51.42 x 1073, and 51.42 x 10°'? esu). In this study, both
the theoretical and experimental third-order NLO parameters indicate that complex 1
may be a promising candidate for the development of optoelectronic devices. Among
complexes 4-8, complex 6, which exhibited an ICso value of 5.618 pM against o-
glucosidase, can be considered a promising NLO material candidate based on its
calculated B and y parameters. Considering both the in vitro/docking and NLO results
in the context of metal complexes with L1 and NCS ligands, it can be suggested that
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complex 8 (ICso = 0.2376 uM) represents a potential alternative drug candidate for
type 2 diabetes mellitus (T2DM), while complex 6 appears to be a structurally viable
NLO material candidate. For complex 9, the highest <y(0;0,0,0)> value was obtained
as 2216.40 x 1076 esu at the CAM-B3LYP level, which is 147.76 times greater than
that of p-nitroaniline (pNA, 15 x 107%¢ esu) and 316.63 times greater than that of urea
(7 x 1073¢ esu). The B and y results indicate that complexes 10 and 9 exhibit significant
microscopic second- and third-order NLO properties, respectively. These findings are
further supported by the ¥® and ® parameters. It was observed that the linear azide
anion has an influence on the geometry, sign, and magnitude of y in complex 10. For
complexes 12-16, ICso values ranged from 0.2802+0.62 to 420.88+1.42 uM. Among
them, complex 13 showed the highest a-glucosidase inhibitory activity, while complex
14 exhibited the lowest. In addition, complex 12 (1.562+0.83 uM) and complex 15
(1.274+0.32 uM) also showed effective ICso values. These results are supported by
docking studies that reveal receptor—ligand interactions.

Furthermore, molecular dynamics (MD) simulations conducted over 50 ns
demonstrated that the compounds remained stable throughout the simulation period.
Complexes 15 and 12 not only showed notable ICso values against a-glucosidase, but
their B and 7y results also confirmed their significant microscopic second- and third-
order NLO characteristics, respectively.

In conclusion, among the Schiff base—azide metal complexes studied, complex 13 may
be proposed as a potential alternative anti-diabetic inhibitor for type 2 diabetes, while
complexes 12 and 15 are promising candidates for NLO materials. Based on the results
of molecular docking and in vitro studies, and considering structure—activity
relationships, it can be concluded that metal complexes containing Cu, Ag, and Hg
exhibit notable inhibitory properties against a-glucosidase.
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1. GIRIS

Koordinasyon kompleksleri, merkezinde genellikle bir gecis metali iyonu bulunan ve
bu merkeze c¢esitli ligantlarin baglandig1 kimyasal tiirlerdir. Ligantlar, merkez atom
veya iyonla koordine kovalent baglar olusturarak kompleks yapinin olugsmasini saglar.
Bu kompleksler, biyolojik sistemlerden katalizore, ila¢ tasarimindan malzeme
bilimine kadar ¢ok genis bir uygulama alanina sahiptir. Koordinasyon kimyasi,
bilesiklerin yapisal ¢esitliligi, baglanma geometrileri ve reaktivite profilleri nedeniyle
olduk¢a zengin ve karmasik bir ¢alisma alani sunar. Bu cesitlilik, kimi zaman
koordinasyon komplekslerinin yapisal ve elektronik 6zelliklerinin anlagilmasini
zorlagtirsa da ayn1 zamanda onlarin fonksiyonel 6zelliklerini belirleyen temel unsurlari
olusturur. Bu nedenle, koordinasyon komplekslerinin sentezi, karakterizasyonu ve
teorik olarak incelenmesi, modern kimya ve fizik arastirmalarinin 6nemli bir parcasi
haline gelmistir. Bir ligantin i¢indeki, merkezi metal atomuna (veya iyonuna) baglh
atoma donoér atom denir. Karakteristik bir komplekste, bir metal iyonu ayni1 ya da farkli
birka¢ dondr atomuna baglidir. Cok disli bir ligant, ligantin atomlarindan birkaci
vasitastyla merkezi atoma baglanmis bir molekiil ya da iyon olarak tanimlanir.
Merkezi atomla 2, 3, 4 |5 veya hatta 6 bag yapabilen ligantlar yaygindir. Bu tiir
kompleksler selat kompleksleri olarak adlandirilir. Bu tip komplekslerin meydana
gelisine koordinasyon denmektedir. Merkezde yer alan atom ya da iyon, etrafindaki
biitiin ligantlar ile birlikte koordinasyon kiiresi olarak adlandirilan yapisal birimi
olusturur. Koordinasyon kiiresi, kompleksin geometrisini ve kimyasal 6zelliklerini
belirleyen temel bilesendir. Bu yapi, ligantlarin sayisi, tiirii ve baglanma bigimine baglh
olarak farkli geometriler (oktahedral, tetrahedral, kare diizlem vb.) sergileyebilir.
Dolayisiyla, koordinasyon kiiresinin dogru anlasilmasi, kompleks bilesiklerin
fonksiyonel 6zelliklerinin tayininde kritik 6neme sahiptir. Koordinasyon, ligantlar ve
merkezi atom arasindaki koordinat kovalent baglarmi ifade eder. Baslangicta
"kompleks" terimi, molekiiller, atomlar veya iyonlar arasinda zayif kimyasal baglarla
olusan ve tersine cevrilebilir nitelikteki birlesmeleri tanimlamak i¢in kullanilmistir.
Ancak bu kavram, koordinasyon kimyasina uyarlanmasiyla birlikte daha genis ve

derin bir anlam kazanmistir. Giiniimiizde baz1 metal kompleksleri neredeyse geri



doniisii olmayan bi¢cimde olugmakta ve bu tiir yapilar, ¢ogunlukla olduk¢a kuvvetli
koordinatif baglarla stabilize edilmektedir (Lawrence, 2010; IUPAC., 1997,

Greenwood ve Earnshaw, 1997; Bochmann ve ark., 1999; Miessler ve Tarr, 1999).

Metal kompleksleri tarim, eczacilik ve endiistriyel kimyada 6nemli bir rol oynar.
Schiff bazlarinin tibbi agidan 6nemli oldugu ve tibbi bilesiklerin tasarimi igin
kullanildig1 bilinmektedir. Hugo Schiff ilk olarak yaklasik 160 yil 6nce Schiff bazini
karakterize etti (Ambike ve ark., 2007), o zamandan beri kendi adiyla, "Schiff" olarak
bilinmektedir. Schiff baz ligantlar1 koordinasyon kimyasinda énemli rol oynayan ve
yaygin olarak kullanilan organik bilesiklerdir (da Silva ve ark., 2011). Boyalar ve
pigmentler, katalizorler, organik sentez ara maddeleri ve polimer stabilizatorleri olarak
kullanilirlar (Zhang ve ark., 2018; Vitago ve Tamburini, 2014). Imin grubu Schiff
bazlarinda, genis biyolojik aktiviteye sahip bu molekiillerin iiretilmesinde belirgin bir
islev saglar (Abu-dief ve Mohammed, 2015). Genis endiistriyel uygulamalarina ek
olarak antifungal, antiproliferatif, antibakteriyel, antiinflamatuar, antiviral ve
antipiretik 6zellikler gibi cok ¢esitli fizyolojik aktiviteler sergilerler (Kaur ve ark.,
2021; Plesh ve ark., 1998). Sentezlerinin ve metal komplekslesmelerinin basitligi

nedeniyle, bilim camiasinin biiyiik ilgisini ¢ekmisglerdir.

CsHsNO kimyasal formiiliine sahip organik bir bilesik olan 2-piridin karboksaldehit,
lic izomerik piridinaldehitten biridir. Diger izomerler 3-piridin karboksaldehit ve
piridin 4-karboksaldehittir. 2-piridin karboksaldehit, belirgin bir kokuya sahip renksiz
yagl bir sividir. Koordinasyon kimyasi ve farmasotiklerde ilgi ceken diger bilesiklerin
onciisii olarak hizmet eder. Piridin aldehitleri tipik olarak hidroksimetil veya

metilpiridinlerin oksidasyonuyla hazirlanirlar (Shimizu ve ark., 2007)

a-glukozidaz, nisastalar1 ve disakkaritleri bagirsaktan emilim icin glikoza hidrolize
eden bir enzimdir. a-glukozidazin inhibisyonu, bir 6giinden sonra karbonhidrat
emilimini geciktirir ve yemek sonrasi glikoz seviyelerini disiirtir. Akarboz, miglitol
ve vogliboz mevcut a-glukozidaz inhibitorleridir, ancak T2DM'ye ilerlemeye iliskin
veriler akarbozla siirhidir. Akarboz, a-glukozidaz enzimine kars1 segici bir inhibitor
olarak gorev yapar ve bu etkiyi bagirsaklarda, enzime gecici ve rekabetci sekilde
baglanarak gosterir. Bu baglanma, karbonhidratlarin sindirim siirecini yavaslatir ve
glikozun emilim hizin diisiirerek kan sekerinde ani yiikselmeleri engeller. Bu yoniiyle
akarboz, diyabetle iligkili klinik belirtilerin ortaya ¢ikmasini engelleyici bir rol

istlenebilir. (Bischoff, 1995). Bu baglamda, a-glukozidaz inhibitorleri, drnegin

2



akarboz genellikle diger anti-diyabetik ajanlarla birlikte kombine tedavi
yaklagimlarinda kullanilmaktadir. Yapilan ¢aligsmalar, luteolin adli bilesigin de giiclii
bir a-glukozidaz inhibitorii oldugunu ortaya koymustur. Bu bilesik, 0,5 mg/mL'lik bir
derisimde enzimin aktivitesini yaklasik %36 oraninda baskilayabilmektedir. (Kim ve
ark., 2000). 2016 y1l1 itibartyla s6z konusu bilesik, si¢an ve fare modellerinin yani sira
hiicre kiiltlirii sistemlerinde test edilmektedir. Ayrica, flavonoid tiirevlerinin de o-
glukozidaz enzimi iizerinde inhibe edici etki gosterdigi belirlenmistir. (Zhen ve ark.,

2017).

Teorik ¢alismalarda, elektronik Schrodinger denkleminden elde edilen enerji degerleri
ve dalga fonksiyonlari, incelenen malzemelerin kapsamli bir sekilde tanimlanmasi igin
tek basina yeterli degildir. Bu nedenle, atomik ve molekiiler diizeyde daha fazla sayida
fiziksel parametrenin hesaplanmasi1 gerekmektedir. Ozellikle, molekiillerin temel hal
geometrilerinin optimize edilmesi, titresimsel modlarin belirlenmesi, dipol momentin
yani sira dogrusal ve dogrusal olmayan (yiiksek mertebeli) kutuplanabilirlik gibi
ozelliklerin degerlendirilmesi biiyilk dnem tasir. Ayrica, uyarilmis durumlara ait
elektronik gecislerin anlasilmasi i¢in sogurma dalga boylarinin, osilator siddetlerinin
ve gecis dipol momentlerinin hesaplanmasi, teorik verilerin deneysel bulgularla
karsilastirilabilirligini saglamak agisindan gereklidir. Bu tiir hesaplamalar, yalnizca
deneysel sonuglarla iliski kurmakla kalmaz; ayn1 zamanda yapi-6zellik iliskilerinin
sentez ve karakterizasyon siirecinden 6nce degerlendirilmesine de olanak tanir. Ancak
bu yaklasimlarin giivenilirligi, hesaplama sonuglarinin deneysel verilerle ne derece
ortiistiigiiyle dogrudan iliskilidir. (Foresman ve Frisch, 1996). Yogunluk Fonksiyonel
Teorisi (DFT), molekiiler sistemlerin temel hal 6zelliklerini incelemek amaciyla
gelistirilen ve yari-deneysel yaklagimlar ile Hartree—Fock (HF) yontemlerine bir
alternatif olarak one ¢ikan modern bir teorik cergevedir. Bu kurama gore, sistemin
temel hal elektronik enerjisi, yalnizca elektron yogunlugunun uzaydaki dagilimi (p) ile
belirlenebilir ve bu enerji E(p) fonksiyonu ile tanimlanir. DFT nin kuramsal temelleri
ilk olarak 1964 yilinda Hohenberg ve Kohn tarafindan ortaya konmus; bdylece bir
sistemin taban durum O&zelliklerinin yalnizca elektron yogunlugu araciligiyla
belirlenebilecegi gosterilmistir (Mueller, 2001). Teorinin uygulanabilir bir forma
kavugmasi ise, Kohn ve Sham tarafindan Hartree—Fock yaklasimina benzer bi¢imde

gelistirilen denklemler araciligiyla miimkiin olmustur.



Bu tez kapsaminda, 2-piridinkarbaldehitten yola ¢ikilarak elde edilen N-(piridin-2-
ilmetilen)metanamin (L) nin izotiyosiyanat ile 8 adet ve azit ile de 8 adet olmak iizere
toplam 16 adet karisik ligathh metal kompleksleri sentezlenmstir. Elde edilen
komplekslerin yapilar1 X—1s1m1 kirmim yontemi (XRD) veya kiitle spektroskopisi

yontemi kullanilarak aydinlatilmistir.

Yapisal ozellikleri belirlendikten sonra FT-IR spektrumlari titresim frekanslari
incelemek icin yiik transferi etkilesimleri ve elektronik gegisleri incelemek iginde UV—
Vis spektrumlart kullanilmistir. Deneysel yontemlerle detayli analizi yapilan
komplekslerin taban durumundaki yapisal ve titresim 6zelliklerinin teorik analizi hibrit
yogunluk fonksiyonu teorisi (DFT) metodu kullanilarak yapilmistir. Bunun yani sira,
elektronik spektrumlar zamana bagli DFT (TD-DFT) yontemi ile saglanmstir.
Hesaplanmis sonuglar ve deneysel sonuglarin birbirleriyle uyumu karsilastiriimali
olarak  verilmistir. Sentezlenen komplekslerinin elektrik dipol momenti,
kutuplanabilirlik, 1. ve 2. mertebeden lineer olmayan optik parametreler teorik olarak
incelenerek, m-elektronlarinin delokalize etkisi, substitute ve yiik transferi gibi
faktorlerin bu NLO ozellikleri ile iliskisi aragtirllmistir. Kompleks yapilar i¢in sinir
orbitallerdeki HOMO (en yiiksek enerjili dolu molekiiler orbital) ve LUMO (en diisiik
enerjili bos molekiiler orbital) enerjileri hesaplanarak kaydedilmistir. Bu enerjiler
kullanilarak, HOMO-LUMO enerji araligi, elektronegatiflik, kimyasal yumusaklik ve
kimyasal sertlik gibi molekiiler reaktivite parametreleri elde edilmistir. Bunlara ek
olarak SWizard yazilimi1 yardimiyla molekiiler orbitallerden elektronik gecislere
katkilar belirlenmistir. Kompleks i¢inde, optimize yapilar lizerine dogal bag orbitali
(NBO) analizi yapilmistir. Bu analiz, molekiil i¢i ve molekiiller aras1 baglarin yani sira
yiik aktarimi ve konjugasyonla iligkili etkilesimleri detayli bigimde ortaya koymustur.
Ayrica, azot, oksijen ve metal merkezleri iizerinde bulunan eslesmemis elektronlar
arasindaki etkilesim enerjileri de net bigimde belirlenmistir. Molekiiler elektrostatik
potansiyel (MEP) yiizeyler DFT metodu vasitasiyla olusturulmustur. Bu
komplekslerin a-glukozidaz inhibisyon etkileri incelenmistir. Ayrica inhibisyon
mekanizmalar1 ve yapi aktivite iligkilerini belirlemek amaciyla molekiiler yerlestirme

caligmalar1 yapilmistir.



2. LITERATUR ARASTIRMASI

Diyabet, Diyabet, kronik metabolik ve bulasici olmayan bir hastaliktir, birden fazla
etiyolojiye sahip diinyadaki 6liim nedenlerinde onde gelen bes hastaliktan biridir
(Wild ve ark., 2004; Alam, 2012). Bu hastalik mutlak veya goreceli insiilin eksikligi
nedeniyle hiperglisemi ile karakterize edilen sosyoekonomik dnemi olan bir klinik
sendromdur (Aguwa, 2004; Balan ve ark., 2017). Diyabet, klinik olarak tip 1 ve tip 2
seklinde iki ayr1 gruba ayrilir. ilk olarak, tip 1 diyabetin ana nedeni B-hiicrelerinin
otoimmiin yikimidir (Thomas ve Kay, 2000; Iwahashi ve ark., 1998). Bununla birlikte,
tip 2 diyabet sinifi, dogas1 geregi karmasik olmasina ragmen bozulmus insiilin
sekresyonu nedeniyle, insiilin direnci, genetik ve cevresel faktorlerin bu tiir diyabetle
baglantili oldugu belirtilmektedir (Iwahashi ve ark., 1998; Kumari ve Jain, 2012;
Tripath ve ark., 2014).

Diyabet hastaligin1 tedavi etmek igin benimsenen stratejilerden biri bagirsakta
karbonhidrat sindiriminin yavaslatilmasi ve glikoz emiliminin geciktirilmesi ile iligkili
olarak a-amilaz karbonhidrat sindiren enzimler ve gastrointestinal sistemde ao-

glukozidaz gibi enzimlerin inhibisyonunu igerir (Rhabasa-Lhoret ve Chiasson, 2004).

a-Glukozidaz, glikoproteinlerin oligosakarit kismini olusturmak, polisakkaritleri ve
glikokonjugatlart metabolize etmek ve diger temel biyolojik tanima siirecleri igin
onemlidir. a-Glukozidaz, disakkaritleri ince bagirsakta monosakkaritlere doniistiiren
bir enzimdir. Bu enzimi inhibe etmek sindirimi ve hem yemek sonrasi hipergliseminin
hem de asir1 insiilin sekresyonu bastirilmasi sonucu karbonhidratlarin emilmesini
geciktirir (Miyazaki ve ark., 2016). Yapilan c¢alismalar a-glukozidaz aktivitesinin
kontroliiniin veya diizenlenmesinin metabolik bozukluklarin neden oldugu
hastaliklar1, bagisiklik tepkileri, sinir hiicrelerinin farklilagmasi, timor metastazlari ve
diyabet, kanser ve HIV gibi viral enfeksiyonlar1 (Zhu ve ark., 2008; Naowaboot ve
ark., 2009; Raju ve ark., 2010; Yao ve ark., 2010) onleyebildigini gostermistir
(Bertozzi ve Kiessling, 2001; Horii ve ark., 1986; Floris ve ark., 2005; Fernandes ve
ark., 1991; Ogawa ve ark., 2001). Bununla birlikte, iyi bilinen glukozidaz
inhibitorlerinin ¢ogu seker taklitleridir. Noninsiilin bagimh tip 2 diyabet (NIDDM,



T2DM) tedavisinde oral antidiyabetik ilaglar (OAD)’in etkisi a-glukozidaz
aktivitesinin inhibisyonuna dayanmaktadir (Zheng ve Ma, 2015). a-Glukozidaz
inhibitorleri oral antidiyabetik ila¢ sinifidir. Yaygin olarak bilinen ve kullanilan dort
tip a-glukozidaz inhibitorii (miglitol, vogliboz, genistein ve akarboz) Sekil 1’de

verilmektedir (Miyazaki ve ark., 2016).
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Miglitol Vogliboz Genistein Akarboz

Sekil 2.1. Miglitol, vogliboz, akarboz ve genistein’in yapisi (Miyazaki ve ar., 2016)

Azometin (imin) grubu (-C=N-) 6nemli organik bilesik siniflarindan biridir ve bu
bilesklerin biyolojik a¢idan Onemli oldugu ve tibbi bilesiklerin tasarimi igin
kullanildig: bilinmektedir (Khan ve ark., 2008; Igbal ve ark., 2009). Bu grubu igeren
molekiillerin antibakteriyel, antifungal, antimalaryal, anti-enflamatuar ve antipiretik
gibi cesitli farmakolojik aktivitelerinin yani sira boyalar, baslangic materyalleri,
organik sentez ara maddeleri, katalizorler ve polimer stabilizatorleri olarak
kullanimlar1 da bilinmektedir. Genel olarak bu molekiillerdeki ikame gruplarinin
degistirilmesi bu 06zellikleri 6nemli sekilde etkileyebilmektedir. Ayrica azometin
gruplart organometalik kimyada cok etkili ligantlar olarak bilinir. Ciinkii metal
iyonlart ile selatlar olusturan imin gruplart 6zellikle ge¢is metal iyonlariyla giiclii
koordinasyon olusturur (Ghosh ve ark., 2018; Xia ve ark., 2015; Sénmez ve ark.,
2019). Bu nedenle, azometin grubu igeren koordinasyon bilesiklerinin sentezi
potansiyel biyolojik aktiviteleri nedeniyle 6nemli derecede odak noktasi olmustur (da

Silva ve ark., 1997; Al-Amiery, 2012).

Azometin grubu igeren ligant sistemlerinin antipatojenik aktiviteleri incelenmis ve
metal kompleksleri olarak uygulandiginda bu bilesiklerin daha etkili oldugu
bulunmustur (Rodriguez-Argiielles ve ark., 2009). Benzer sekilde, bazi ilaglar gegis
metalleri ile kompleks hale getirildiginde daha fazla aktiviteye sahip oldugu
belirlenmistir (You ve ark., 2008). Bu nedenle, azometin grubu iceren metal

komplekslerinin a-glukozidaz inhibisyonunu arttirabilecegi diisiiniilmektedir.

2015 ve 2016 yillarinda Zheng ve Ma (Zheng ve Ma, 2015, 2016a) tarafindan Sekil
2.2.de gosterilen imin grubu iceren bazi Ag(I) kompleksleri sentezlenmis ve

a—glukozidaz enzim aktivitesine karsi ICso degerleri 0,00431 puM ile 0,492 uM
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arasinda rapor edilmistir. Bu ¢alismada, Ag(I) iyonunun ve —NH grubunun inhibitor
aktivite i¢cin ¢ok onemli oldugu acik sekilde belirtilmistir.
/=N
HN

CH,

—
R
R
N N N
Ag o | Ag o
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Sekil 2.2. Imin grubu iceren baz1 Ag(I) komplekslerin yapisi (Zheng ve Ma, 2015,
2016a)

2017 yilinda Balan ve arkadaglar1 (Balan ve ark., 2017) tarafindan N>O» igeren Zn
kompleksinin in vitro a—amilaz ve o—glukozidaz inhibitér potansiyelinin
degerlendirilmesi baglikli calismada a—glukozidaz inhibisyonu i¢in ICso degeri 0,23
mM olarak bulunmustur (Sekil 2.3.).

HsC CH3
Sekil 2.3. N2O; iceren Zn kompleksinin yapisi (Balan ve ark., 2017)

Sekil 2.4’te verilen baz1 Co(Il) ve etilendiamin komplekslerinin sentezi, spektral,
elektrokimyasal analizi ve a—glukozidaz inhibisyonu ¢alismasi, 2014 yilinda Tripath
ve arkadaglar1 (Tripath ve ark., 2014) tarafindan yapilmistir. Bu ¢alismada elde edilen
[Co(en)s]-SO4 ve [Co(en)s]-2Cl kompleksleri i¢in a—glukozidaz inhibisyon degerleri
927,89 uM ve 784,12 uM olarak rapor edilmistir.

NH

HN H
\/ N

P awik
N
HN / H

HN
L | X=S04, 2CI, 2NO3

Sekil 2.4. [Co(en)3]-SO4, [Co(en):]-2Cl ve [Co(en)3]-2NOs; komplekslerinin yapisi
(Tripath ve ark., 2014)

2017 yilinda Philip ve arkadaslar1 (Philip ve ark., 2017) tarafindan rapor edilen 6-

metil-3-formil kromon tiirevi hidrazonlarin ve bunlarin metal(Il) komplekslerinin

tasarimi, sentezi, DNA baglanmasi ve antidiyabetik aktivitesi ¢aligmasinda, elde

edilen metal(Il) komplekslerinin yapis1 Sekil 2.5.”te verilmistir. Bu metal kompleksler



icin a—glukozidaz enzimine kars1 ICso degerleri 0,1471 mM ile 0,2320 mM arasinda
elde edilmistir. Bu sonuglardan en iyi inhibe edici kompleks Cu(Il) iyonu ile elde

edilen yap1 oldugu goriilmektedir.

lo) N o
(¢] °© o l

H,0 —> ML OH, Zn/
/ - nH,0 / - 2H,0
fe) O
o
N™ X N™
S M=Ni,Cu | ©

Sekil 2.5. 6-metil-3-formil kromon tiirevi hidrazonlarin metal(Il) komplekslerinin
yapist (Philip ve ark., 2017)

Insiilin benzeri etkileri incelemek amaciyla, sigan adipositlerinden FFA salmiminin
inhibisyonu literatiirde yaygin bir deneysel yoOntem olarak kullanilmaktadir
(Yoshikawa ve ark., 2002). Piridin tiirevleri igeren baz1 gecis metali komplekslerinde,
ICso degerleri nikel, mangan, kobalt ve krom kompleksleri i¢in tespit edilememis; buna
karsin diger metallerle olusturulan komplekslerde bu degerler 0,92 mM ile 0,22 mM
araliginda hesaplanmistir (Yoshikawa vd., 2002; Yasumatsu vd., 2007; Yoshikawa
vd., 2009). Ayrica, bu komplekslerin disinda, Wang ve arkadaglar1 tarafindan 2004
yilinda yapilan calismada Mg™2, Mn*2, Ca*?, Ni*?2, V*, V™ Fe™, Zn'? Cu', Hg",
Ag" ve Pb*? gibi cesitli metal iyonlarinin o—glukozidaz iizerine etkisi rapor edilmistir
(Wang ve ark., 2004). Bu raporda, en iyi inhibe eden 2,28 uM degerinde Cu*? iyonu
iken en az inhibe eden 217 pM degerinde Fe*? iyonu oldugu belirtilmektedir. Ayrica,
Zn*? ve V* iyonlar1 i¢in de 99,3 uM ve 44,8 uM degerleri verilmistir. Bu baglamda,
secilen bazi metallerin yer alacagi ve azot igeren heterosiklik yapili (N-(piridin-2-
ilmetilen)metan/etan-amin, 2,2’-bipiridil, 1,10-fenantrolin, gibi) farkli koordinasyon
komplekslerde  o—glukozidaz  aktivitelerin  ve  sitotoksisite  Ozelliklerinin
incelenmesinin yani sira elektronik o6zelliklerinin deneysel ve kuramsal olarak
aragtirlmas1 da yapi-aktivite iligkilerinin ve inhibisyon mekanizmalarinin ortaya

cikarilmasi agisindan biiyiik 6nem tagimaktadir.

Avct ve calisma arkadaslari tarafindan sentezlenen 6—metilpikolinik asit igeren karisik
liganth farkli metal komplekslerin a—glukozidaz enzim aktivite ¢alismalari sonucunda
ICso degerleri 0,161 uM ile >600 uM (Ave1 ve ark., 2018, 2019a, 2019b, 2019c¢, 2020a,
2020b, 2021) arasinda degisen degerler olarak bulunmustur. Elde edilen bulgular, o-

glukozidaz enzimi iizerinde en giiclii inhibitor etkinin Hg(II) metal tuzu ile olusturulan



komplekslerde gozlendigini, ayrica Zn(Il), Cr(Ill), Fe(Il), Cd(II) ve Cu(Il)
komplekslerinin de enzimi mikromolar diizeyde inhibe edebildigini ortaya koymustur.

Bazi1 kompleks yapilar ve ICso degerleri Sekil 2.6.”da verilmistir.

0
,%
- @@
HyC \ 0 / H2O N ¥ 0\ /N | N
/ \Hg<0 \N \ H30’<\ HO o Mn/ CI//zn\/ =
e/xia ’: H,0 HZOG\Q ?;f o ("
—n
Lo§ \

Cd

»
C
=%

[CANCS)(6-mpal], [Hg(6-mpa)(bpy)(OAC)]-2H;0 Co(6-mpaly(bpy) [Cu(6-mpa)(dipya)(OAc)].3H,0  [Mn(B-mpa)y(phen)]-2H;,0 [Zn(6-mpa)(dmdpy)Clo]:H,0

IC5o = 240,08 M IC59= 0,184 uh ICs = >600 M IG5 = 513,10 uM 1Cs0=>600 b (Cso = >600 uM

Sekil 2.6. 6—metilpikolinik asit iceren karisik ligantli baz1 metal komplekslerin yapisi
ve 1Cso degerleri (Avct ve ark., 2018, 2019b, 2019¢, 2020a, 2020b)

Sekil 2.6.’da verilen Hg kompleksinin enzim inhibisyonu i¢in elde edilen ICso degeri
0,184+0,015 uM iken MTT (3-(4,5-Dimetil-2-tiyazolil)-2,5-difenil-2H-tetrazolyum
bromiir) metodu ile yapilan sitotoksisite ¢alismasindaki ICso degeri 24,141+1,039 uM
olarak bulunmustur. Bu sonuca gore, inhibisyon konsantrasyonu sitotoksik etki
gosterdigi konsantrasyondan 131,20 kat daha diisiiktiir ve bu degerler dikkate
alindiginda Hg kompleksinin saglikli hiicre tizerindeki toksik etkisinin ihmal edilebilir
seviyede oldugu sdylenebilir (Aver ve ark., 2019b). Bu nedenle, agir metal olarak
bilinen civa ve kadmiyumun kompleks yapi icerisinde canli hiicre tizerindeki toksik
etkilerinin ihmal edilebilir seviyede olmas1 a—glukozidaz inhibitorii olarak

kullantminin uygun olacag: diisiiniilebilir.

Yukarida verilen c¢aligmalarda gerek heteroatom igeren ligantlarin metal
komplekslerinin gerekse de azometin grubu iceren komplekslerin o-glukozidaz
enzimini inhibe ettigi goriilmiistiir. Bu dogrultuda, heteroatom igeren ligantlara ait
metal komplekslerinin, biyolojik sistemlerde yer alan enzim-substrat kompleksleriyle
yapisal, spektroskopik ve katalitik benzerlikler tasidigi bilimsel ¢aligmalarla ortaya
konmustur (Constable ve Steel, 1989; Adams ve ark., 1990; Driessen ve ark., 1994;
Gollapalli ve ark., 2019; Ghani, 2015). Malzeme ve tibbi kimyadaki bir¢ok uygulama
nedeniyle, azot iceren heterosiklik yapilar (N-(piridin-2-ilmetilen)metan/etan-amin,
2,2’-bipiridil, 1,10-fenantrolin, gibi) farkli koordinasyon komplekslerinin sentezi ve
dizayni, kataliz, dogrusal olmayan optik, luminesans gibi fizikokimyasal 6zelliklerin

arastirilmasi, biyolojik ve farmasotik aktivitelerin incelenmesi bakimindan biiyiik



onem tagimaktadir (Demadis ve Katarachia, 2004; Monot ve ark., 2008; Umeda ve
ark., 2010; Saito ve ark., 1972; Amani ve ark., 2007; Mobin ve ark., 2016; Tamer ve
ark., 2018; Zhu Li-N ve ark., 2008; Yang ve ark., 2016; Barquin ve ark., 2010; Santos
ve ark., 2018). Literatiir ve onceki ¢alismalardan elde edilen sonuglar incelendiginde
Cu, Zn, Cd, Hg ve Ag gibi metalleri iceren komplekslerin a—glukozidaz inhibitor
aktivitelerinin mikromolar seviyesinde olmasindan dolayi tez ¢aligmasinda bu metal
tuzlart se¢ilmistir. Ayrica metil, etil gibi alkil gruplarinin indiiktif olarak elektron
destegi saglamalarinin hem kompleks olusumunda hem de biyolojik aktiviteye katki
saglayacagi diisiiniilmektedir. Ayrica metal iyonlari, heterosiklik yapilar ve azometin
gruplarini iceren kompleks yapilarin enzim aktif bolgesi ile etkileserek inhibisyonu

arttiracagi, ayrica diisiik sitotoksiteye sahip olacagi dngdriilmektedir.

Bilim ve teknolojideki ilerlemeler agisindan, kuantum kimyasal verilerin deneysel
bulgularla iligkilendirilmesi ve deneysel olarak dogrudan olgiilebilen niceliklerin
kuramsal yoOntemlerle hesaplanmasi ilgi c¢ekmektedir. Son zamanlarda yapilan
calismalar, kuramsal ve deneysel arastirmalarin birlikte ele alindigini ve yogunluk
fonksiyonel teorisi (DFT) metotlarinin yogun bir sekilde kullanildigin1 géstermektedir
(Castet ve ark., 2013; Clays ve Coe, 2003; Kukovec ve ark., 2013; Altiirk ve ark.,
2016; Avcer ve ark., 2018). Buda yeni malzemelerin hem deneysel hem de kuramsal
olarak incelenmesine olanak saglanmaktadir. Ayrica teorik ydntemlerin
kullanilmasiyla elde edilecek bilesiklerin farkli molekiiler 6zelliklerin (mikroskobik
boyutta dogrusal olmayan optik gibi) incelenmesine imkan verecektir. Bu durum,
deneysel calisma yapmanin miimkiin olmadigr durumlarda DFT yd&ntemleri
kullanilarak ikinci ve igiincii mertebeden NLO parametrelerinin kuramsal olarak
incelenmesi, birinci ve ikinci mertebeden statik/dinamik yiiksek kutuplanabilirlik (8
ve y) degerlerinin hesaplanmasiyla miimkiin olmaktadir. Bununla birlikte, DFT ve TD-
DFT yontemleri kullanilarak temel ve uyarilmis hal 6zelliklerinin belirlenmesi, atom
ve molekiil fizigi, katihal fiziginin yani sira malzeme ve kimya gibi farkli bilim

alanlarinda da kullanilmaktadir.
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3.SENTEZ, KRISTAL YAPILAR VE DFT HESAPLAMALARI:
IZOTIYOSIYANAT ICEREN N-(PIRIDIN-2-ILMETILEN)METANAMIN
YENI MN(II), CO(I) VE Ni(I) KOMPLEKSLERININ UMUT VADEDEN
OPTIK MALZEMELER OLARAK INCELENMESI

Bu béliim Ek A’da verilen “Avci, D., Ozge, O., Basoglu, A., Sénmez, F., Tamer, O.,
Dege, N., & Atalay, Y. (2023). Synthesis, crystal structures, and DFT calculations:
novel Mn (II), Co (II) and Ni (II) complexes of N-(pyridin-2-ylmethylene)
methanamine with isothiocyanate as promising optical materials. Optical and

Quantum Electronics, 55, 408.” kiinyeli makaleden olusturulmustur.

Bu c¢alismada, sentezlenen komplekslerin optik ozelliklerini incelemek amaciyla,
elektronik 6zelliklerine dair yapilan deneysel ve teorik arastirmalar, yapi—6zellik

iligkilerinin ortaya konulmasi agisindan biiylik 6nem tagimaktadir.

Optik parametreleri incelemek amaciyla, 2-piridin karboksaldehit ile metilaminin
kondenzasyon reaksiyonu sonucu Schiff bazi olarak elde edilen N-(piridin-2-
ilmetilen)metanamin (L;) ve izotiyosiyanat igeren yeni metal kompleksleri
{IMn(L1)2(NCS)2] (1), [Co(L1)2(NCS)2] (2), [Ni(L1)2(NCS)2] (3)} sentezlenmistir
(Avct ve ark., 2023). Kompleks 1, 2 ve 3’iin spektral 6zellikleri FT-IR ve UV-Vis
spektroskopisi ile incelenmis, yapisal karakterizasyonlar1 ise XRD (kompleks 1 ve 2
icin) ve LC-HRMS (kompleks 3 icin) ile gerceklestirilmistir. Ayrica, kompleksler 1
ve 2 i¢in molekiiller aras1 etkilesimleri tanimlamak amaciyla Hirshfeld yiizey analizi
yapilmistir. Kompleks 1-3’iin optimum yapilari, spektral ve dogrusal olmayan optik
parametreleri ile elektronik gecislerdeki onemli katkilar1 belirlemek iizere DFT/TD-
DFT yontemleri kapsaminda CAM-B3LYP ve «B97XD/6-311+G(d,p)//LanL2DZ
diizeylerinde teorik hesaplamalar gerceklestirilmistir. Orta IR bolgesinde kompleksler
1-3 icin ortalama kirilma indisi/kutuplanabilirlik degerleri sirasiyla 1,63/5,87x107%
esu, 1,46/4,80x102* esu ve 1,50/4,48x107** esu olarak bulunmustur. UV—Vis sogurma
parametreleri dikkate alinarak, metanoldeki kompleks 1-3 i¢in deneysel kirilma indisi,
optik bant araligi, kutuplanabilirlik, optik iletkenlik ve ili¢lincii dereceden dogrusal
olmayan optik duyarlilik parametreleri incelenmistir. 4,68, 4,21 ve 5,25 eV foton
enerjilerinde maksimum t¢iincli derece NLO duyarlilik degerleri sirastyla 51,65 x 10"

1351,42x1013 ve 51,42x10"° esu olarak elde edilmistir. Kisaca, sentezlenen



kompleksler i¢in yapi—ozellik iliskisi baglaminda detayli deneysel ve teorik spektral
ve optik parametreler arastirilmistir. Elde edilen NLO sonuglar, kompleks 1’in
gelecekte veri depolama, telekomiinikasyon, lazer teknolojisi vb. alanlarda NLO

malzeme aday1 olabilecegini gostermektedir.
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4. IZOTIYOSIYANAT ICEREN SCHIiFF BAZI METAL KOMPLEKSLERI
!"JZE.Ri.NE. SENTEZ, DFT HESAPLAMALARI, A-GLUKOZIDAZ
INHIBITOR AKTIiVITESI VE YERLESTIRME CALISMALARI

Bu béliim Ek B’de verilen “Ozge, O., Avci, D., Sénmez, F., Tamer, O., Dege, N.,
Basoglu, A., Atalay, Y., & Zengin Kurt, B. (2023). Synthesis, DFT calculations, o-
glucosidase inhibitor activity, and docking studies on Schiff base metal complexes
containing isothiocyanate. Applied Organometallic Chemistry, 37(5), €7084.” kiinyeli

makaleden olusturulmustur.

Bu calisma, mevcut bilesiklerden daha etkili a-glukozidaz inhibitorleri tasarlamak ve
sentezlemek amaciyla gergeklestirilmistir. Bu baglamda, sentezlenen komplekslerin a-
glukozidaz aktivitelerinin incelenebilmesi i¢in elektronik 0Ozelliklerine ydnelik
deneysel ve hesaplamali arastirmalar, yapi-aktivite iligkilerinin ve inhibisyon
mekanizmalarinin ortaya konulmasi acisindan biiylikk Onem tasimaktadir. Bu
kapsamda, N-(piridin-2-ilmetilen)metanamin ve izotiyosiyanat i¢eren yeni bir metal
kompleks serisi (4-8) sentezlenmistir (Ozge ve ark., 2023). Kristal yapis1 XRD
yontemi ile tanimlanan Cd (II) kompleksi (4) haricinde, diger komplekslerin (5-8)
yapilart LC-HRMS ve FT-IR spektrumlariyla karakterize edilmistir. Kompleks 4-8’in
a-glukozidaz inhibitor aktiviteleri belirlenmistir. Ayrica, komplekslerin elektronik
spektral davraniglar1 deneysel ve teorik olarak detayli sekilde incelenmistir. Son
olarak, ligantlarin hedef proteinle olan etkilesimlerini belirlemek ve in vitro o-
glukozidaz aktivite sonuglarini yorumlayabilmek amaciyla yerlestirme (docking)

analizleri gergeklestirilmistir.

Diyabet, 21. yiizyilin en hizli biiyliyen kiiresel saglik krizlerinden biridir. Diyabet
tedavisinde kullanilan mevcut terapétik yaklasimlardan biri, o-glukozidaz gibi
karbonhidrat hidrolizleyen enzimlerin baskilanmasina dayanmaktadir. Bu baglamda,
a-glukozidaz inhibitorleri, diyabetin tedavisinde ve Onlenmesinde O6nemli bir rol
oynamaktadir. Bu nedenle, izotiyosiyanat igeren yeni Schiff bazi kompleksleri
{[CA(L1)2(NCS)2] (4), [Zn(L1)2(NCS)2] (5), [Cu(L1)2(NCS)-] (6), [Ag(L1)NCS)2] (7),
[Hg(L1)2(NCS)CI1] (8); Li: N-(piridin-2-ilmetilen)metanamin} sentezlenmis ve o-

glukozidaz inhibitor potansiyelleri arastirilmistir. Kompleksler 4-8’in 1Cso degerleri



0,2376 + 0,82 ile 251,403 + 2,54 uM arasinda bulunmustur. Bu kompleksler arasinda,
kompleks 8 en yiiksek o-glukozidaz inhibitér Ozelligine sahiptir. Ayrica,
komplekslerin optimum yapilarinin, spektral 6zelliklerinin, lineer ve dogrusal
olmayan optik (NLO) o6zelliklerinin elde edilebilmesi amaciyla CAM-B3LYP ve
oB97XD/6-311+G (d,p) // LanL2DZ diizeylerinde TD-DFT/DFT hesaplamalari
yapilmistir. Elde edilen teorik NLO sonuclarina gore, kompleks 6 mikroskobik

dogrusal olmayan optik 6zellikler agisindan giiclii bir gosterge niteligindedir.
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5.YENI SCHIFF BAZI-AZID METAL KOMPLEKSLERi: SENTEZ,
SPEKTRAL, DOGRUSAL OLMAYAN OPTIiK VE DFT CALISMALARI

Bu béliim Ek C’de verilen “Avei, D., Ozge, O., Sénmez, F., Basoglu, A., Tamer, O.,
& Atalay, Y. (2024). Novel schiff base-azide metal complexes: Synthesis, spectral,
nonlinear optics, and DFT studies. Materials Science in Semiconductor Processing,

179, 108523.” kiinyeli makaleden olusturulmustur.

Kullanigli NLO (dogrusal olmayan optik) materyaller gelistirmek ve {iretmek
amaciyla, N-(piridin-2-ilmetilen)metanamin (Li) ve azido (—Ns) ligantlarin1 igeren
yeni metal kompleksleri (9—11) sentezlenmistir (Aver ve ark., 2024a). Bu kompleks
yapilarin (9-11) karakterizasyonlari, kiitle spektrometrisi (LC-HRMS), toz XRD ve
FT-IR spektrumlar1 ile gerceklestirilmistir. Sentezlenen komplekslerin teorik
mikroskobik NLO ve elektronik 6zellikleri deneysel ve DFT yontemleri kullanilarak
incelenmis ve yapi-aktivite iligkileri belirlenmistir. Ayrica, koordinasyon
bilesiklerinin  yapi-6zellik iliskileri DFT/wB97XD ve DFT/CAM-B3LYP

fonksiyonelleri kullanilarak kapsamli bir sekilde arastirilmistir.

Dogrusal olmayan optik (NLO) tabanli teknolojilerin gelistirilmesi amaciyla, giincel
aragtirmalar koordinasyon malzemelerinin tasarimi ve sentezine odaklanmaktadir. Bu
baglamda, spektral ve teorik dogrusal optik (LO)/dogrusal olmayan optik (NLO)
davraniglar1 incelemek iizere azid igeren yeni metal kompleksleri {{Mn(L1)2(N3)2], (9);
[Ni(L1)2(N3)], (10); [Co2(L1)2(N3)2]-2H20, (11); Li: N-(piridin-2-
ilmetilen)metanamin} sentezlenmistir. Kompleks 9-11'in titresimsel ve elektronik
spektral 6zellikleri FT-IR ve UV—Vis spektrumlari ile incelenmistir. Komplekslerin
merkez metal iyonuna ve koordinasyon geometrilerine bagli olarak mikroskobik statik
dogrusal olmayan davranislar, CAM-B3LYP/ ve ©B97XD/6-311+G(d,p)//LanL2DZ
diizeylerinde yogunluk fonksiyonel teorisi (DFT) kullanilarak arastirilmistir. Ayrica,
ayn1 diizeyde zaman-bagimli yogunluk fonksiyonel teorisi (TD-DFT/DFT) ile
kompleks 9-11’in titresimsel ve elektronik &zellikleri analiz edilmistir. Bununla
birlikte, kompleks 9-11 i¢in dogrusal optik, ikinci ve tigiincii dereceden dogrusal
olmayan optik duyarlilik olarak bilinen teorik ", ¥® ve y* parametreleri ile dogrusal,

ikinci ve iigiincii dereceden polarizasyon parametreleri (P, P® ve P®)) incelenmistir.



CAM-B3LYP diizeyinde elde edilen en yiiksek <B(0; 0,0)> degeri, kompleks 10 i¢in
262,55x1073° esu olarak bulunmus olup, bu deger iire ile karsilastirildiginda sirasiyla
820,5 ve 2019,6 kat daha biiyiiktiir (iire i¢in <B>: 0,32x1073? esu ve 0,130x107 esu).
<y(0; 0,0,0)> sonuglari, CAM-B3LYP diizeyinde 2216,40x107¢ esu ile kompleks 9’un
en yiiksek degeri verdigini gdstermekte olup, bu deger pNA (15x1073¢ esu) ve iire
(7x1073¢ esu) ile karsilastirildiginda sirastyla 47,76 ve 316,63 kat daha yiiksektir.
Kompleksler 10 ve 9 sirasiyla umut verici mikroskobik ikinci ve iiglincii dereceden
NLO ozellikler sergilemistir. Bu bulgulardan, optoelektronik ve telekomiinikasyon
alanlarinda uygulama potansiyeli olan NLO malzemelerine dair kayda deger bilgileri

icerdigi sonucuna varilmistir.
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6. YENIi AZID METAL KOMPLEKSLERI UZERINE iIN VITRO A-
GLUKOZIDAZ, MOLEKULER YERLESTIRME VE YOGUNLUK
FONKSIYON TEORIiSi CALISMALARI

Bu béliim Ek D’de verilen “Avci, D., Ozge, O., Sonmez, F., Tamer, O., Basoglu, A.,
Atalay, Y., & Zengin Kurt, B. (2024). In vitro a-glucosidase, docking and density
functional theory studies on novel azide metal complexes. Future Medicinal

Chemistry, 16(11), 1109—1125.” kiinyeli makaleden olusturulmustur.

Azometin ve azid gruplari, koordinasyon kimyasinin tibbi uygulamalarinda oldukca
etkili ligantlar olarak kabul edilmektedir (Montazerozohori ve ark., 2015;
Thamilarasan ve ark.,2015; Balan ve ark., 2017; Miyazaki ve ark., 2016) Bu ligantlar,
tek disli, iki disli veya ¢ok disli komplekslerin olusumuna katilabilecek yiiksek
derecede koordinasyon esnekligine sahiptir. Ayrica, potansiyel biyolojik aktivitelerde
onemli roller istlendikleri iyi bilinmektedir. Bu nedenle, hedef komplekslerin
sentezinde bu ligantlar tercih edilmistir. Bu ¢alismada, daha giicli a-glukozidaz
inhibitorleri tasarlamak ve gelistirmek amaciyla, N-(piridin-2-ilmetilen)metanamin
(L1) ve azid (Ns") ligantlarini igeren bes yeni metal kompleksi (12—16) sentezlenmistir
(Avct ve ark., 2024b). Bu komplekslerin yapilar1 'H ve *C NMR (Cu iceren kompleks
12 harig), kiitle (LC-HRMS) ve FTIR spektroskopi yontemleri ile belirlenmistir.
Komplekslerin a-glukozidaz tizerindeki ICso degerleri elde edilmistir. Sentezlenen
kompleksler iizerinde yapilan in vitro a-glukozidaz ¢aligmalari ve bunlarin elektronik
ozelliklerinin deneysel ve DFT yontemleriyle incelenmesi, yapi—aktivite iligkilerinin
belirlenmesinde 6nemli rol oynamaktadir. Ayrica, hedef protein ile ligantlar arasindaki
etkilesimleri belirlemek ve aktivite sonuglarimi yorumlamak amaciyla molekiiler
kenetleme (doking) calismalar1 gerceklestirilmistir. Bunun yani sira, DFT/0B97XD
ve DFT/CAM-B3LYP fonksiyonellerinin 06zgiin ozellikleri ve yetenekleri, bu
yontemlerin metal komplekslerinin yapi—6zellik iliskileri baglaminda davraniglarini

daha derinlemesine anlamada fayda saglamasini miimkiin kilmaktadir.

Bu calismada sentezlenen metal komplekslerinin (12—16) tip 2 diyabet tedavisinde a-
glukozidaz inhibitorii olarak kullanilabilme potansiyelleri arastirilmigtir. Bu

komplekslerin hedef proteinle etkilesimleri molekiiler kenetleme (doking),



calismasiyla ve titresimsel, elektronik ve dogrusal olmayan optik 6zellikleri yogunluk
fonksiyonel teorisi (DFT) caligmalariyla aragtirilmistir. Kompleksler arasinda, Hg
iyonu igeren kompleks 13 (ICso=0,2802 £ 0,62 uM), en yiiksek a-glukozidaz inhibitor
etkisini gostermistir. Ote yandan, Cu ve Ag iyonlar1 igeren komplekslerde de kayda
deger sonuglar elde edilmistir. /n vitro ve doking analiz sonuglarina gore, kompleks
13 potansiyel bir alternatif anti-diyabetik inhibitér aday1 olabilme potansiyeline

sahiptir.
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7. SONUC VE ONERILER

Yiiksek derecede koordinasyon esnekligine sahip Schiff baz, izotiyosiyanat ve azid
iceren koordinasyon bilesiklerin tibbi ve dogrusal olmayan optik uygulamalarinda
etkili ligantlar oldugu bilinmektedir. Ayrica, potansiyel biyolojik aktivitelerde dnemli
roller iistlendikleri dikkate alinarak, bu ¢alisma mevcut bilesiklerden daha etkili a-
glukozidaz inhibitorleri tasarlamak ve sentezlemek amaciyla gerceklestirilmistir. Bu
baglamda, sentezlenen komplekslerin a-glukozidaz aktivitelerinin incelenebilmesi
icin elektronik Ozelliklerine yonelik deneysel ve hesaplamali arastirmalar, yapi-
aktivite iliskilerinin ve inhibisyon mekanizmalarinin ortaya konulmasi agisindan
biliylik onem tagimaktadir. Ayrica teorik yontemlerin kullanilmasiyla elde edilen
bilesiklerin farkli molekiiler 6zelliklerinin (mikroskobik boyutta dogrusal olmayan
optik gibi) incelenmesine olanak saglanmaktadir. Bu durum, deneysel c¢aligma
yapmanin miimkiin olmadigi durumlarda DFT yontemleri kullanilarak ikinci ve
ictincli mertebeden NLO parametrelerinin kuramsal olarak incelenmesi, birinci ve
ikinci mertebeden statik yiiksek kutuplanabilirlik (B ve vy) degerlerinin
hesaplanmasiyla miimkiin olmaktadir. Bununla birlikte, DFT ve TD-DFT yontemleri
kullanilarak temel ve uyarilmis hal 6zelliklerinin belirlenmesi, atom ve molekiil fizigi,
katihal fiziginin yani sira malzeme ve kimya bilimi gibi farkli alanlarda da
kullanilmaktadir. Bu kapsamda, N-(piridin-2-ilmetilen)metanamin (L1), izotiyosiyanat
ve azid igeren yeni metal kompleksler serisi (1-16) sentezlenmistir. Bu
komplekslerden 3 tanesi {[Mn(L1)2(NCS)2], (1), [Co(L1)2(NCS)2], (2) ve
[Cd(L1)2(NCS)2], (4)} tek kristal yapida elde edilmis olup XRD yoéntemi ile yapilari
tanimlanmistir. Diger 13 kompleksin (3,5-16) yapilar kiitle (LC-HRMS) ve FT-IR

spektrumlariyla karakterize edilmistir.

Kompleksler 1-3 i¢in UV—Vis bolgesinde metanol ortaminda elde edilen deneysel
liciincii derece dogrusal olmayan optik (NLO) duyarlilik (x®)) sonuglari; sirastyla 4,68,
4,21 ve 5,25 eV foton enerjilerinde maksimum zirvelerde yaklasik olarak ayni degerde
bulunmustur (x® = 51,65 x 1013, 51,42 x 10® ve 51,42 x 10" esu) (Ek A). Bu
caligmada Z-tarama (Z-scan) teknigi ile li¢linclii derece NLO duyarliligi, dogrusal

olmayan kirilma indisi ve sogurma parametreleri Ol¢iillememis olsa da, teorik ve



deneysel olarak elde edilen {iglincli derece NLO parametreleri, kompleks 1’in

optoelektronik cihazlarin gelistirilmesinde kullanilabilecegini gostermektedir.

Kompleksler 4-8’de, a-glukozidaza kars1 ICso degeri 5,618 uM olan kompleks 6’nin,
B ve y parametreleri dikkate alindiginda umut verici bir NLO (nonlineer optik)
materyal aday1 olarak degerlendirilebilecegi 6ngoriilmiistiir. Bu ¢aligmada, L1 ve NCS
ligantlarinin metal kompleksleri baglaminda, in vitro/doking ve NLO sonuglari
dikkate alindiginda, kompleks 8’in (ICs50=0,2376 uM) tip 2 Diyabet (T2DM) igin
alternatif bir ila¢ adayi, kompleks 6’nin ise NLO materyal adayma sahip yapilar
oldugu belirtilebilir.

CAM-B3LYP diizeyine gore, y, n ve o degerleri kiigiikten biiylige su sirayla elde
edilmistir: Kompleks 11 < kompleks 10 < kompleks 9. En kiiciik degerler, kopriilii bir
yapiya sahip olan kompleks 11'de elde edilmistir. Polarizasyon egilimindeki artis ise
su sirayla gozlemlenmistir: Kompleks 10 < kompleks 9 < kompleks 11. Kompleksler
arasinda, en yiiksek <B(0; 0,0)> degeri kompleks 10'da gozlenmistir. CAM-B3LYP
diizeyine gore bu deger (262,55x1073 esu), iire sonuclarina gére (0,32x107%° esu ve
0,130x107° esu) sirastyla 820,5 ve 2019,6 kat, pNA sonucuna gore ise (9,2x107 esu)
28,5 kat daha biiytiktiir. Bu parametrenin yiiksek olmasinin, Ni iyonu i¢eren kompleks
10'un simetri merkezi olmayan (non-centrosymmetric) yapisina bagli oldugu
diisiiniilebilir. Kompleks 9 i¢in en yiiksek <y(0;0,0,0)> degeri, CAM-B3LYP diizeyine
gbre 2216,40x107%¢ esu olarak elde edilmis olup, bu deger pNA’ya (15 x 107 esu)
gore 147,76 kat, iireye (7 x 107% esu) gore ise 316,63 kat daha biiyiiktiir. B ve vy
sonugclari, sirasiyla kompleks 10 ve 9’un mikroskobik ikinci ve ti¢lincii dereceden NLO
ozellikler agisindan oldukga etkili oldugunu gostermektedir. Bu sonuglarmn %@ ve 3
parametrelerinin sonuglariyla da desteklendigi goriilmektedir. Lineer azid anyonunun,
kompleks 10°un geometrisi, v igareti ve biiyiikliigii izerinde dramatik bir etkisi oldugu

gozlemlenmistir.

Kompleksler 12—16 i¢in ICso degerleri 0,2802 + 0.62 ile 420,88 £+ 1.42 uM araliginda
elde edilmistir. Kompleks 13, en yiiksek o-glukozidaz inhibitor aktivitesini
gosterirken, kompleks 14 en diisiik inhibitdr aktiviteye sahiptir. Ayrica, kompleks 12
(1,562 £+ 0,83 uM) ve kompleks 15 (1,274 £ 0,32 uM)’de anlamli ICso degerlerine
sahiptir. Bu sonuglar, reseptor-ligant etkilesimlerini ortaya koyan doking caligmalari
ile desteklenmistir. Ek olarak, toplam 50 ns’lik molekiiler dinamik (MD)

simiilasyonlari ile yapilan ¢aligmalarda, bilesiklerin MD simiilasyonu boyunca kararli
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oldugu gosterilmistir. Kompleks 15 ve kompleks 12, a-glukozidaza kars1 anlamli ICso
degerleri gosterirken, ayni zamanda B ve y sonuglari, sirasiyla bu komplekslerin
mikroskobik ikinci ve licilincii dereceden NLO oOzellikler acgisindan oldukga etkili
oldugunu gostermektedir. Sonug olarak, Schiff baz—azid metal kompleksleri arasinda,
kompleks 13'iin Tip-2 diyabet icin alternatif bir anti-diyabetik inhibitor olabilecegi,
kompleks 12 ve kompleks 15’in ise NLO materyal adaylar1 olarak Onerilebilecegi

distiniilmektedir.

Molekiiler doking ve in vitro sonuglarina gore, yapi—aktivite iligkileri dikkate
alindiginda Cu, Ag ve Hg iceren metal komplekslerin a-glukozidaza kars1 iyi inhibitor
ozellik sergiledigi sonucuna varilmistir. Yiiksek inhibe 0zelligi gdsteren bu
komplekslerin ve daha fazlasinin ileri aragtirmalar ve in vivo ¢alismalar1 igin ¢ok

disiplinli yeni akademik is birligine katki saglayacagi diisiiniilmektedir.

Bu tez ¢alismasi kapsaminda 4 adet SCI kapsaminda makale yayimlanarak ¢iktilari

literatiire kazandirilarak bilim diinyasi ile paylasilmistir.
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Abstract

To investigate the optical parameters, novel metal complexes of N-(pyridin-2-ylmeth-
ylene)methanamine (L), obtained as Schift’ base by the condensation reaction of 2Z-pyri-
dinecarboxaldehyde with methylamine, and isothiocyvanate {[Mn(L L(NCS)D (1),
[CofL i NCE) 1L (20 [N(L 0 (NCS), . (30 were synthesized. FT-IR and U%-Vis spectra
were applied to examine the spectral features for complexes 1,23 characterized by XRDV
LC-HEMS. Hirshfeld surface analysis was performed to describe intermolecular interac-
tions for complexes 1 and 2. Maoreover, the CAM-B3LYP and wB97XINV6-311 + Gid. pW/
LanlL.ZDZ levels of DFT/TD-DFT methods were used to survey optimal complex struc-
tures, spectral and nonlinear optical parameters, as well as remarkable contributions in
the electronic transitions for synthesized complexes 1-3. In the mid-1R region, the mean
refractive index/polarizability parameters for 1=3 were found to be 1.63/5.87x 10 M esn,
1.46/4 803 107 esn, and 15004 48 3 1075 esu, respectively. By considering the TUW-Vis
absorption parameters, the experimental refractive index, optical band gap, polarizability,
optical conductivity, and third-order nonlinear optical susceptibility parameters for com-
plexes 1-3 in methanol were examined. The maximum third-order NLOY susceptibilit
values in the photon energies of 4.68, 4.21, and 3.25 eV were obtained at 51.65 » 10 )
51421077 and 51425 107" esn, respectively. In short, detailed experimental and cor-
responding theoretical spectral and optical parameters for the synthesized complexes were
investigated in terms of structure—property. The NLO resulis display that complex 1 may
be a candidate for MLO material using in data storage, elecommunications, laser technol-
ogy, etc. sectors in the future.

Keywords Schiff base - Isothiocyanate - Metal complex - SC-XRD, UV-Vis absorption
spectra - Hirshfeld surface analysis - Optical properties - Density functional theory
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1 Introduction

In recent years. the synthesiz and design of new organic, metal-organic compounds in
nonlinear optics owing to their implementations in the improvement of photonic devices
such as optical switches, optical communication and limiting, etc. has been greai aiien-
tion (Derkowska-Zielinskaa et al. 2020: Uddin et al. 2022; Kanwal et al. 2022). Organic
compounds in NLO materials are usually formed by connecting eleciron-donating and
withdrawing groups via a x-elecironic bridge with a major D-x-A delocalized system. The
presence of N and () atoms in heteroaromatic rings, as electron donor parts in coordination
systems, is important both for providing coordination fexibility with metal ions and for the
construction of new second and third-order effective NLO materials. In these compounds,
Schiff base complexes among NLO materials may be of interest (Lacroix et al. 19%6: Lac-
roix 20010 Lin et al. 2006; Costes et al. 2005). It is known that compounds containing
the azomethine or imine group (—C=MN-). which is one of the important classes of organic
compounds, have a biologically important place and are also used in the design of medici-
nal compounds (Uddin et al. 2022; Kanwal et al. 2022; Khan et al. 2008; Igbal et al. 200%;
Stnmez et al. 2019). These compounds exhibit diverse pharmacological properties such as
anti-inflammatory, antimalarial, antibacterial. antifungal. and antipyretic. as well as start-
ing materials, catalysts, imtermediates, and polyvmer stabilizers (Abdalkarim et al. 2021;
Petrus et al. 2013). In addition, azomethine groups are very effective ligands in organome-
tallic chemistry due to their versatile coordination and coordination fexibility (Ghosh et al.
2018; Xia et al. 2013). Therefore, the svnthesis of azomethine-containing coordination
compounds has been a major focus due to their potential biological and optical activities
(Lacroix et al. 1996 Lacroix 2001 Liu et al. 2006 Costes et al. 2005; Khan et al. 200%;
Igbal et al. 200%; Abdalkarim et al. 2021; Petrus et al. 2013; Ghosh et al. 2005 Xia et al.
20135; Sarkar et al. ZO00E: Silva et al. 1997, Al-Amiery 2012).

It iz reported that heteroatom-based metal complexes are match to some enzyme—sub-
strate structures in living organisms in terms of structural, spectroscopic and catalytic
properties (Constable and Steel [98%, Driessen et al. 1994 Gollapalli et al. 201%; Ghan
2015). By considering receni advances in complex structures containing azomethine
besides examining biological and pharmaceutical activities, the synthesis and design of
different coordination complexes of nitrogen-containing heterocyclic structures/pseudohal-
ides (such as M-(pyridin-2-ylmethylene imethanamine, 4.4°-dimethyl-2,2-bipyridine, azide,
izothiocyanate, thiocvanate, etc.), as well as physicochemical features (nonlinear optics,
catalysis, luminescence eic.) have been broadly investigated (Aver et al, 2018, Z019, 2020,
1205, 202 1a; Saito et al. 1972; Mobin et al. 2006; Li-J. Yang, Qing-L. Lin, Ming-X. Wang,
Lian-5. Gu, Yang-H. Luo, Bai-W. 2016; Barquin et al. 2000, Amirnase et al. 2006, Habib
eb al. 2008; Li et al. 2003, Mukherjee et al. Z000: Richmond et al. 1988). Besides, the
terminal and bridging modes come to the fore in the coordination of pseudohalides, NCS/
SCM, and N5, with metal ions (Li et al. 2003; Mukherjee et al. 2000; Richmond et al. 1988;
Mehkoom et al. 2022a; Faizan et al. 2021}, Regarding the results obtained in the literature,
the complexes containing Mn, Fe, Co, Ni, and Cu metal ions, etc., (Lacroix et al. 1996,
Costes et al. 2005, Aver et al. 2018, 2009, 2020, 1205, 2021a) and organic compounds
(Mehkoom et al. 2022, 2021, 2022b: Faizan et al. 2021; Kamaal et al. 2021) play an effec-
tive role in the optical activity and especially third-order nonlinear optical surveys.

In this study. o examine optical properties of synthesized complexes. experimental and
theoretical investipation of their electronic properties is of great imporance in terms of
revealing siructure—property relationships. We synthesized novel metal complexes (1-3)
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Scheme 1 Synthesis of complexes 1-3

including AN-(pyridin-2-ylmethylene)methanamine and isothiocyanate. The XRD spectro-
scopic technigque were applied o characterize the crystal structures of compounds 1 and
2 (MniIT) and Co(Il) complexes) the LC-HRMS and FT-IR spectra were used to confirm
the structure of compound 3 (Ni(IT) complex). Optical properties of the characterized com-
plexes were performed. The detailed experimental and theoretical examines of electronic
spectral behavior of 1-3 were carried out.

2 Material and methods
2.1 Spectroscopy instruments

The Varian Infinity Flus NMR spectrometer was used to verity the structure of the syn-
thesized L, ligand. The complexes 1,2 obtained as single crystals were described by
using the data obtained from the STOE brand IFDS (1I) Imaging Plate model diffraction
device. FT—IR spectra for complexes 1=3 were recorded with Perkin Elmer UATRE—TWO
(Perkin Elmer Spectrum—two equipped with ATR) spectrophotometer in the range of
4000—200 em™'. The structure of the non-crystalline complex 3 was confirmed using the
SHIMADELD LCMS-9030 model wiple quadrupole liquid chromatograph mass spectrom-
eter. The electronic absorption spectra for complexes 1=3 in the 900200 nm range were
examined by using the SHIMADZL UV=2600 UY—Vis spectrophotometer,

The detailed determinations of single crystal structures of compounds 1 and 2 are pre-
sented in supplementary material.

2.2 Materials and synthesis of the N-(pyridin-2-ylmethylene)methanamine (L,)
and complexes 1-3 {[Mn(L,),(NCS),], (1), [Co(L,),(NCS),], (2), [Ni(L,},(NCS),], (3)}

All chemical reagents (2-Pyridinecarboxaldehyde, methylamine solution purum (33%
in absolute ethanol), potassium thiocyanate, metal{ll} acetates) were purchased from
Sigma-Aldrich and used without any specific re-handling. The synthesis methods of the
N-(pyridin-2-ylmethylene)methanamine (L), obtained by the condensation reaction, and
complexes 1-3 are given the following methods (see Scheme 1)

Synthesis of Schaft base, namely, the N-(pyridin-2-ylmethylene jmethanamine (L)
0.1 mol of 2-pyridine carboxaldehyde was dissolved in 10 mL of ethanol (EtOH) and 2
drops of riethylamine were dropped on it. The solution was cooled by taking it into an
ice bath, and 0.1 mol of methylamine (33% ethanol solution) was added to it and stirred in
an 1ce bath for 30 min, and at room temperature for 3.5 h. The alcohol in the mixiure was
evaporated by the rotary evaporator and 100 mL of chlovoform was added to the mixture.
The solution was washed three times with 25 mL of water. The organic layer was dried
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with anhydrous Me30,, filtered and evaporated by the rotary evaporator. The structure of
the obtained N-(pyridin-2-ylmethylene imethanamine (L) compound was verified by 'H
and C NMR spectra. '"H NMR (CDCl,, 300 MHz) &/ppm: 8.40-8 43 (1H, dt, J,=0.9 Hz,
Jy=30 Hz). 817 (1H, d. f=14 Hz), 7.72-7.75 (1H, dd, J,=09 Hz [J,=79 Hz),
TAB-T54 (IH, 1d, Jy=1.4 He, J.=06.1 Hz), 706710 (1H, m), 3.34 (3H. d. 7=1.8 Hz).
YC NMR (CDCL,, 75 MHz) 6/ppm: 163.4, 154.4, 149.4, 136.7, 124.8, 121.1,48.2.

Synthesis of the complexes 1 and 2@ Solution of 1 mmol metal salts
(Mn(CH;COO0w,4H,0 for complex 1, Co(CH,O000,4H,0 for complex 2) in 10 mL
methanol (MeOH), N-{pyridin-2-ylmethylene jmethanamine (L) prepared in 10 mL Me(OH
(2 mmol) was added to the solution and stirred at 30 °C for about 15 min. Potassium thio-
cyanate (2 mmol) solution prepared in 10 mL MeOH was added onto the solution. It was
stirred at 30 *C for 3 h, and then evaporated at room temperature. Complex products in
crystalling form were obtained in about 7-10 days. The structures of these products were
confirmed by XRD. The single crystals for the complexes was obtained with colorless
(complexes 1), red color (complex 2} in prism-shaped.

Synthesis of the complex 3: 1 mmol metal salt (Ni(OCOCH,),4H,0) was added to
N-(pyridin-2-ylmethylene)methanamine (L) (2 mmol} solution prepared in EtOH (15 mL)
and stirred at 50 *C for about 15 min. Potassiom thiocyanate (2 mmaol) solution prepared
in EtOH (10 mL) was added to the solution. It was stireed at 30 “C for 3 h, then allowed
o evaporate at room temperature. Complex product in powder form was obtained in about
T-10 days. This powder product was verified by mass spectroscopy. In this analysis, the
flight tube temperature was arranged at 42 °C and elution was performed with 30% metha-
nol and 50% water. An eluent flow rate of 0.5 mL/min was used and mass spectrometric
data was collected over the mass range of 150-550, in positive or negative ion mode on a
time-of-fight mass spectrometer. Calculated exact mass (m/z): 4140231 (O H NaNiS, ).
Found: LC-HRMS {m/z): 4150419 {[M]*). Fig. 51 depicts the M5 spectrum of complex 3.

2.3 Theoretical procedure

The Gauvssian 16, Revision C.O1 (20016 and GavssView 6 (2016} programs were used to
examine the siruciural, spectral, and linear/non-linear optical properties. In the synihesized
complexes 1-3, to survey the conjugative interactions, interaction among bonds, as well as
the coordination geometry in the ground state, the vibrational frequencies and natural bond
orbital (NBO) (Glendening et al. 1998) studies based on optimized complex structures
were fulfilled at CAM-B3LYP (long range corrected version of BALYP (Becke-3-param-
efer-Lee-Yang—FParr) using the Coulomb-attenuating method, CAM) {(Yanai et al. 2004)
and mBY7XD (the latest functional developed from Head-Gordon and coworkers, including
long range corrections and empirical dispersion described by Chai and coworkers) (Chas
and Head-Gordon 20087 methods with 6-31 1+ Gid.p)¥Lanl. 2D (Frisch et al. 1984 Hay
and Wadt 1985) basis set. The electronic absorption wavelength and oscillator strength of
complexes 1-3 in methanol solvent were calculated at the time-dependent density func-
tional theory (TD-DET) level (Runge and Gross 1984 with the conductor-like polariz-
able continuum maodel (CPCM) (Miertus et al. 1981). By considering SWizard (Gorelsky
200100 program, the remarkable contributions from FMOs (frontier molecular orbitals) in
electronic transitions were assigned. DET/CAM-B3LYP and wBY7XDVLanL2D0 levels in
the gas phase were applied to obtain the microscopic polarizabilities (o and Ada), first- and
second-order hyperpolarizabilities ([} and ). Besides, the MEFP (molecular electrostatic
potential) surfaces were examined by the DFT/CAM-B3LYP level.
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The stability energy E'™ values in NBO calculations by considering g, (the donor
orbital eccupancy), including £, and £ {(diagonal elements), and Fii j* (the off-diagonal
MBO Fock matrix elements) for each donor (1) and acceptor (j) were calculated the fol-
lowing Eq. 1) (Aldtiek et al. 2016, 2015; Reed and Weinhold 1953 Foster and Weinhold
1980).

Fii, jy
.E'EI:&E'IZE-'[I% “]

The n {chemical hardness), x (electronegativity), § {chemical sofiness), @ and @
(electrophilicity and nucleaphilicity index) parameters were calculated by using FMO
energies. These parameters known as chemical reactivity values were calculated by the
following Eq. (2)-(6) (Altlrk et al. 20016 Yang and Parr 1985; Chattaraj et al. 2006).

E .u,—E
_ (Eromo - oo ) (2)

{Enoso + Erpmo)

r=- 3 (3]
Szi (4)
ng_; (s)
p=1 ()

The theoretical linear optical parameters (o and Ac), first- and second-order hyper-
polarizability parameters (f and ) known as nonlinear optical parameters for complexes
1-3 in gas phase were computed by using Eq. (7)—=(10).

The & and Ao parameters were calculated by the following Eqs. (7) and (8) (Oudar
1977 Oudar and Zyss 1982 Zhang et al. 1997 Aver 2000, 2011),

{u“ +a,, + E.I:]
i

o= (7

sa= { Ml -, + (4, 0 + fag-anf] ) ®

in Eqs. (7) and (8). a,,. a,,. a_ for & and Aa is the Cartesian components. 1 atomic
unit (a.0.) for @ is equal 1o 0.1482 % 107 electrostatic units (esu).

The [ parameter by considering the Cartesian components of [} and onit con-
version I:-'IEJ. = lﬁ‘l’.‘ﬂl’ + ﬂ.‘r\'r + Iﬁ:'r,::1 lﬁ"r = Jﬂ-.'n + -lljl.'J.I: + ﬂl.'.:;' Iﬂ' = IH:.:; + JI}.:-.'L' + Iﬂ:r.'r and 1
au =%6393% 10 esu) was computed by the following Eq. (9) (Oudar 1977; Oudar
and £yss 1982 Zhang et al. 1997; Avcr 2000, 2001 1; Dege et al. 2021},
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f= (ﬁf+ﬂ_§+ﬂf)w (9)

and the ¥ parameter was obtained by the following Eq. (10) (Oudar 1977; Oudar and
Zyss 1982; Zhang et al. 1997 Aver 2010, 2001; Dege et al. 2021),

1
{]"} = g [i‘ﬁu.r.'r + ]":.-n_-.' + Yarz + 2||r:|"r_'r_|'_|' + ¥z + ?_-.'_l';: ]I L

i Eq. (100 ¥y P Prose oo Pz @0d o are the Cartesian components of p.

The l‘{'“ and ;.;”" pﬁii‘am&lem called linear and third-order nonlinear optical susceptibil-
ity for complexes 1-3 without using the experimental equipment were obtained by using
the Eq. (11 and (12 (Altirk et al. 2016; Oudar and £yss 1982 Depge et al. 2021).

et = Nfg (11

e = Nffy (12

In Eg. (117 and (12}, f(f= {n" + 203} is the local field correction factor with regard o
Lorentz expression and N is the number of molecules per unit cm’, @ and y are the linear
optical and third-order NLO parameters calculated by using Eq. (7) and (1)), respectively.

The refractive index. n, was compuied by wsing Lorentz-Lorenz Eq. (130,

|:.r:|‘3— I}Il,-"[.l:‘1'+2}| :DEI.I"V (13

In Eq. {13}, ¥ describes the molar volume {in e’ units), D is a multiplier depending on
Avogadre’s number (N,). By considering & (inx 1072 em* units), V (in em’ units), and D
taking values of 2.523564179x 10°, n is directly calculated as dimensionless.

3 Results and discussion

3.1 The structural, vibrational, NBO characterizations, and Hirshfeld surface
analysis

Table 1 depicts the erystallogeaphic data and refinement parameters of complexes 1,2
obtamned by XED. From Table 1, the space groups are P21¢ for complex 1 in the mon-
oclinic crystal system and Ceca for complex 2 in the orthorhombic crystal system. The
single crystalfoptimized complex structures for complexes 1,203 are given in Fig. 1. The
structure of the non-crystalline complex 3 was confirmed using mass spectrometry (see
Fig. 51). In addition, the structures of the complexes 1-3 were optimized by DFT/uBS97XD
and DFT/CAM-B3ILYP methods and the bond lengths and angles, dihedral angles calcu-
lated are presented in Tables 2 and 51. The coordination around metal ions (MngIl), Co(II),
NIl of complexes 1-3 is described as a distorted octahedral geometry. The complexes
1-3 are formed by two L1 (hidentate ligand) and two isothiccyanates (monodentate ligand)
ligands being coordinated to Mn(11), Colll), Ni(ll} ions. The complexes 1-3 obtained in
this study act as terminal ligands.

In complexes 1=3, five-membered chelate rings occurred by metal ions coordination
over pyridine N and imine N atoms of the L, ligand. The M-N bond lengths between the
metal ion and the pyridine N/imine N atoms of the complexes 1,2 were experimentally
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Table 1 Crystal data and

¢ Complex 1 Complex 2
structure refinement pammc(crs
o icenplenes 143 Empirical formula C,H, MnN,S, C,cH,,CoN,S,
Formula weight 41141 415.40
Crystal system Monoclinic Orthorhombic
Space group P2Jc Ceca
Temperature 296 296
Radiation type Mo K Mo Ko
Wavelengh (A) 0.71073 0.71073
Crystal size (mm) 0.63x0.51x0.31 0.72x0.66x0.52
a(A) 12.7212(10) 14.6265(6)
b{A) 9.2597(5) 14.6775(7)
c(A) 16.4606(12) 19.1522(8)
al®) 90 %€
B 93.077(6) X
1) 90 90
V(AY) 1936.2(2) 4111.6(3)
Z 4 8
F(000) 844 1704
Density (g cm™) L4ll 1.342
p{mm™) 0.91 1.05
O range (%) 2.0-329 2.0-30.3
Measured refls 24.305 9402
Independent refis 7089 2022
R, 0.082 0.077
S 0.89 1.06
RI/WR2 0.0530.141 0.070/0.229
max/min (eA™) 0.67/ —0.42 0.99/ —0.76
WY o W ST
\ 2 % .5'3‘{ “ud IS C 9 1
g, 4 o- \.\ /. ‘? -\l 7
. 5 >
. ? " & & g’s \’ s
o‘%ﬁh’?{(\’ 7 'R s: cu :
p o ’ N . s2
Complex 1 Complex 2 Complex 3

Fig. 1 Single crystal structures of complex 1.2 and theoretical optimized structure of complex 3 using DFT/
CAM-B3LYP level

observed as 2.2751(19)/2.321(2) and 2.165(4)/2.141(4) A, respectively (see Table 2).
These values calculated at DFT/CAM-B3LYP level corresponding to these bond lengths
were obtained as 2.034/2.034, and 2.334/1.986 A. The M-N bond lengths between the
metal ion and isothiocyanate N atom of the complexes 1,2 were experimentally found to be
2.159(2) and 2.057(5) A. respectively. The corresponding values were calculated at 1.977
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and 1.913 A by using DFT/ACAM-B3LYP level. as can be seen in Table 2. Theoretical
values corresponding to these bond lengths, which have no experimental counterpart for
complex 3, were calculated in a similar trend (see Table 511 In addition, theoretical bond
lengths obtained by DFT/wBYTXD method in all complexes were oMained in the same
direction.

The bond angles between SCN-M-MCS around the coordination in complexes 1,2
were observed as 91.50{100" and 96.2(3)°, respectively (see Table 2). The corresponding
o these bond angles were obtained as 97.85 and 98.07 by using DFT/CAM-B3LYP level.
The bond angles between —C=MN-M-NCS around the coordination for complexes 1,2 were
found to be 39.02(9)" and 9269 18)°, respectively. These angles were calculated at 26,977
and 86,647 by using DFT/CAM-B3LYF level. The values of the bond angles of the metal
ion with pyridine, imine and isothiocyanate M atoms indicate the presence of a distorted
octahedral geometric structuve for complexes 1-3. In complexes 1-3, both the coordina-
ton around metal ions and nature of metal ions demonstrate the similarity and difference
in the bond length and angles. The bond lengths and angles around the central metal ions
for complex 3 are in a good agreement with previously reported values (Costes et al. 2003;
Avci et al. 200 8; Mobin et al. 2006).

C—H--5 type hydrogen bond interactions of 1,2 were observed between the L, ligand
and the 1sothiocyanate ligand with experimentally different svmmetries (see Table 3 and
Fig. 52). The C1-HIA--51 hydrogen bond interaction for complex 1 displays between 5
atom of the isothiocyanate ligand and methyl group of L, ligand. The D—H--A and H--A
parameters are observed at 1627 and 287 A, respectively. As can be seen in Table 3, the
interaction in complex 2 is observed in a similar group of the ligand as in complex 1.

The Hirshfeld surface analysis is used as a valuable tool for investigating intermolecular
interactions (McKinnon et al. 2004, 20072, 2007 Spackman et al. 2021; Spackman and
Jayatilaka 2001 Seth et al. 2001). &, and &, for points on the surface define distances to
the nearest atoms outside and inside. In addition. these parameters are also used to cre-
ate a fingerprint geaph, which is a two-dimensional summary of the intermolecular inter-
actions in the crystal. These features are vsed together with the identity of those atoms,
to explore the interaction of intermolecular contacts in a molecular crystal and its type
(H--H, C-H--5, O-H--0, C-H--n, etc.). Besides, various functions (o . & and C) of
distance and curvature mapped on Hirshfeld surfaces can be investigated. o . exhibited
using a red—white—blue colour scheme, is negative and positive demonstrating that red and
blue highlight shorter and longer contacts while white is used for contacts around the vdW
separation. &, shape index, defined in terms of principal curvatures &, and k,. ranges from
= 1.0 called concave through 000 called minimal surface o+ L0 called convex. C, curved-
ness, defined in terms of principal corvamres k; and k,. ranges from —4.0 describing fart
through (L0 describing a unit sphere to +0.4 describing singular.

Table 3 Hydrogen bond interactions A, =) observed in complex 1 and 2.

O—H- - -A [—H H---A [--A D—H---A Symmetry codes
Complex 1

Clo—HI6C-51 (1.9 AT 3.792(3) 162 (il y+lz

Cormplex X

C1—H2A--51% .93 191 3.T526) 151 {iil—x+1. —y+1.—z+1
Ci—H3A--51% .93 L I62ET) 140 (i, —v+ 1, 2+ 12
@ Springer
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The Hirshfeld surfaces for complexes 1,2 mapped onto curvedness ranges from —4.0
o404, shape index ranges from -1.0 w4+ 1.0, and o ranges from = 0. 15886 o+ 1.5212
(for complex 1), = 0L0DE0 to+ 2.2630 (for complex 2), respectively. According to the shape
index map (Fig. 53), the C-H donor regions in the ring have exactly opposite curvature,
shape indices of equal size and opposite sign. and are colored blue, whereas depressions
can be explained as large red regions of concave curvature. [t can be seen in Fig. 853 tha
curvature maps ave typically characterized by relatively flat larpe preen regions, separated
by blue edges large positive corvature.

The d, surface of complexes 1,2 depicts the red regions displaying the hydrogen bond
accepior, o, is short due o the close (o the hydrogen nucleus outside the surface, however,
the hydrogen bond donor 15 much less pronounced due to the larger oxygen atom outside
the surface being further away from its nuclens.

Figure 2 depicts the two-dimensional fingerprint plots. From the Hirshfeld surface anal-
yses of complexes 1,2 appear that hydrogen—hydrogen contacts dominate and contribute
28.6% and 35.2% of overall interactions. respectively (Fig. 20, On the other hand. from
Fig. 2 of the fingerprint plot, the 5---H/H---5 contacts contribution of 29.1% and 30.5%
attributed o C=H---5 intéraction emerged as two sharp symmetrical spikes, respectively.
Furthermore, the C---HH--C contacts with the contribution of 26.4%/23.2% assigned
as C=H--m interactions appear in the fingerprint plot in a characteristic manner display-
ing two broad symmetrical wings (Fig. 2). Other m--n minor interactions originated from
O contacts for complexes 1,2 appeared in the middle of the fingerprint plot with contri-
butions of 1.8% and 4.5%, respectively.

S0 as to survey the conjugative interactions, interaction among bonds, as well as the
coordination geometry in the compounds, the NBO analysis of complexes 1-3 was fulfilled
by using DFT/wBY7XD and DFT/CAM-BILYP levels. In these complexes. the hypercon-
jugative interactions were computed at the second-order perturbation approach (Altlirk
el al. Z2016: Reed and Weinhold 1983; Foster and Weinhold 1980). In the coordination of
metal complexes, NBO analysis emerges that the lone pair electrons of metal ions inter-
act with donor N atoms of ligands. The stabilization energy {E'™) values of the complex
structures confirmed by the remarkable LPN — LPF*MI1) hyperconjugative interactions for
complexes 1-3 were presented in Table S2. These E™ values calculated at DFT/CAM-
B3LYP level for complexes 1-3 were obtained in the range of 63.10 and 2828, 59_18 and
12.96, 8339 and 1482 kcalimol, respectively. The other stabilization interactions, LP
S = atN-C), a¥(N-CW{CC)—a*(C-CWN-C), etc., among L. isothiocyanate ligands
demonstrated in Table 52, In brief, the stable siructures of complexes 1-3 were supporied
by the results of NBO analysis (Table 52).

We mnvestigated the vibrational features of complexes 1-3 obiained from the FTIR
spectra and DFT/wBYTXD and DFT/CAM-B3LYP levels. A factor of (.96 was used to
the wavenumbers obtained theoretically to get closer to FT-IR spectra, taking into account
differences such as experimental and theoretical phases and anharmonic effects. It is clear
from Fig. 3, Tables 4 and 53 that the assignments of vibrational modes of complexes 1-3
by considering the FTIR spectra in 40060 = 200 cm™! and the results obtained with DFT
levels.

The CH stretching arising from the ring, methyl., and imine groups for complexes
1-3 was observed to range from 3087 to 2839 (complex 1), from 3073 to 2889 (complex
2), from 3065 to 2924 (complex 3) em™!, as expected (Varsinyi 1974). Theoretical val-
ues belonging to these stretching vibeations for complexes 1,2 were obtained at the range
from 308Y to 2925, and from 3076 to 2930, by using DFT/CAM-B3LYP level, respec-
tvely. According to the IR spectra of 1-3. the streiching vibrations of the NCS ligand

'@ Springer

42



408 Page 12 of 30 D. Avaetal.

= E a A A

LU LR LR

A SLGHLLS 29.1%

- A\

)
T T I T Ty

{
|
|

|

.
R

o
R e

Complex 1 Complex 2

Fig.2 2D fingerprint plots for complexes 1,2: 4 surfaces (left), all, H--H, S---H/H---S. C---H/H---C,
C---C (right) contacts for each plot, indicating percentages of contacts contributed to the total Hirshfeld
surface area of the complexes

were obtained in the range of 2095 and 2051 cm™" and compatible with previously pre-
sented that of modes (Avct et al. 2018: Mukherjee et al. 2000). These vibrational bands
obtained at DFT/wB97XD and DFT/CAM-B3LYP levels were found to be 2095 and
2076 cm™', and 2144 and 2076 cm™' ranges, respectively. These results show the pres-
ence of the NCS ligand in complex structures. Moreover, the vibration values assigned as
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Fig.3 Experimental IR spectra of complexes 1-3

the stretching band of the N=C bond of Schiff base L| were observed at 1656, 1647 and
1650 cm™', respectively (Table 4). These results are consistent with previously reported
results (Kamaal et al. 2021; Aver 20000, The C=8 stretching band of the NCS ligand in
complexes 1-3 appeared within the ranges TH3-731 em™! (in FTIR spectra), B19-734 em™!
(in DFT/wBOTXD level), and B20-T735 em™' (in DFT/CAM-B3LYP level). The vibrational
bands, emerged at 1341, 1370 and 1371 cm™" in FTIR specira, and calculated at 1347,
1342 and 1361 cm™ in DFT/wBY7XD level, and 1350, 1349 and 1367 cm™' in DFT/
CAM-B3LYP level, were assigned as the double bond CC and NC sireiching vibrations
belonging o the ring in complexes 1=3. Meanwhile, the stretching vibrations of the NC
bond were observed at 879 cm™', and theoretical values were computed at 871, 861 and
873 e (in DFTimB97XD level), 874, 572 and 877 cm! {in DEFT/CAM-B3LYP level).
Besides, the double bond CC vibrations concerning the ring in complexes 1=3 emerged
at 1592, 1595 and 1596 cm™! by using FTIR spectra, these vibrations were obtained at
the ranges of 1619-1596 e, and 1611-1599 cm ™', by wsing DFT/mBYTXD, and DFTY
CAM-B3LYP levels, respectively. In addition, Table 53 demonstrates the detailed assign-
ments of the other vibrational bands. such as in-planefout-of-plane bending vibrations, and
further vibrational modes.

3.2 The electronic spectral characterizations

Figure 4a depicis the UV-¥is absorption spectra of synthesized complexes 1-3 in the
range of 200-600 nm. The absorption peaks appeared at 272.6 and 231.6 nm for complex
1. 3374, 279.8 and 237.7 nm for complex 2. 2816, 232.9 and 210.2 nm for complex 3. It
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Fig. 4 a Experimental UV-Yis spectra and b the graphs of optical band gap energy for the complexes 1-3
in methanol

was determined which molecular orbitals contributed the most to the electronic transitions
by using the SWizard (Gorelsky 200107 and Chemissian (Skripnikoy 2016) programs (see
Tables 5 and 54). Based on Table 3, Fig. 4 was prezented by taking into account the ocou-
pied and unoccupied molecular orbitals that play an active role in electronic transitions.
The observed absorptions for complexes 1=3 were determined as metal-to-ligand (ML)
ligand-to-metal (LM) wansition, intra-ligand a#—*, and n—x* transitions. The charge
transitions within the ligand are clearly seen from Fig. 4 as ligand-ligand (LL} charge
transter im the high energy region.

It is well known that the enhancing contributions from the metal orbitals to the
LUMO of the complex will increase the m-acceptor feature of the ligand (Gorelsky and
Lever 2003). The contribution of the Mn, Co, and Ni orbitals to the HOMOS/HOMOs
and LUMOYLUMOs of complexes 1-3 calculated at the TD-CAM-B3LYP level changes
from 4 to 38% (HOMO/MHOMOs) and from 1w T0% (LUMOLUMO:). The contribu-
tions of the L, and NCS ligands orbitals to the different HOMO/HOMOs in the com-
plexes 1-3 range from | to 98% and from 2 to 99% (TD-CAM-BILYP level in metha-
nol), respectively. At different percentages in L ligand including 2-pyvridy]l and imine
groups, and NCS ligand, HOMO contributions of L, ligand showing electron donor
feature were found o be lower than NCS ligand, while LUMO/LUMO: contributions
showing electron acceptor feature were calculated higher than NCS ligand (see Table 5).
Lt could be said from these results that NCS ligand is a weaker a-acceptor than L ligand.
In complexes 1-3, the electron density is localized on the pyridyl rings and metal ions
in LUMOVLUMOs levels while the electron density is localized on the NCS ligands in
HOBMO level (see Fig. 5). The ML charge transfer transitions obtained at TD-CAM-
B3LYP level in methanol were determined by different percentages HOMOs — LUMOs,

'@ Springer

46



O Ava et al.

Page 16 of 30

408

[ %E 180 + L 5aZ aumup + {5 CI4p
“afg Aol e [+ [CRE DS +Ongiaum) + (35 [ THAPRAG +ingsien] L-H (61E)

£0100 B LET LiET
[{%E 180N + e pumu] + {5 0Ap
SRS HIBET D] B [+ T [[BA1SIN +{5E ]+ SETHAPRAD +5Ek00] §-H (KET)
[ 5FISIN -+ (BAT IR+ {HECIIAP
AT CHETIO0] ® [+ 1[G ECISIM + U5 [ TIMn] + {5 g T NAPAT + (B8 1100] H (%) TTON0 ['HLT HHLT
[{5p 183N + L 5a ] pamu] + {5 ca)ip
g+ iET IO d T — [(BssaN + (s 1Tl + (2o hApuAd g o) 1-H (58T
[{5F18 0N + U5a ] ]+ {5 g0 AP
A+ EHT1I00] d T — [BrsIN + (51 T1umu) + (50pAPuAd + (seg o] -H (59T) TEOND CHEE PLEE
[{5EI8 0N + U5a ] )+ (5 e0iip
~udAg + 0RT100] d T [(Ral SN + kD aumu] + (BETHAPLAL +ipreD] §-H (66T
) [{5#ISON + 56 1]+ 55oip
A+ ST 000l ] T [{S0S0N + (EsT ] + (59T NAPRAT + (201 100] H (5LE) LEDDD GBS
7 xapduroy
[ 50TISON -+ r o + {STTHAP
AT+ (] B g+ T [(BTEISON +OR0TIPun] +4{ 581 RAPIAL +{50ENH (5E 1)
[59)S0N + (€ baumug + (% 1THAp
AT+ CHROLI] B+ T [CETEISON + ORI+ 58 RAPIAL +(%0E N H (5 5F) BLO0O £EET YIET
[{5£ISON+ moTaum] + {Eoship
U+ (] o T [CEIRISDN + (aioum] +{ SR NApIAT + (ar ] £ —H (56%) £61070 LELT WILT
[{%91SON -+ HATIdm] + (5P
SR R EA R O s Rt UF el o T R R ST s iy e bt o R R T e T
) ({5 EISIN+ (AT IumT +{H0E NP
A+ (e D] o T [(HRTEIS0N + O s0g v+ O IR + Cog ] J Os0e) REOOD T
1 xapdaeny
FHD— N=HD tdnosd aunmn T
sdnoad pApadd-g O T OWOH TH S Food aessiag sy pue poesags | suonng Lo mmaapogy IEuany s )
FOTTUE]
AEPI+ T Te—wdATEH (ouRyIng ()
S e R [ ) f [EE L

g1 =auapduns 1) SusTngIIues SEqEIear pue [Feans mEpose Qiusases Eanamarg) pue eusonssdyyg g aqgey

pringer

€18

47



408

Page 17 of 30

Synthasis, crystal structures, and OFT cabculations: nowvel. ..

[ DSIN + ChOTIaunu]+ (5 AP
-1+ CRATIN] P+ T B EDIS DN+ (5 i) + (s TIAPLAL + (3% ] T-H ()
[z eisoN g slaunuy+ (L Rahip

LA H{SEINN] B £+ T (2908 IN + (G L0oune +{ g RAPUIAL + (% 12] H (%01) HETO0 oIz Tz
[{maI50N + (50 )punu] + (LS Ap
SIS+ UHTMN] D 1+ T S TSIN 0501 ] + (HRegAPUAT + (TR A-H (511
) [z egigon +{gelanmuy + (5 gahip
AL+ UHETIN] 0 £+ T ({580 + (R R )+ O3 | FIAPUAD + AT N] $-H (511 GO0 CFED BTET
[{9ISIN + (L6 Iunu] + [ BEChAp
SHAE + (ST B [+ T [(H9EISDN + (5 L)+ 5eg RAPUIAL + (% 1TIN] H (5T
[{% 180N + (6 TR + [5G AP
~uAg+ 00T ] B T [USESIS DN + (5L ] + s TIAPUAS + (36 8 K] T-H (%) FEDT 58 WIHT
§ wapdhany
[{2PISIN + (HaTIaune] + e hAp
SHAE H ST HO] B [+ [ 1SN +On T TIaum] +H{5 e NAPIAL + (51100 1-H (5L
FHO— N=HD dmouf sunn NTHE D
w3 pApradd-7 O T OWOH TH dsuraSosd umssmmag ) pue parziap s b Suongumos mnsaog YIFUag IS0 oy
FOTTUE]
AAPOAH TIE—WdATEH Ooumesge) ()

Y LRy

¥ ey

{panunuon) g 3jqe)

pringer

&5

48



408 Page 18 of 30 I Bvicn et al.

-1 g/ -

o
LAMIO+1 LI.I"-I{J'H
21 '
= Ig
.:j,-'
5. & b
o Eppsig=-1.702 eV u h K
Hh'l .
AF=4. 814 oV 'u
AE 4578 eV

t ;.
3%

;i"io

Encoso™- 6595 ¥

FMO Energy (V)
:J &

-8 -
4
HOMO-1 IIU“U H
91 "
‘ *;‘ 3 HOMO-7
HU:\'IE;'.' U"'lIU-_
10
Complex 1 Complex 2 Complex 3

Fig.5 FMOs and encrgics being the most active in electronic transition obtained by DFT/CAM-B3ILYP
method for complexes 1-3

as can be seen in Table 3. For example, H-6 — L (43'%) transition for complex 1 cor-
responds to Cd{6%), L (88%) including pyridyl{8%) and imine(30%)) groups, and
NCS(6%) ligand in HOMO while it corresponds to pyridyl(39%) and imine{41%) in
LUMO. The HOMOs: — LUMO= transitions of the other complexes occurred by differ-
ent percentage contribution values (see Table 3). Depending on the metal ion and is
environments, the electronic transitions with the high/low oscillator sirengths come out
as ML/LM and LL charge transter.

For taking inio account the structure—activity relationship and physicochemical prop-
erfies of biomolecules and complex systems. molecular electrostatic potential (MEP)
surfaces are investigated. The MEFP surfaces for 1-3 were examined by using the CAM-
BILYF/6-311 +Gld, pLanL 2D level. Figure 6 depicts that the regions with the highest
electron affinity in complexes 1-3 are those where the density of the red eleciron clouds
around the isothiocvanate group is high. Besides. these nepative elecirostatic poten-
tial regions are related o lone pairs of electronegative atoms. The regions around the
-CH groups in the ligand display the highest positive potential representing nucleophilic
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Fg. 6 Molecular electrostatic potential {MEP) surfaces for the complexes 1-3

reactivity. These resulis indicate possible complex hydrogen bond interactions and more
reactive regions.

T search chemical reactivity and stability as well as spectral characterization, the . n,
5, w, and ¢ parameters were computed by the energy results of frontier molecular orbital
(Pearson 1986). In complexes 1-3, the x. 1. 5, w and ¢ indexes calculated at CAM-B3LYP
level were found to be the range of 4511 and 3.902 eV, 3.047 ¢V and 2.407. 0415 and
0328 Lev, 3507 and 2968 eV, (L337 and (L2853 LeV, respectively, as can be seen in
Table S5, While it is clear from Table 55 that complex 2 has the smallest ) and the larg-
est o values, it can be said that there is more electron flow and would be easily polarizable
in this complex struciure. The resulis obiained are convenient with the reported previous
results (Aver et al. 2018, 20019, 2020, 2015, 2021a; Saito et al. 1972; Mobin et al. 2006;
Altiirk et al. 2016, 2013).

The E, (optical band gap energy) value is computed from the Tauc and Menth equation
(Alolirk et al. 20018) using the following Eq. (14).

() = Chw = E)'* (14)

In Eq. (14}, by considering d and A are the width of the cuvetie (1 cm) and absorbance
in the UV—Vis region, the absorption coefficient « is obtained with a = 2.303A/d. E, and
fw are the direct band gap energy and photon energy. in order. © is a proportionality con-
stant concerned with the effective masses dependent on the bands. It is obviously from
Fig. 4b that the .'E.'#r values for the complexes 1-3 were obtained at 4.32, 418, and 4.12,
respectively. The pap values of HOMO-LUMO energy of complexes 1-3 caleulated at
CAM-B3LYP level are 4.814 eV for a spin (complex 1), 6.095 eV (complex 2), 5.088 eV
fcomplex 3). It can be stated that the obtained theoretical results are consistent with the
experimental energy range values depending on the DFT method chosen.

3.3 Optical properties

Orwing to likely implementations i lazer technology, data storage, elecommunications,
etc.. the synthesis, design, and theoretical studies of new materials that may exhibit NLO
properties are of great interest (Chemla and Zysss 1987; Kamada et al. 2000; Pierce 1989).
Where it is not possible to experimentally investigate NLO properties for new materials,
presenting a conclusion about the behavior of materials by the theoretical smudy is likely o
be a prediction for the design and development processes of any electronic device. In this
study, theoretical linear optical (LO) parameters (a and Aa). first- and second-order by per-
polarizability parameters (f and ) known as NLO parameters of synthesized complexes
1-3 were examined at DFT/BY7XD and DFT/CAM-BILYF levels (see Table &).

The experimental mean n parameter in the mid-IR region of complexes 1-3 was obtained
at 1.63, 1.46, and 1.30 (see Fig. 54). The experimental Efx'“ parameters for 1=-3 were found
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to be 5.87x 107188 1077, 480 10791.29x 1077, and 4.48x 107*42.36% 1077 esu,
respectively. Theoretical n values for 1-3 calculated ar CAM-B3LYP level were obtained
at LB 1.39 and 1.58, respectively. The Efx"' parameters for 1-3 computed at CAM-
BILYP level were obiained at 49.43x107*420.20% 1077, 44,64 107*Y11.65x 1077,
and 44,59 107241495 % 1072 esu (see Table 6). Considering the results of n.&, and y'"
parameters in the mid-IR region. it is clear that there is coherence between experimental
and theoretical results.

The computed . i, and y parameters were comparatively presented with the cor-
responding p-MNitroamiline (pMNA) (Cheng et al. 19917 and vrea (Ledoux and Zyss 19825
Adant et al. 1995) resulis vsed as prototype compounds. Based on DET/CAM-B3ILYP
level, the mean polarizability (o) values of complexes 1=3 in gas phase were obtained at
49.45% 107, 44.64% 107 and 44.59% 107 esu, respectively. These results display that
it is higher than obtained that of the polarizability of pNA (17 107 esu). The [¥ wal-
ues for complexes 1-3 in the gas phase (with DFT/CAM-B3LYP level) were found to be
54.09% 107", 17.99% 107", and 9.06 % 107" esu (Table 6). Similarly, the ¥ values of com-
plexes 1-3 in the gas phase were obtained at 580.19x 107, 7572 % 107 60.42 % 107
esll (in DFTACAM-BALYP level). In a comparison of pMA and urea results with obtained
these results, the [ and ¥ values for complex 1 are 5.88/416.08 and 35.6B/E2.HE tmes
higher than those of pNA (9.2x107" esu) (Cheng et al. 1991yurea {0.130x 107"
esu) (Adant et al. 1995) and pNA (15% 107 esu) (Cheng et al. 1991 )urea (7x 107"
esu) (Ledoux and Fyss 1982), respectively. Likewise, the static o, [, and y parameters
obtained at BALYPG-311+ +Gid.p) level for the synthesized 4-[(2-hydroxy-3-methoxy-
benzylidene) amino] benzoic acid (Kamaal et al. 2021 and dihydrated organic crystal
(TAPYDNB™*2H,0) (Faizan et al. 2021) were computed at 37.4 107 and 35.72x 107
for static e, 33.839x 107" and 4.73 % 107" for static . 167.904 % 107 and 32.26 % 107
for static y, respectively. Regardless of the different DFT methods, the static o, [, and ¥ val-
ues for complex 1 are larger as compared to the static values of these compounds.

It can be noted that there are remarkable differences in NLO parameters, relating to the
charge mobility in the complex, the metal ions in coordination, and its environment. In
these complex structures, it is inevitable that the symmetry center around the metal ions
also plays an active role in the [} parameter. According (o results of | and y parameters from
Table 6, complex 1 can be stated as an encouraging candidate for NLO materials (Table 6).

The extinction coefficient (&) and refractive index (n) parameters for complexes 1-3 in
methanol were found o be by Eqs. (13) and {16} (Sisman and Basoglu 2016; Erdogan and
Ciilndilz 2007),

_ad
4

| +R [ ar .
= -k
I—R‘+ (1= R (16)

where e, K, and & are the absorption coefficient, reflectance and wavelength, respectively.
The n values of complexes 1-3 in methanol were obiained at 264 at 2726 nm, 2.13 a
3374 nm, 263, at 2816 nm, respectively (see Fig. Ta). The & values corresponding to
these peaks of complexes 1=3 appear at the different peaks of 2,05 = 10 “083% 10, and
168 10°%, as can be seen in Fig. Th. It can be stated that these results tend to increase and
decrease similarly at different intensity maxima.

(15)

'@ Springer

52



408 Page 22 of 30 D Ao et al.

2.8 B
Complex 1 48+
Complex 2 35
24 — Complex 3 50
2.0 -
c
1.6 -
200
1.2 <
I T r T l T l T 'I T I T
200 300 400 s00 600 700 800

Wavelength (nm)

Fig.7 a The refractive index n and b the extinction cocfficient k versus b of complexes 1-3 in methanol

The regardless of Z-scan technique (Sheik-Bahae et al. 19940, Chan et al. 2007) in this
study, the third-nonlinear optical suscepiibility {1”"} parameter was examined in the region
in the UV-Vis region (200600 nm). Based on the local-field polarizability model of Clau-
sins—Mossotti, the relationship between the molar polarizability (o) and refractive index
(ri} in this region was examined by using the following Eq. (17) (El-Mahass and Farag

2012; Bharathi et al. 2007).
YoM (nz -1 -
P 4N p\n?+2 (7

where M, p and N, are the molecular weight, molecular density, and Avogadro number,
espectively. In complexes 1=3, the molar polarizability did not alter up to about 2.0, 2.3,
and 2.8 eV, afterward. it was found to be with the increase in the energy of the photon,
the polarizability values begin to increase. A similar trend was also observed in differ-
ent structures (Dege et al. 2021 Aver et al. 2021b). The maximum molar polarizabilities
were obtained at 76.79x 100* cm” versus 4.42 eV photon energy, B1.2% 10 * em? ver-
sus 421 eV photon energy, 7111 10 * em? versus 5.22 eV photon energy, respectively
(see Fig. 8a). The ,ﬂj’ parameter associated with refractive index in the UV-Vis by taking
approximately 10 W esu of the A parameter for all compounds regardless of frequency can
be computed by using Eq. (18) (El-Mahass and Farag 2001 2; Bharathi et al. 2007).

13 _ A
(4

X (n=1)" (18)
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Fig. 8 a The molar polarizability a, and b the third-order nonlinear optical susceptibility 1”' af complexes

1-3 in methanal

It could be from Fig. 8b that the ¥ values are stable until 3.1%, 3.98, and 4.18 eV, and
it was then observed that the f‘” started to increase with the energy of the photon. The
maximum peaks for g"” were obtained at 51.65x 107", 5142 10" and 51.42% 107" esy
corresponding o the photon energies of 468, 4.21, and 5.25 eV, respectively. It is clear
that the same f‘“ maxima values are observed at different photon energies. Besides, it has
been determined that there is a similar trend in the graphs since the a, and z"” param-
eters change depending on the different strength degrees of the refractive index. It can he
stated that these parameters show differences depending on the coordination environment
and metal ion exchange, as well as similarities in different complex stroctures with similar
coordination geometries (Dege et al. 2021; Sigman and Bagoglu 2006).

Owing to the importance of optical compounds and devices. the opiical conductivity
(7,) associated with the absorption coefficient (o). refractive index (n}. and light velocity
() is obtained by Eq. (149) (Akinlami and Olateju 2012).

e
& —

o= ax (19

Figure 9 demonstrates the alternation of optical conductivity versus £ of the MniIl),
CofIl), and Mi(ll) complexes in methanol. 1t was observed that this parameter started to
increase with the energy of the photon while the o, parameter of complexes 1-3 did not
change ull 4.0, 285, and 3.69 eV, respectively. It can be reported that a similar trend is
obtained with different complex structures (Dege et al. 2021: Avei et al. 2021b). Accord-
ing to the estimated values n and =, plotted versus photon energy in Figs. Ta and 9. it

can be said that the constant values of n and 7, in the visible region have prospective
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implementations in a signal filter, resonator, and reflector for complexes 1-3 (Mehkoom
etal. 2022a, 2021).

Figure 10 displays the variation versus photon energy of the dielectric constant includ-
ing the real part £; and the imaginary part £, defined with Eqs. (200, (21) (Sisman and
Basoglon 2016; Erdogan and Glindiz 20017; Urbach 1953).

£y =0 =k (200

£y = Ink (21}

From Fig. 10a and b, while the real dielectric constant was stable until 2,40, 2.16, and
272, it was observed that the imaginary dielectric constant did not alter up o 4.05, 2.92,
and 3.34. In the between 4 and & eV energy regions for complexes 1-3, the same trend
demonstrates with the rise in photon energy. However, the real part of the dielectric con-
stant of complexes 1-3 is larger than the imaginary part because the extinction coefficient
is lower than the refractive index of the complexes.

4 Conclusion

To investigate LO and NLO features, the N-(pyridin-2-ylmethylene imethanamine (L) and
its complexes |[Mn(LiNCS5k], (1), [Co(L;),{KC8)], (2) and [Ni(L,L{NC5K]. (3))
were synthesized. The XRD, LC-HRMS. FT-IR, and UV-¥is spectroscopic methods for
1-3 were used to carry out structural, and spectral characterizations, as well as to exam-
ine Ly and KLO features. The fingerprint plots provided the describing the intermolecular
interaction types present in the crystal structures of 1,2 and the structures retrieved from
C8D0. Hirshfeld surface analysis was performed to describe intermolecular interactions for
complexes 1,2, In addition, it has been observed that H--H, C-H--5, and C-H. ..z inter-
actions occur in fingerprint plots in areas of close contact and weakest interactions. For
theoretical investigations in addition to experimental parameters, DFT/wBY%7XD and DFTY
CAM-B3LYP levels calculations were fulfilled. While the HOMO/HOMOs values of the
L, ligand showing the electron doror feature were found o be lower than the NCS ligand,
the higher LUMOVLUMOs values showing the electron acceptor feature were found that a
much stronger m-acceptor of the L) ligand than the NCS ligand. The coordination around
metal wons and hyperconjugative interactions for complexes 1-3 were backed up by NBO
results. The experimental mean n and ¥ H parameters in the mid-1E region for complex 1
were obtained at values greater than complexes 2 and 3. Complex 1 has high values of the i
and y parameters suggesting that complex 1 can be expressed as an encouraging candidate
fior NLOY materials. It is concluded that the Experjmentnlg-”’ results obiained at the UY-¥is
region for complexes 1-3 in methanol display about the same values [g“”"z S5165% 1071,
51421077 and 51,42 107" esu, respectively) in the most maximum peaks of third-
order ML susceptibility at different photon energy (468, 421, and 5.25 eV, respectively).
Although third-order NLCY susceptibility, nonlinear refractive index, and absorption param-
efers could not be determined by the ¥-scan technigue for complexes 1-3 in this siudy,
third-order ML parameters obtained theoretically and experimentally demonstrate that
complex 1 can be used to develop optoelectronic devices.

@ Springer

56



408 Page 26 of 30 O By et al.

Appendix A

Crystallographic data for the structural analysis has been deposited with the Cambridge
Crystallographic Data Centre, CCDC Numbers: 1990052 (complex 1), 1989 407 {(complex
2). Copies of this information may be obtained free of charge from the Director, CCDC, 12
Union Road, Cambridge CB2 1EZL. UK (fax: +44-1223- 336,033; e-mail: deposit@ cede.
cam.acuk or www: hitpdwww ccde. cam_ac.uk).
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X-ray structure determination

In order to determine suitable single crystal structure and data collection of complexes
1,2, a Stoe IPDS 11 diffractometer having Mo—Ko (3=0.71073 A) radiation at 296 K was used.
The detailed crystal structure parameters are given in Table 1. The crystal structure was solved
by direct methods using SHELXT [1] and refined by full-matrix least-squares methods on F*
using SHELXL-97 [1]. The hydrogen atoms bonding to carbon atoms were located from
different maps and then processed as riding atoms with C—H distances of 096 A. Water H
atoms were located in a difference map refined freely. Molecular diagrams were composed
using MERCURY [2]. Supramolecular analyses were fulfilled and the diagrams were prepared
with the aid of PLATON [3].
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Figure %1. The mass spectrum of the complex 3.
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Complex 1 Complex 2

Figure 82. The crystal packing structures of complexes land 2.
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Figure 83. Representations of Hirshfeld surface mapped over shape index, curvedness, de for complexes 1 and 2.
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Figure S4. The refractive index (n) versus wavenumber of complexes 1-3.
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Table S1. Comparison of experimental and theoretical
peometric parameters for complexes 3.

Complex 3

Parameters wHITXD CAM-BILYP
Bond length (A)

Mil-N6 1.883 1861
Mil-M3 1884 1861
Mil-M4 2575 rT32
Mil-M3 1.59449 15939
Mil-M2 2575 732
MNil-M1 1.9449 1.5939
S2-C16 1.623 1.623
S1-C15 1.623 1.623
MN4-C14 1.325 1.324
MN4-C10 1.335 1.335
MN1-C2 1.272 1.270
N1l 1.454 1.457
M3-C% 1.272 1.270
N33 1.454 1.457
N2-C7 1.325% 1.324
N2L3 1.335 1.335
M5-C15 1.175 1.16%9
Clo-CY9 1.474 1.471
ME-C 16 1.175 1169
C3-02 1.474 1.471
Bond angles (")

M- Mil-MN5 EERE 9421
M- Mil-MN4 9373 B5.6%
M5 Mil-MN4 G 3 180
MNé— Mil-N3 683 B66T
M5 Mil-MN3 1700500 | Thbd
M- Mil-MN3 T4.42 7201
MNé— Mil-N2 .13 120
Dihedral angles ()

Mil-M4-C10-C11 15795 153,44
H=MN3-C9-C10 5.01 1.5
Nil-NI1-C2-C3 5.01 1.5
MU-MN4-C 1009 -1 -24.52
Mil-N4-C14-C13 -146.78 -138.04
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Table 82. Second—order perturbation theory analysis of Fock matrix on MBO basis for complexes 1-3.

Donor (1) Acceptor () EM Donor (i) Acceptor ()} E® Domor (i) Acceptor (J) ER Donor (1) Acceptor (j) EY
{kcal! {kcal! (keal/ {kcal!
mol} mol) mol) mol)

Complex 1 Complex 2
wBYTXINLanl 20 CAM-BILYP/Lanl2D2 wBYTXDVA-311GHd,p) LanL2DZ CAM-BILYP/6-311G+Hd p)y/LanlL.2DZ

LP(1NG LP*#)Mnl 3450  LP(I)N4 LP*(7)Mnl 3828 | LPI)NZ LP*(8)Cal 2212 LP(IN2 LP*(8)Col 12.96

LP{1ING LP*4)Mn1 49.26 LP(1)N3 LP*{4)Mnl 40.55 LP(1)N3 LP={%Cal 1978 LP{1IN3 LP*4)Cal 2509

LP{1)Né& LP*4)Mn1 34.52 LP(1NG LP={7iMnl 2826 LP1MI LP={41Cal 4028 LE{IINL LP*4)Cal 59.18

LP{1)N5 LP*5)Mnl 4926 LP{1)NS LP*{4)Mnl 40.55 LBz LE#(81C01 22325 LP{1yN2 LP*¥T)Cal 2810

LP{1iNZ LP*4)Mnl 65.62 LP(1)NZ LP#{3)Mnl 63.08 LP(1)N3 LE#(%1C0l 1978 LP{1IN3 LP*4)Cal 29.85

LP{1)M1 LP*{4)Mnl 6354 LP{LINT LP*{3)Mn1 6310 LP(1NT? LP*(41C01 4032 LE(TINT LP*6)Col 3022

LP2)52 nF(N2-C2) 3401 LP{2)52 a®(N2-C2) 20.21 26.19 LP{2)51 aFMI1-C1) 3115

LP2i51 n=(N1-C1) 3402 LP(2)81 a®(N1-C1) 20.25 26.19 LE2)s1 aFM1 1 2852

THNE-CT) T=(N4-C8) 3255 ®*(N3-CT) THN4-C8) 5294 1839 m*(N2-C5) THNI-CT) 36.58

THNE-CT) T=(C3-04) 3595 m*(N3-CT) TH3-04) 14.04 4849 TH(N2-CS) THC2-03) 68.26

THNI-OT) THO6-05) 5625 aE(NI-CT) THO6-05) 5517 5800 rHN2-C5)  H(CS-04) .42

PHNS-CI4)  n#(N6-CI5) 1254 aF(NA-CL4)  m*(N6-CIS) 5205 838 % N2 _CH)  re(NICT) 29.40

THNS-CI4)  n®(CL-CI1) 3575 aF(NS-C14)  a¥CI0-CLI) 3404 4850 wHN2-C6)  1¥(C 4733

THNS-CI4)  aH(C13-Cl2) 5626 aF(NS-C14)  =*(C13-Cl2) 5537 5890 m*(N2-C6) a¥(C: 5416

T Ch-C5) o300 151.34 T CH-C5) THCE-C4) 14212
Complex 3

wBYTXDE-311GHdp )/ Lanl2DZ CAM-BALYP/6-211GHd p)y/LanL2DZ

LP{1)Né& LP* 6Nl 7307 LP(1NG LP=(5) Nil 8336

LP{1)N5 LP*&) Nil 7317 LP{1)NS LP#(5) ™1l B339

LP{1jM4 LP*9) Nil 21.53 LP{1)N4 LP=(8) Nil 14.82

LP{1N3 LP*5) Mil 3348 LP(1)N3 LP=*(5) Nil 50.34

LP{1)M1 LP*5) Mil 3348 LPiLNT LP*(5) N1l 50.34

LP{1yN2 LP*9) Nil 21.53 LP(1)N2 LP=(9) Nil 1482

LP2)52 TE(NG-C16) 65.51 LP(2)52 T M6-C16) 48.54

nF(N5-C15) 65.51 LP(2)81 T*(M5-C15) 4846
a*(N2-CT) 2917 *(03-04) THN2-CT) 2607
nF(N1-C2) 20.51 a*(C3-C4) THNI1-C2) 1936
n*{C6-05) 3413 a*(C3-C4) o Ce-C5) 2961

o CL0-Cl1) N4-C14) 2917 T C10-C11) TH(M4-C14) 2617

o CL0-Cl1y 3-C0) 20.51 T C10-C11) T*(N3-C9) 19.36

o CL0-Clly fuial 12) 3413 a*(C10-C11) T C13-C12) 29.61

2 Hyperconjugative interaction energy (stabilization energy).
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Table 83, Expenimental and theoretical charscteristic vibration frequencies of synthesized complexes 1-3.

FI-IR aB9TXD  CAM- FI-IR wBY7XD CAM- FI-IR wBY7XD CAM- Wibrational mode
{em™} BiLYP {em™) BILYP (e} B3ILYP assignments
Lanl2DZ 6-311+Gldp)/LanL2DZ 6-31 1+Gidp/Lanl 2D

Complex 1 Complex 2 Complex 3
3087 3089 3089 3073 3008 3076 3065 3084 3087 VOH iring)
3020 077 077 020 3082 3062 3024 3071 3058 VCH fring)
2960 3004 3001 2965 3001 T 2471 3006 3018 Vi ety
2923 014 3013 2919 2987 3001 2043 2991 2998 9
2859 2916 2925 28RO 2912 2930 2924 2021 2936
2064 2095 2115 2071 2090 2133 2095 2093 2144
2051 2084 2102 2076 2076 2076 2077 2127
1656 1645 1650 1647 1693 1692 1650 1688 16594

1641 1646 1692 1674 1686 1692
1592 1611 1611 1595 1619 1607 1596 1596 1599
1565 1561 1567 1565 1583 1581 1568 1586 1589
1478 1456 1460 1477 1468 1474 1476 1466 14700
145% 1442 1445 1450 1445 1445 1458 1447 1444
1418 1420 1432 1441 1421 1440 1441 1425 1428
1401 1425 1426 1404 1419 1411 1430 1422 14200
1341 1347 1350 1370 1342 1349 1371 1361 1367
1301 1282 1232 1303 1287 1290 1304 1247 1295
1257 1248 1230 1263 1257 1254 1268 1266 1254
1224 1212 1216 1224 1211 1220 1222 1204 1211
16 1095 1095 1105 1102 (1) 103 1104 1091
1050 1042 1043 1050 1047 1047 1053 1037 1040
12 1021 117 1014 16 11z 1021 1023 1017 T HOCC frangh T OOCC Gring)
452 Eat] 1002 948 927 @39 G4h 941 46 T HCCN faiing)
&70 471 874 #70 261 £72 879 873 877 VHAC {ragh
T8RS 19 815 R4 #12 29 TR Tot ToR
7 757 762 751 754 757 m T4 T35
B6T7 658 Gl Ll 654 [ il 3 67
634 634 634 634 636 64l 642 615 618
510 17 520 508 500 s 508 09 Sl8
413 406 404 416 433 24 422 417 421

v: Stretching; fi: In-plane bending; y: Out-of plane bending; ©: Torsion.
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Tahle 54 Experimental and theoretical wavelength, oscillator strength and remarkable

contributions for complexes 1-3.

Experimental Methanol
Aonm)
i Methanol ) L Ose. Muolecular orbital contributions
{nm)  Strength  H: HOMO, L: LUMO

Complex 1

TD-eaBOT X E-11 l+G{|:L'|'J}".-'L.'JJ1L3 (07

5726 0.0345  H—L B (78%) H-1—L+1 [ (8%
2726 2709 00016 HesL+2 @ (22%) H-d—L P (6%)

2485 (.41 H-7—L m (20%) H-t—L+1 f(19%%)
2316 1345 00050 H-b—oL+la(15%)  H-5—Lp(13%)

TD-CAM-BILYP/e-311+0(d,py/LanL. 2D

4262 00038 H—sL a (30%) H-l—L+1 @ {16%)
1726 2737 00193 H-3—L o (69%)
236 2353 (0078 H—L+4 @ (45%) H—L+6 @ {13%)
Complex 2

TH-mBYT XD/ -1 l+fi{|:l.'|'1}"."L-'L'nL3 L

441.5 00015 H—L @ (82%)
3374 1324 00086  H-1—L pi55%) H-5—L b (30%)
270 8 2763 00003 H-4—La (54%) H-9—L a {12%)
2377 2374 00611 H-d—L+1 f(14%)  H-S—Lp(12%)

TO-CAM-BILYP6-311+G{d,p)/ LanL2[DE

1509 00077 H—sL B (37%) H-5—L P {200
3374 1385 00032 H-d—L B (26% ) H-1—L f {28%)
2798 2781 00022 HosL+1 @ {40%,) H-5L+1 o (28%)
2377 2379 00103 HToLHl a(31%)  H-l—L+1 a({7%)
Complex 3

TO-mBYT XD E-11 l+fi{|:l.'|'1}.".-'|_-'mL3 [
816 825 00077 H-2—L @ (58%) H-T—La (17%])
2320 2335 00056  H-l—L+la(51%)  H-3—La(19%)
2102 2124 00158 H-5—L+2a(79%)  H-5—L+1 a(5%)

TD-CAM-BILYP/e-311+0(d,py/LanL. 2D
2816 28501 00034 H-2—L o (649 H—L+1 wi12%)
23209 2345 DRI Hd—L+35 a(41%) H-9—L+1 w {1 1%)
2102 2110 00258 H—L+3 a (10%) H-2—L+4 o {64%)
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Table 85, Theoretical global chemical reactivity descriptors for complexes 1-3.

Complex 1 Complex 2 Complex 3
wBYTXD CAM-BILYP mBY TN CAM-BILYP wmBYTXRD CAM-B3LYP
Parameter (umit) " N N N - .
a1 spin [} spin o spin f spin o spin [ispin __ aspin [i spin @ spin @ spin
Enoseo (eV) -7.146 6670 -6.516 -6.145 -T.511 S1264 -T7559 -T.499 -T.44% 6. 708
Ervmo(eV) -1.052 -1.0E1 -1.702 -1.6%0 0932 09300 <1464 -1.451 -0.5968 -Le1n
AE [eV) LRI 5.589 4514 4455 6379 6334 6085 [iRIE S 6475 5088
Electronegativity {x. eV} LR 3875 4,104 3917 4.122 4007 4511 4475 4.205 4159
Chemical hardnes 3047 2,794 2407 2227 3190 3167 3.047 3024 3237 1549
Chemical softness (5, 1/eV) 0.328 (.358 0415 0.449 0.313 0316 0328 0.331 0.300 0392
Electrophilic index {m, V) 2757 2687 3500 3445 2663 2650 3339 331 273 3.393
Nucleophilic index (g, 1/e¥) 0.362 0.372 0285 0,290 0.376 0377 0.2949 0.302 0366 0.295
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1 | INTRODUCTION

Diabetes is one of the [astest growing global health crises of the 2150 century.
One of the current therapeutic approaches used in the treatment of diabetes
involves the suppression of carbohydrate hydrolyzing enzymes such as o-glu-
cosidase. In this context, o-glucosidase inhibitors are important in the treat-
ment and prevention of diabetes. For this reason, new Schifl base complexes
including isothiocyanate [[Cd(L,},(NCS8);]. (1), [Zn{L,}k{NCS8);]. (2), [Cu
(L )(NCEL], (3), [Ag(L,XNCS),]. (4), [He(L,,(NCS)Cl], (5); Ly: N-{pyridin-
Z-ylmethylene)methanamine] were synthesized to investigate o-glucosidase
inhibitor potentials. The 1C5, values of complexes 1-5 were found at 0.2376
+ 082 and 251.403 + 2.54-pM range. Among these complexes, complex 5 has
the highest a-glucosidase inhibitor property. The spectral investigations for the
complexes 1/2-5 characterized by XRD/LC-HEMS were performed by UV-Vis
and FT-IR specira. Furthermore, the TD-DFT/DFT calculations were fulfilled
by using CAM-B3LYF and wB97XD/6-311+G(d,p)//LanL2DZ levels to obtain
optimum complex structures, spectral, linear and nonlinear optical properties
for 1-5. According o obtained theoretical nonlinear optical results, complex
3 is a strong indicator in terms of microscopic nonlinear optical (NLOY proper-
ties. The docking studies of these complexes were examined to display the tar-
pel protein interactions with these complexes.

EEYWORDS

DFT/CAM-BALY P aBa7XD; metal lons; N pyridin-2-ylmethylene imethanamine; XD,
electronic spectra; w-Glucosidase

The autoimmune annihilation of g-cells is the main cause

Diabetes, a metabalic and non-communicable chronic
disease, is one of the five leading causes of death in the
world with multiple I:li.u]ugi.t‘s.”'” This disease is a clini-
cal syndrome of social economic significance character-
fged by hyperglveemia owing  to relative  insulin
deficiency.*! Type 1 and Type 2 diabetes mellins,
TIDM and TZDM, are known as types of this disease.

of TIDM' ™ while the second type, TZDM, is complex in
nature, due to damapged environmental and genetic -
tors, insulin resistance and secretion ™!

a-Glucosidase converts the disaccharides 1o monosac-
charides in the gut and retards digestion and absorption
of carbohydrates as a consequence of suppression of
excessive insulin secretion and postprandial hyperglyoe-
mia! ™™ It s known that repulating or controlling

Appl Orgomomer Chore 20236784,
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a-glucosidase activity can obstruct diseases giving rise to
the differentiation of nerve cells, immune responses, met-
abolic  disorders, wiral  infections, and  tumor
metastases "' The a-glucosidase inhibitory activity acts
a significant role in the effect of oral antidiabetic drugs
{(0AD) therapy on non-insulin-dependent T2DM.2
Miglitol, voglibose, penistein, and acarbose are commonly
known and used types of a-glucosidase inhibiors ™!

The azomethine (imine) moiety (-C=N-) is one of the
important groups of organic compounds and this group is
widely used in the design and synthesis of molecules with
biclogical properties.****] Molecules containing imine
group are known for their diverse pharmacological effects
such as antibacterial, antimalaral, and anti-inflamma-
tory, as well as they are used as starting compounds, cata-
lysts, and organic synthesis intermediates™*! In
addition, azomethine groups are known as very effective
ligands in organometallic chemistry because of their
forming chelates and strong coordination with metal
ions. =7 Therefore, synthesis of azomethine-containing
coordination compounds has been a major focus due to
their potential biological activities™ " Antipathogenic
activities of ligand systems containing azomethine group
were investigated and these compounds were determined
more effective o be in the structure of complexes*!
Similarly, some drugs have been found to have greater
activity in the complexes of transition metals *!)

Recent advances in medicinal chemistry play a signifi-
cant role in the DM treatment of metal complexes. In
designing new therapeutic drugs, complexes of transition
metal have been observed Lo be forceful in the treatment
of this chronic disorder that cannot be countered by pure
organic compounds. 1t was determined that 20", Cd*,
and Hg** belonging to the 2B group encouraged glucose-
carrying  activity  in rat  adipocytes!™  Some
Ag(l) complexes containing imine group were synthesized
a5 a-plucosidase inhibitors by Zheng and Ma in 2015 and
2016,7%** and it was reported that the -NH group and
Ag(l) ion were very important for the inhibitory activity.
In 2017 the ICs, value of the Zn complex containing
N0 was found at the mM level against o-glucosidase. In
the study of the synthesis and activity reported by Philip
et al in 2017, 1C5; values against o-glucosidase eneyme
for the metal (I1) complexes were oblained at millimolar
level. From these results, it is seen that the best inhibition
value is obtained for the Cu (1) complex. The 1C;, values
of some transition metal complexes containing pyridine
derivatives could not be determined in metal complexes
of chromium, manganese, cobalt, and nickel, while 1C5;
values of the other metal complexes were caleulated
between 022 and 092 mM5 T 10, values against
a-glucosidase for different metal complexes with mixed
ligand  containing  é-methylpyridine-2-carboxylic  acid
were determined at varying micromolar levels.™ ¥ In

the studies given above, it has been observed that metal
complexes of ligands containing both heteroatoms and
azomethine group inhibited the o-glucosidase enzyme. It
is known that complexes of heteroatom-containing mole-
cules are analog to some substrate with enzyme com-
plexes in our body in terms of structural, spectroscopic
and catalytic properties,** I hat only synthesis and
design of different coordination complexes of nitropen-
containing heterocyclic structures/pseudohalides (such as
N-(pyridin-2-ylmethyleng)methanamine,  2,2-bipyridyl,
L10-phenanthroline,  thiocyanate, isothiocyanate, and
azide), bul also the investigation of their physicochemical
properties such as nonlinear optics, catalysis, lumines-
cenee are of great importance in terms of examining bio-
logical and pharmaceutical activities ™ pegides,
the pseudohalides, NCS/SCN, and Ny were reporied lo
coordinate with metal jons in both bridging and terminal
mades ™% Considering the results obtained in the liter-
ature and our previous studies, it was seen that the o-
glucosidase inhibitory activities of the complexes includ-
ing Hg, Cd, Mn, Ag, Co, Cu, Ni, and Zn metals were at
the micromuolar leyve] F554941

The present study is considered in order to design and
synthesize more effective o-glucosidase inhibitors than
those above. In this context, o examining a-glucosidase
activities of synthesized complexes, experimental and
computational investigations of their electronic features
are of preat importance in terms of revealing structure-
activity relationships and inhibition mechanisms. We syn-
thesized novel series of metal complexes (1-5) containing
N-(pyridin-2-ylmethylene)methanamine and  isothiocya-
nate. While the crystal Cd (1L structure (1) was defined
by XRD method, the structures of other complexes (2-5)
were  described by LO-HRMS and  FT-1R  spectra
-Glucosidase inhibitory activity studies of 1-5 were per-
formed. The experimental and theoretical investigations
of electronic spectral behavior of 1-5 were fulfilled.
Besides, =0 as to specify the target protein interactions
with ligands and interpret in vitro a-glucosidase activity
results, docking analysis was fulfilled.

2 | EXPERIMENTAL AND
CALCULATION PROCEDURES
2.1 | Physical equipment

The structure of the synthesized Ly ligand was confirmed
using the Varan Infinity Plus NMRE spectrometer. The
structures of the single crystals of synthesized complexes
of sufficient size were elucidated using the data obtained
from the STOE brand 1PDS (I1) Imaging Flate model dif-
fraction device. For the complexes obtained, FT-IR spec-
tra were taken with Perkin Elmer UATE-TWO (Perkin
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Elmer Spectrum-two equipped with ATR) spectropho-
tometer in the range of 4000-400 cm ™', The structures of
the non-crystalline complexes were confirmed using the
SHIMADZEU LCMS-%030 model triple guadrupole liguid
chromatograph mass spectrometer. UV-Vis absorption
spectra in the 900- to 200-nm range were studied using
the SHIMADZU UWV-2600 UV-Vis spectrophotometer.
The Leco CHNS-932 instrument was used for elemental
analyses of the synthesized complexes.

The method of crystal structure® %) for complex 1 is
given in the supporting information.

2.2 | Materials and synthesis of the N-
(pyridin-2-ylmethylene)methanamine (L,)
and complexes 1-5 {[Cd(L,),(NCS),]. (1),
[Zn(L,)2(NCS),], (2), [Cu(L,),(NCS).], (3),
[Ag(L,)(NCS),], (4), [Hg(L,),(NCS)C1], (5)}

All chemical reagents were bought from Sigma-Aldrich
and  used  without  any  specific  re-handling,
2-Pyridinecarboxaldehyde, methylamine solution purum

Chemistry

(33% in absolute ethanol), potassiom thiocvanate, cad-
mium (I} acetate (Cd [OCOCH:],), #inc acetate dihy-
drate  (£n  [CH,COO]-2HL0),  copper (1) nitrate
tribydrate (Cu [NO;];-3H.00, silver nitrate (AgNO;) mer-
cury (11} chloride (HgCly). The synthesis methods of the
MN-(pyridin-2-ylmethylene)methanamine and complexes
1-5 are given in Scheme 1.

Synthesis of the N-{pyridin-Z-ylmethylene)methana-
mine: 0.1 mol of 2-pyridine carboxaldehyde was dissolved
in 10 mL of ethanol and 2 drops of tiethylamine were
dropped on it The solution was cooled by taking it into
an ice bath, and 0.1 mol of methylamine (33% ethanol
solution) was added to it and stirred in an ice bath for
30 min, and at room temperature for 3.5 b The aleohol
in the mixture was evaporated in the evaporator and
100 mL of chloroform was added to this mixture. This
solution was washed three times with 25 mL of water.
The organic phase was dried with anhydrous MgS0O,, fil-
tered and evaporated in the evaporator. The N-(pyridin-
Zylmethylenelmethanamine (L) was obtained as dark
yellow oil and its structure was confirmed by 'H and “C
NMR spectra (Figure 51). '"H NMR (CDCl;, 200 MHz)

O
- CH
| - H T EtOH, tricthylamine, | - N
=N T2 09¢ 30 min, =N
- m35h
2-pyridine carboxaldehyde M-{pyridin-2-ylmethylenemethanamine
Ly)
+ KSCN
Cd{OAc); (for Complex 1)

SCN NCS
Complexes 1-3: M=Cd, Zn, Cu

SCHEME 1 Synthesis of complexes 1-5.
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Zn(OAc); . 2H,0 (for Complex 2)
CufMNOy), . 3H0 (for Complex 3)
AgNOy (for Complex 4)

HgCl, (for Complex 5)

MeOH (for Complex 1)

/EtOH:H,0 (4:1) (for Complex 2-5),
509C, 3 h
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A/ppm: 8.40-8.43 (1H, dL. J; = 0.9 He, /> = 50 Hz), 817
(1H, d, J=14Hz), 7.72-7.75 (1H, dd, J, = 0.9 Hz,
Jy =79 Hz), 748-7.54 (1H, 1d, J; = 1.4 Hz, [, = 6.1 Hz),
T.O6-7.10 (1H, m), 3.34 (3H, d, J = LE Hz). “C NMRE
(CDCL, 75 MHz) §/ppm: 163.4, 154.4, 149.4, 136.7, 124.8,
121.1, 48.2.

Synthesis of the complex 1: Solution of 1-mmol metal
galt (Cd (OCOCH,);) for complex 1 in 10-mL methanol,
N-4{pyridin-2-ylmethylenelmethanamine (L)) prepared in
10-mL MeDH (2 mmol) was added to this solution and
stirred at 50°C for about 15 min. Potassium thiocyanate
(2 mmol) solution prepared in 10-mL MeOH was added
onto the solution. The mixture was stirred at 50°C for
3 h, then left 1o evaporate at room lemperature, Complex
products in erystalline form were oblained in about 7-
10 days. The structure of the product was confirmed by
XRD. The complex 1 was obtained as colorless single
crystal in prism-shaped.

Synthesis of the complexes 2-5: 1 mmol metal salls
(£n (CH,CO0).2H,0 [or complex 2, Cu (MO3),-3H.0
for complex 3, AgNO; for complex 4, and HgCl, for
complex 5) were added o the potassium thiocyanate
(2 mmaol) solution prepared in ethanol (10 mL) N-(pyri-
din-2-ylmethylene)methanamine (L) (2 mmol for com-
plexes 2,3,5/1 mmol for complex 4) solution prepared in
ethanol (10 mL} was added onto the solution. By add-
ing 5mL of distilled water 1o the solution, this mixture
was stirred at 30°C for 3 h, then filtered and left 1o
evaporate at room temperature. Complex 2-5 products
in powder form were obtained in about 7-10 days as
vellow-orange, green, dark  brown, charcoal color,
respectively. The structures of these products were veri-
fied by mass  spectroscopy.  Anal. Cale.  for
CisHisMaS:Zn  (complex 2): C, 4556 H, 382 N,
19.92; 8§, 15.20¢ Zn, 15.50. Found: C, 46.22; H, 1.65; N,
19.22; 5, 1595 Caleulated exact mass (m/z): 42000169
(CheH 1 N5.20); found: LC-HRMS (m/z): 439.0663 (M
+ Hx0]*) for complex 2. Anal. Cale. for C HyCuNS,
(complex 3): C, 4575 H, 384; Cu, 1513; N, 2001; 5,
15.27. Found: C, 46.80; H, 346, N, 20.89; 5, 15.85. Cal-
culated exaclt mass (m/z): 4190174 (CHysCuMgS:x
found: LC-HEMS (my/z): 442.3024 (|M + Na| ) for com-
plex 3. Anal Cale. for CoHpApN,S, (complex 4) C,
31.41: H, 2.34; Ag, 3134 N, 16.28; 5, 18.63. Found: C,
31.12; H, 2.54; N, 1596; 5, 1598, Calculated exact mass
(mfzk 3429241 (CoHpApN 5. found: LC-HRMS (m/z):
2418191 ([M]"} for complex 4 Anal. Cale. for
CsH o CIHEM:S (complex 53 C, 33710 H, 3.02; Cl, 6.63;
Hg, 37.53; N, 13.10; 5, 600, Found: C, 3405 H,
285 N, 13.75; 5, 6.25. Calculated exact mass (m/fz)k
5350521 (Cp:HClHgNS) found: LC-HREMS (m/fz):
530.0269 {|[M-3H|") for complex 5. Figures 52-585 dis-
play the HRMS spectra of complexes 2-5.

2.3 | wo-Glucosidase inhibition assay

By considering the previous studies ™% g glucosidase
inhibitory activities for complexes 1-5 were investigated.
The method of o-glucosidase inhibitory activity i given
in the supporting information. The a-glucosidase inhibi-
tion values of complexes 1-5 were determined by taking
A and A, displaying the absorbance of the control and
samples in the following equation.

Glucosidase inhibition = [ A: — Ag)/Ac|x100

The Graphpad Software was applied 1o caleulate 1Cs,
values for complexes 1-5.

24 | Computational procedure
The analysis of the structural, spectral, and nonlinear
optical features were performed by using by the Gauss-
fan 16, Revision C.OL"" and Gaussview 6/ program.
To perform the optimized complex structures, vibra-
tional wavenumbers, and natural bond orbital (NBO)
analysis of the complexes 2,3 in the pround state, the
CAM-BILYP'®) and wB97XD methods™) with 6-3114G
{d,p)//Lanl2Dz 77 basis set were used. The same
properties for the complexes 14,5 were evaluated by
using DFT/CAM-B3LYP and wB97XD/Lanl2DE levels.
The electronic absorption wavelength and  oscillator
strength of complexes 1-5 in MeOH were caleulated at
the time-dependent DFT (TD-DFT) level™ with the
conductor-like polarizable continuum model
(CPCML™ The SWizard ™ program was used Lo deter-
mine remarkable contributions in electronde transitions.
DET/CAM-B3LYP and wB97XD/LanlIDZ levels in pgas
phase were applied to obtain the microscopic polariz-
abilities (o and Aw), frst- and second-order hyperpolar-
izabilities (¢ and y) The DFT/CAM-BILYF level was
also applied to examine the MEP (molecular electro-
static potential) surfaces.

The stability energy £ in NBO caleulations was
obtained by using Equation (1)

Fii g

£ — &

Ejll _ é"EI_I =g |:1]

In Equation (1], k‘[i,j}l is the off-diagonal NBO Fock
malrix elements, £ and £ are diagonal elements, and g,
is the donor orbital eccupancy for each donor (1) and
acceplor (j).lm =l

The molecular parameters computed from the HOMO
and LUMO energies are the chemical hardness (y), elec-
tronegativity (), chemical sofiness (8], electrophilicity
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(), and nucleophilicity (g) indes. 'I'heatParHJntLen‘. were
caleulated as follows {Equations (2)-{&)) 7",

E —-E | .
- [Erimio — Enown) (2)
2
P [ Eromen + Evonn ) (3)
2
§=1 (4)
n
s -
=% 5
o o (5}
1 )
p=— (6]

The theoretical microscopic electric dipole moment
(g, linear optical parameters (7 and Ao described as the
mean and anisotropy of polarizability, first- and second-
order hyperpolarizability parameters (f and p) for com-
plexes 1-5 in gas phase were computed by using Equa-
tions (71-(10). /=25

e e o

7
2 (7

"=
A= {%[{un —ay ) + (o, —az) + (o —uaxj'z] }” (%)

In Equations (7) and (), the Cartesian components of
@ and Aa are dy, oy, and g, Law of & is converted Lo
01482 = 107 e

The theoretical § and p parameters, known as first-
and second-order hyperpolarizability parameters, were
computed with Equations (9) and (10,8255l

T )
p= (45 + 52 (9)
1
<¥> =2 [Fan + Yy Yoz + 2 (g + Vi + V)| (10)

In Eguation (9], the Cartesian components of @ are
By = + oy + B Bo=F P . Bo=F+
o+ P To oblain @ in esu unil, lau.
= B.6393 » 10~ esu conversion is used.

2.5 | Docking procedure

The investigations of the interactions between target pro-
tein (the template structure Saccharomyces cerevisioe
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isomaltase [PDBEID: 3A4A]) and synthesized complexes
1-5 were performed by using the AutoDockd pr&gr&mlkﬁl
implemented via the graphical user interface AutoDock-
Taols (ADTL46).) By using optimized structures of
complexes 1-5 and penistein obtained at the DET/CAM-
BILYP method, the binding energies and estimated inhi-
bition constants of the complexes were obtained with
docking results. 2-D and 3-D structures demonstrating
interactions between amino acid residues and ligands of
complexes 3-5 were visualized Discovery Studio 4.0 pro-
gram ™) The detailed docking procedure is also pre-
sented in supporting information.

3 | RESULTS AND DISCUSSION

31 | The structural and vibrational
characterizations of the synthesized
complexes

From the "H NMR spectra, the signals of NH and CH
protons of imine were detected at 843 and 817 ppm,
respectively, and also the signals of aromatic hydrogens
were between 7.06 and 7.75 ppm. The signals for protons
of methyl were observed at 3.34 ppm. From the 2C NMR
spectra, the signals of imine carbon can be seen at
1634 ppm and the signals of aromatic carbons were
between 121.1-154.4 ppm. Also, the sipnal relating 1o
methyl carbon can be observed at 48.2 ppm.

The crystallographic data of complex 1 were obtained
by XRD (see Table 1) Table 1 shows that the space
groups are P21c for complex 1 in the monoclinic crystal
systern. Fipure 1 demonstrates the crystal structure of
complex 1 and optimized structures of complexes 2-5.
The structures of the non-crystalline complesxes were con-
firmed using mass spectrometry (see Figures 52-835) In
addition, the structures of the complexes 1-5 were opli-
mized and their bond lengths and angles, dihedral angles
weere caleulated by DFT/wB97XD and DFT/CAM-B3LYF
methods (Tables 2 and 51). The coordination around
metal ions (Cd (11, Zn (11}, Cu (1) and Hg (I11)) of com-
plexes 1-3,5 is described as a distorted octahedral peome-
try whereas the coordination of Ag(l} ion in complex 4 is
defined as a distorted tetrahedral peometry. The com-
plexes 1-3 are formed by two Ly (hidentate ligand) and
two isothiocyanates (monodentate ligand) ligands being
coordinated o Cd (1), Zn (11} and Cu (I1) jons. Complex
5 comprises He (11 1on coordinated by two Ly, a chloride,
and an issthiocyanate lipand. On the other hand, com-
plex 4 is comprised of Ag(l) ion coordinated by a L, and
two isothiccyanate ligands. It is compatible with the
coordination peometry of Ag(l) coordinated to the differ-
ent Iigands."”"’” " The L, and NCS in the complexes 1-
5 obtained in this study act as terminal ligands.
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TABLE 1 Crystal data and structure refinement parameters for

coamplex 1.
Empirical formula CppH CAN, S,
Formula weight A6BET
Crystal system Monoclinic
Space graup P2 le
Temperature 96
Radiation ivpe Mo Ko
Wavelengh (A) 071073
Crystal size (mm) 075 = A2 = 0.47
a (&) 128634 (8}
BA) 53026 (4)
c(A) 16.4441 {10)
al’l =1
B B3 3E2{3)
¥ i) W
At 1964.52 (19)
£ 4
F000) u36
Density (g cm ) 1.585
aimm ™) 134
i range [} 20-330
Measured refls. 23,339
Independent refls. 7185
B 040
3 104
R1/'wR2 [U03T/0.089
max/main (A" 0.43/-1.24

In complexes 1-5, five-membered chelate rings are
occurred by the coordination of pyridine N and imine N
atoms of the L, ligand to metal ons. The M-N bond
lengths between the metal jon and the pyridine N/imine
M atoms of the complex 1 were experimentally ohserved
as 2.381(19)/2.4069(18) A (see Table 2). These values cal-
culated at DFT/CAM-BALYP level corresponding to these
bond lengths were oblained as 2.423/2.468 A. The Cd-N
bond length between the metal ion and isothiocyanate N
atom of the complex 1 was experimentally found to be
2.265(2) A. The corresponding value was calculated at
2.222 A by using DFT/CAM-BILYP level {Table ). Theo-
retical values corresponding to these bond lengths, which
have no experimental counterpart for complexes 2-5,
were caleulated in a similar trend (see Table S1). In addi-
tion, theoretical bond lengths obtained by DFT/wB97XD
method in all complexes were obtained in the same
direction.

For complex 1, the N-Cd-N bond angle between Cd
ion and isothiocyanate N atoms around the coordination
was observed as 91.77 (9)* (see Table 2). This value caleu-
lated at DFT/CAM-B3LYP level corresponding wo the
bond angle was obtained as 115.23°. The bond angle
between the imine N, Cd ion, and isothiocyanate N
around the coordination for complex 1 was found to be
ROOR(E)" (with XRD), 81.24° {with DFT/CAM-BILYP
level), respectively. The caleulated values of bond angles
of the metal jon with pyridine, imine and isothiocyanate
N atoms indicate the presence of a distorted octahedral
peometric structure for complexes 1-3,5. In the similarity
and difference in the bond length and angles, both the
coordination around metal ions of complexes 1-5 and the
nature of metal ions play important role. In complexes 2-
5, the peometrical parameters around the central metal
ions are in a pood agreement with previously reported
values | #54

For complex 1, C-H- - -8 type hydrogen bond interac-
tions were observed between the Ly ligand and the iso-
thineyanate  ligand  with  experimentally  different
symmetries. The erystal packing structure of complex 1 is
piven in Fipure 6. In complex 1, the C1-HI1A- - -51 hydro-
gen bond interaction displays between 8 atom of the iso-
thineyanate ligand and methyl -CH group of L ligand.
The H-A and D-HeA parameters are observed at
284 A and 1657, respectively.

MBO analyses for 1-5 were fulfilled by using
DFT/mB97XD and DFT/CAM-B3LYP levels, so as to sur-
vey the interactions among molecular bonding and coor-
dination peometry around the metal ions in the complex
structures. In these complexes, the hyperconjugative
interactions were computed at the second-order perturba-
tion approach.”™ ™™ [n the coordination environment
around central Cd (I1), Zn (1), Cu (I1), Agl), and Hg
(1) ions, the hyperconjugative interactions are a substan-
tial role between the lone pair electron (n) of metal ions
and N atoms. The stabilization energy (E'") values of the
complex  structures  confirmed by the remarkable
LPN — LP*M (II) hyperconjugative interactions for com-
plexes 1-5 were presented in Tables 3 and 52, These E'
values caleulated at DFT/CAM-BILYP level for com-
plexes 1-5 were oblained in the range of 3185 and 16.81,
47.30 and 22.62, 20.05 and 11.29, 18.30 and 513, 29.73
and 981 keal/mol, respectively. The other stabilization
interactions, LP 8 — a5(N-C), #*(N-C)/(C-C) — a=(C-C)f
(M-C), elc., between Ly and isothiocyanate ligands were
demonstrated in Table 52 In brief, the stable structures
of complexes 1-5 were supported by the NBOD resulis
{Tables 3 and 82).

The vibrational frequencies for complexes 1-5 were
examined by FTIR and obtained at DFT/wB97XD and
DFT/CAM-BILYP levels. The multiplier of 0.96 was
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FIGURE 1 Single crystal structure of complex 1 and theoretical optimized structures of complexes 2-5 using DFT/CAM-BILYF level.

Complex 1

JFE‘ i ""';"r:-;'l-‘

i 4 - »y

}‘ifs-ﬁ_ R ".-. o
"#",ff o
Complex 3 Complex 4

TABLE I Comparison of experimental and theoretical geometric parameters for complex 1.

PFarameters
Bond length (A)
Cdl-Ma

cdi-N5

Cdi1-M4

cdi-N2

Cdl-M2

cdi-N1

51-C16

51-15

MNa-C14

M4-C10

N1-C2

N1-C1

NI

N3-CR

NI-CT

NI-C3

MNE-C15

C10-C9

MNE-Cla

Bond angles (")
NE-Cdl-MN3
NE-Cdl-M4
N5-Cdl-MN4
NE-Cdl-M3
N5-Cdl-MN3
Nd-Cd1-M3
NE-Cdl-M2
Dihedral angles ("}
Cd1-M4-C10-C11
Cd1-M3-C9-C10
Cd1-M1-C2-03
Cdl1-M4-C10-C9
Cdl-Ma-C14-C13

XED

224R(2)
2 365(2)
2.3511{18)
2.3598(19)
2.I808(19)
T AOEU(1E]
L6132}
1613}
132R(3)
1342(3)
1.246(3)
1457(3)
1.250(3)
1.451(3)
1.325(3)
L347(3)
1135(3)
LAGT(3)
L1503}

BLTT(T)
110167}
W1.528)
H9.0R(E)
161.42(8)
T0.82(7)
BLIST)

177.0015)
LRI
4.7(3)

—1L5(2)
—178.33(18)
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wBITXD

2211
23
2423
2463
2423
2463
L&6Ta
L&aTa
1.347
1.357
1.283
1.463
1.283
1.463
1.347
1.357
11493
1484
11493

115.04

105.77
B9.033
HB2.26

155.67
69.08
#9.03

179,48
793
793

—0.04
—17.37

Complex 3

Sfaromeranc—W| LEy-lze

CAM-BILYP

2212
221
2423
2468
2423
2468
La7h
La7h
1344
1.335
1.282
1464
1.282
1464
1344
1.335
1191
1481
1191

115.23
103.06
B7.67
B1.24
154.46
68.95
B7.67

175.52
451
450

—3.35
—175.38
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TABLE 3 Second-order pertutbation theory analysls of Fock mateix on NBO basis for complex 1.
Donor (i} Acceptor (f) E™ {keal/mol) Donor (i) Acceptor (j) E™ (keal/mal)
wBTHD/ Lan L3 CAM-BILYF/ LanL2De
LE{1)N6 L= pCd1 31.49 LF(1}NG LP*(apCd1 3185
LR{1IN5 LP*(apCd1 3149 LP(1}NS L¥*(apCd1 3L.B6
LB{1)M4 LF*(9pCd1 16.54 LIF(1jN4 Li=(9pCdl 16.81
LR{1IN3 LI=(apCd1 14.40 LF(1}N3 L¥=(apCd1 13.61
LE{1IM1 LI*(apd1 14.40 LE(1jN1 Li=(6pCd1 1261
LE{1)N2 LE=(apcdl 16.84 LEF(1pMz LEFsfapcdl 16.81
LB{2)52 T {NE-C16) 7586 LIF(2)52 2 NE-C16) 57.39
LP{Zis1 x{N5-C15) FER LI(2)51 a*{N5-C15) 57.26
&*(Nd-C14) FCI-C11) 10820 2(N4-C14) 2C10-C11) 105.29
%[ M4-C14) T(C13-012) 10710 T (M4-C14) =Y C13-C12) 107.14
®{C10-C11) N30} 18.78 A C1-C11) AN3-09) 17.58
C3-C4) FMN1-C2) 18.78 2004 aYMN1-C2) 17.58
&*(M2-C7) FC3L4) 10820 2 (N2-CT) aC3-04) 105.29
& (N2-CT) ACECF) 107.10 A(N2-CT) " CECS) 107.12
&(C13-C12) 2N4-C14) 5384 2 C13-C12) 2N4-C14) 18.75

applied to theoretically the wavenumbers to get closer w
FT-1R spectra. Figure 2 and Tables 4 and 53 display the
experimental IR spectra and vibrational mode assign-
ments, as well as characteristic vibrational wavenumbsers
for complexes 1-5 in the range of 4000-400 cm ' The
CH stretching is attributed w the ring, methyl and imine
groups for complexes 1-5 were observed at the range of
3086 and 2854 (complex 1), 3078 and 2852 (complex 2),
3064 and 2849 (complex 3), 3006 and 2801 (complex 4,
3052 and 2849 (complex 5) cm !, as expected ! The cor-
responding theoretical values to stretching vibrations for
complexes 1-5 were obtained at the range from 3127 w
2933, from 3089 to 2914, and from 3085 to 2922, from
3129 to 2930, and from 3110 o 2928 cm ' by using
DFT/CAM-BILYP level, respectively. The IR spectra of
1-5 exhibit bands in the 2134 and 2004 cm ™" range, cor-
responding to the NC stretching vibrations of the NCS,
which match 1o those previously reported ™" These
vibrational bands calculated at DFT/wB97XD  and
DFT/CAM-BILYP levels were oblained al 2089 and
2023 em ', and 2110 and 2036 cm ' ranges, respectively.
These bands demonstrate the presence of the NCS ligand
in complex structures. Furthermore, the vibrational
bands for complexes 1-5 located at 1661, 1658, 1650,
1764, and 1722 cm ™", respectively, exhibit the stretching
vibrations of the N=C bond of the Ly (see Table 4). These
results are consistent with previously reported ones ™™
In complexes 1-5, the experimental and theoretical C=5
stretching band of the NCS lipand appeared within the
ranges 784-739 cm ' (in FTIR spectra), 803-730¢m "
(in DFT/wBYTXD level), and 809-734 cm ™' (in DFTY

= Corrpiox 1
— Lo 1
= Carrpien 3
—— Lol 4
—— Cormplax &

Transmittance [Arbit wnit)

T v v T v
000 3500 3000 2800 2000 1800 1000 L)
Wavenumber (em”)

FIGURE 2 Experimental IR spectra of complexes 1-5.

CAM-BILYP level). The double bond CC and NC stretch-
ing vibrations of the ring were found to be ranged from
1373 10 1339 em ' (in FTIR spectra), from 1418 Lo
1307 em " {in DFT/wBI7XD level), and from 1417 1o
1303 em ™" {in DFT/CAM-B3LYP level). At the same
time, the stretching vibrations of the NC bond were
observed at 880-823 cm ' range, and theoretical values
were found within the ranges B88-858 cm ™' {in DFT/
wBITXD level) and 873860 cm ™' (in DET/CAM-BILYP
level). The double bond CC vibrations belonging to the
ring emerged  at 1604-1566 cm ' ranges,  1610-
1585 em ", and 1612-1586 cm*, by using FTIR spectra,
DFT/wB97XD, and DFT/CAM-B3LYP levels, respectively
(see Table 53). Moreover, the detailed assignments of the
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TABLE 4  Selected experimental and theoretical characteristic vibration frequencies of synthesized complexes 1-5.
CAM- FT-IR CAM- FT-1R CAM-
wBEITXD  BILYP  (em ')  wBITXD BILYP {em ')  wBOTXD  BILYP
FT-IR 6-310+Gid,p) 6-311+G{d.p)if Vibrational mode
{em ") Lanl2DZ LanL2D¥ Lanl2DE assignments
Complex 1 Complex 2 Complex 3
E6 1159 3z7 TR WSz 3089 Uad 3086 RS st iring)
s 112z i1z 56 w7 073 w21 3061 e Vet ining)
o6l 020 anzy 962 I4E0 2989 163 2593 2959 Ean by}
IW1E 494 2985 2z 1453 2973 I4l6 2975 2978 Beb (imama)
ZR54 925 2933 2852 400 2914 ZR49 2912 292 P il
270 M58 2064 I108 HEs 074 I134 2059 2110 L= (potbaccyanate)
2057 250 2058 a7 73 2068 76 072 20154 [Ty T R—
L6l L ET 1685 1658 1708 1707 1650 16497 1lagy Bt fiming)
1588 1604 1605 1598 1610 1612 1600 1603 1603 Bt {ring)
1339 1307 1303 1343 1348 1351 1346 1354 1356 V=t fringl VM= fring)
1052 1046 1044 1052 141 1042 1054 1039 Lkl et fring)
L] BAl B62 EH0 ERS R6S ERO 264 RT3 PR (g
7R3 742 T35 T4 Thd THE Th4 03 ROS [ T —
774 747 764 769 741 a4 775 764 Tae [ R ———
Complex 4 Complex 5
LanL2DZ 6-311+G{d p)/Lanl2DZ
o6 3150 3z w52 i1l 31 Bedt (nngs
473 v 3110 0w 1108 3105 PR (ring)
I4l6 sz 3030 a5y 7 30446 [ -
ZR54 OER 2993 1y ILRI 29E5 P [imama)
IROL 24 2930 IR4 420 2918 By gmathyl)
N5 053 2069 105 R 2063 Eai=t (mothacyanasa)
2004 23 2034 Pl (mothacyinase)
1764 1687 1650 1722 1694 1695 P =i (iming)
1604 1602 1603 1586 1603 1603 Bt ring)
1373 1418 1417 1310 1313 1311 Bt fringle V0= {ring)
16 1041 1041 1048 1043 1043 Bt {ring)
[ ¥ ] Ba0 B6 E58 B35 R0 Brt (rmg)
TR THE 792 P % (mmthicoyanaic)
76 756 76l 739 730 T34 B—% (ismthicoyanaie]

Note: i stretching; f# in-plare bending: p: out-of-plane berding; ¢ torsicn.

other vibrational bands, such as in-plane/out-of-plane
bending vibrations, for complexes 1-5 are presented in
Table 53

3.2 | The electronic spectral properties

The UV-Vis spectra for synthesized complexes 1-5 are
displayed in Figure 3 in the range of 200-600 nm. The
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absorption peaks emerped at 279.2 and 232.% nm for com-
plex 1, 277.6, 236.2 and 207.1 nm for complex 2, 387.8,
2849, and 2298 nm for complex 3, 261.2 and 2288 nm
for complex 4, 321.5 and 2288 nm for complex 5. By
using the $Wizard™ and Chemissian'™ programs, it
was determined which molecular orbitals come from the
preatest  contributions o electronic  transitions  (see
Tables 5 and 54). According to Table 5, Fipure 4 is formed
by considering the occupied and unoccupied molecular
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Chemistry

Absorbance

FIGURE 3 Experimental UV-Vis
spectra b methanol for complexes 1-5.

—— Complex 1
—— Complex 2
—— Complex 3
—— Complex 4
—— Complex 5

200 250 100 380 400 450
Wavelangth (nm)

orbitals that play an active role in electronic transitions.
The observed absorptions for complexes 1-5 were deter-
mined to be due to metal-to-ligand/ligand-to-metal tran-
sition, intra-ligand ¢ — 7%, and n — &* transitions. [n
the electronie configuration of Zn (1), Cd (II) and Hg
(1) ions, d — d electronic transition is not expected since
the d-orbitals are completely flled. Therefore, no absorp-
tion showing this transition has been observed both theo-
retically and experimentally at higher wavelengths. The
charge transitions within the ligand are clearly seen from
Figure 4 as ligand-ligand charge transfer in the high
energy region.

Itis reported that the rsing contributions from metal
arbitals to the LUMO of the complex can increase the
m-aceeptor feature of the ligand ™ The contribution of
the Cd, #n, Cu, Ag, and Hg orbitals to the HOMO/
HOMOS and LUMO/LUMOS of complexes 1-5 calculated
al the TD-CAM-B3ALYP level change from 2% 1o 38%
(HOMO/HOMOSs) and from 1% to 29% (LUMO/LUMOS).
The orbital contributions of the L and NCS ligands o
the different LUMO/LUMOS in the synthesized com-
plexes (except for complex 4) range from 67% to 100%
and from 0% (o 11% (TD-CAM-BILYP level in methanol),
respectively. At different percentages in Ly ligand includ-
ing 2-pyridyl and imine groups, and NCS ligand, the
LUMO/LUMOs contributions showing electron acceptor
feature were caleulated higher than NCS ligand (see
Tahle 5). It could be said from these results that Ly ligand
is much stronger s-acceptor than NCS ligand. In com-
plexes 1-5, the electron density is localized in the pyridyl
rings and metal ions in LUMOJLUMOs levels while the
electron density is localized in the NCS lipands in HOMO
level (see Figure 4). The MLCT (metal-to-ligand charge

transfer) transitions obtained at TD-CAM-B3LYP level in
methanol were determined by different percentages
HOMOs—LUMOs, as can be seen in Table 5. For exam-
ple, H-6 — L (43%) transition for complex 1 corresponds
o Cd(6%), Ly(88%) including pyridyl(8%) and imine(80%)
groups, and NCS(6%) lipand in HOMO while it corre-
sponds to pyridyl(59%) and imine(41%) in LUMO. The
HOMOs—LUMOs transitions of the other complexes
ocrcurred by different percentape contribution values (see
Table 5). Depending on the metal ion and its environ-
ments, the electronic transitions with the high/low oscil-
lator strengths come out as ligand-to-metal/metal-to-
ligand, and ligand-to-ligand charge transfer.

Molecular electrostatic potential (MEF) surfaces have
been taken into account to investigate the structure—
activity relationship (SAR) of biomolecules and complex
systerns. The MEP surfaces for complexes 1-5 were
obtained  with CAM-BILYP/6-311+G(d.p)//LanL.2DZ
level. It is clear from Figure 5 that the regions with the
highest electron aflinity of complexes 1-5 are where the
density of the red electron clouds around the isothiocya-
nate group. In additon, these negative electrostatic
potential (ESF) regions are associated with lone pairs of
electronegative atoms. The regions with the highest pasi-
tive potential representing the nucleophilic reactivity
were found around the -CH groups in the ligand. These
results point oul that more reactive regions of the com-
plexes and their hydrogen bond interactions may occur.

To investigate chemical stability and reactivity as well
as speclroscopic properties, the . g, 5, @, and @ index
parameters were obtained from the frontier molecular
orbital (FMO) energies ™ The y, n, 8, @, and p indexes
of complexes 1-5 for o spin calculated by wsing CAM-

84

TERIPTT) PUE MM g s |CAIRATVEC] B AR apay S ST rieaning G IS ST T T S A R I R UL TRl BESA |

meyap TR o ary e e g A paressd s L ) e sy n) e e S, e



ORGE eT AL

B W L EY-L 222

TABLE 5  Experimental and theoretical wavelength, oscillator strength, and remarkable contributbons for complexes 1-5.

Experimental i
(nm) (Methanol)
Complex 1

1m.2

1329

Complex 2
TG

236.2

7.1

Complex 3
IR7.R

IR4.9

198

Complex 4

IIRE

Methanol/ TD-CAM-BILYP/6-311+G(d,p)/ LanL2DVE

i (nm)

2740

26110

2357

26599

2316

2071

ISR

2ET.0

2337

36

2621

2250

Osc, Strength

024

D62

0119

DKL

D0z

NELOR

03212

0027

DT

85

Molecular contributions (SWizard and Chemissian programs)
H: HOMO, L: LUMO, 2-pyridyl: CsHLN. imine group: CH=N-CH,

{43%) H—6 [Cd{6% 1+ Pyeldvlia% )+ Imine 805 )+ NCSE% 1] — L
[ Pyrddyl 599 )+ Imdned 41%)]
{289 H—-7 [Cd{7% )+ Pyeldyl{ 59% )+ Imine 325 )+ NCS{ 22 )| —L+1
[ Pyrldyl{ 615 )+ Dmine] 38%)]
{51%) H [NCS992 )] —L [Pyeldyl{259)+ Iminef41%)]
{30%) H-2 [NCS(982 )| —L [Pyridyliz59)+ Imine(41%)]
{25%) H—10 [Imbne5% )+ Pyeldylia35 )] — L+ 1 [ Pyridy 6195 )+ Imine
(3R2)]
{23%) H—6 [Cd{6% 1+ Pyeldvlia® 1+ Imine{ 805 )+ NCSET 1] —L+1
[ Pyrldyl{ 615 )+ Dmine] 38%)]

{41%) H [Zn(15% 1+ Pyridyl 13% )+ Imine] 22 1+ NCS{T1%)] —L = [Zn
{85+ Pyridyl( 57% - Imine( 322 4+ NCS(3%))]

{21%) H-6[Z007%)+ Pyeidyl(27% )+ Imine( SRR )+ NCS{E% )| —L « [Zn
(B4 Fyridyl( 575 )+ Imine( 322 4 NCS(3%))]

{34%) H-6[Zn(7%)+ Pyridyli27% )+ Imine(5SER )+ NCS{ER)]| —L+1 «
[Enia%)+ Pyridyl{57% )+ Imine( 34 %)+ NCS{52 )]

{26%) H-7[Zn05%)+ Pyridyli8 1% )+ Imine( 125 )4+ NCS{ 28 )| - —L a
[Eni8%)+ Pyridyl{57% )+ Imine( 325 )+ NCS{ 3R )]

{37%) H-2 [Zn{38% )+ Pyeldyli26% )+ Imine(18%)+ NCS{ 19%)] — L+ 3
i [Zn(2% )+ Pyridyl 0%+ Imine(11%)+ NCS(7%)]

{14%) H [Z0015% )+ Pyridyl{ 13%)+ Imine( 2%+ NCS(T1%)] —L+3
[Zn(2%)+ Pyridyl(80% )+ Imine( 115 )+ NCS(72)]

{19%) H-6 [Cuf2% 1+ Pyrldyli 765 )+ Imine(20% )+ NCS{ 22} —L+1 @
[Cul16% 1+ Pyridyli 4695 )+ Imine] 34% )+ NCS4%)]

{18%) H-4 [Cul5% 1+ Pyrldyli6 3% )+ Imine(29% )+ NOS{ 32 )] —L+1 «
[Cul 3% )+ PyridyH 9% )+ Imdnel 4065 )+ MCSCE%) ]

{405) H-7 [Cui18% )+ Pyridyl{ 132 1+ Iminel 538 H NCS16% )] —L a
[Cui15% )1+ Pyridyb{46% )+ Imine] 35% )+ NCS(4%)]

{16%) H-4 [Cui21% )+ Pyridyl( 642 1 Imine( 138 H- NCS(2%) | —L+2 @
[Cul 3% )+ Pyridyl 48% 1+ Imine( 38% 1+ NCS(11%)]

{36%) H-4 [Cuf21% )+ Pyridvl(643 -+ Imine 133 4+ NCS(2%) | —L+4 §
[l 14% 1+ Pyrldyl 3% 14 Inmined 1351+ NS 105 ]

{13%) H-9 [Cul18% )+ Pyridyl( 642 1 Ionine 102 H- NCS(7%) | —L+3 @
[Cul 2% 1+ Pyridyl 39% )+ Imine] B% )+ MCS(4%))

{04%) H-2 [Agi 10 H Pyridyl{1% )+ NCSBER)] —L # [Ag(2R)}+NCS
(98}

{30%) H-13 [Ag{3%H NCS[D6%)]—L # [Ap(2% )+ NCS(a8%)]

{BZ) H-4 [Ag(37% )+ Pyridyl(31% )+ Imine( 125 -+ NCS(20%)] —L+1 #
[Ag{1%)-+ Pyeldyl{ 595+ Imine{ 39%)+ NCS(1%)]

{14%) H-1 [Agi 205 1+ Pyrldyl{ 10%)+ Imine{ 11%)+ MCS{50%)] — L
+10  [Ag(VEH+ Pyridyl 12 )+ NCS(9E%)]

{02} H-2 [Ag(10%)+ Pyridyl(15%)+ NOS{EER)] —L+9 o [Agi31%)
~+ Pyrldyl{ 5% )+ Leninel 3% )+ NCS{605]]

(Continuwes)
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TABLE S (Continued)
Methanol/TD-CAM-B3LYP/6-311+-G(d,p)//Lanl.2DZ
Experimental ) Molecular contributions (SWizard and Chemissian programs)
{nm) (Methanol) A{nm) Osc. Strength H: HOMO. L: LUMO, 2-pyridyl: CsHyN. imine group: CH=N-CH,
Complex S
3215 285.3 0.0009 {21%) H-7 [Hg(10%) + Pyridyl(53% )+ Imine(34% )+ NCS(3% )| —=L+1 «
[Hg(1%)+ Pyridyl(61% )+ Imine(38%)]
(16%) H-8 [Hg(5% -+ Pyridyl(11%)+ Imine{74% )+ NCS(1%)+Cl
(102)]—L « [Hg(1%)+ Pyridyl( 58% )+ Imine(d1%)]
251.7 0.0062 {47%) H [Imine(1%)+NCS(99%)] —L a [Hg(1%)+ Pyridyl(58%)
+Imine(41%)]
(27%) H [Imine(1%)+NCS(99%) ] —L+1 a [Hg(1%)+Pyridy}61%)
+1mine(38%)]
2288 2283 0.0101 (73%) H-3 [Hg(3% )+ Pyridyl{5% )+ Imine(2% ) + NCS(2% )+ C(88%)] —
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FIGURE 4

B3LYP level were obtained at the range of 4.359 and
3902 eV, 2.799 eV and 2.488, 0.402 and 0.357 1/eV, 3.505
and 2968 eV, 0.337 and 0.285 1/eV, respectively (see
Table S5). According to these results, complex 1 has the
smallest n and the largest o values, so it can be said that

L+ 1 o [Hg(1% )+ Pyridyl(61%)+ Imine(38%)]
{10%) H-3 [Hg(3% 4+ Pyridyl(5% )+ Imine(2%)-+ NCS{2% )+ Cl(88% )] —
L [Hg{1% )+ Pyridyl(58%) + Imine(41%)]
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FMOs and energiles being the most active in electronke transition obtained by DFT/CAM-B3LY P method for complexes 1-5.

there is more electron flow and this complex can be eas-
ily polarizable. The obtained results are well consistent
with the reported ones,|#5-+.76.77]

The values of optical band gap energy are found from
the Tauc and Menth eguation!™! by using Equation (11).
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FIGURE 5 Molecular electrostatic potential (MEP) surfaces for the complexes 1-5.
FIGURE 6 The graphs of optical 1800
band gap energy for the complexes 1-5. Complex 1
1600 4 —— Complex 2
— Complex 3

1400 + — Complex 4
—— Complex §

8 8

(@E)? (cm™eV)?
g8 & 8 8

g

{ahv) = C(he — Eg)"? (11)

In Equation (11), the @ called as the absorption coeffi-
cient is obtained by @ = 2.3034/d, A and d are the absor-
bance in the UV-Vis region and width of the cuvette
(1cm), respectively. hv and £, are the photon energy and
direct band gap energy, in order. C is a proportionality
constant concerned with the effective masses dependent
on the bands. It is obviously seen from Figure 6 that the
E, values for complexes 1-5 were oblained at 4.21, 4.19,
4.09, 435, and 344, respectively. The HOMO-LUMO
energy gap values for 1-5 calculated at CAM-B3LYP level
are 4.976 ¢V for a spin (complex 1), 5.599¢V for « spin
(complex 2), 5.257¢V (complex 3), 5.478 eV (complex 4)
and 5.129 ¢V for a spin (complex 5). These results exhibit

87

38 40 42 44 46 48 50
Energy (eV)

that the experimental and theoretical energy gap values
are coherent.

3.3 | NLO properties

Owing to potential applications in telecommunications,
laser technology, data storage, and electrochemical sen-
sors, the synthesis, design and theoretical studies of new
materials that may exhibit NLO (nonlinear optical) fea-
tures draw attention.””” ) Considering the design and
development processes of any electronic device, when the
experimental investigation of NLO properties for new
malerials is not possible, a foresight about the behavior
of materials can be obtained by theoretical study. In this
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regard, the linear optical (LO} and second-/thivd-order
MLO paramelers of the synthesized complexes 1-5 were
computed at DFT/wBS7XD and DFT/CAM-B3LYF levels
(see Table &).

Theoretical a, #, and y parameters were given com-
paratively the corresponding results of p-Nitroaniline
(pNﬂ)I 0 g wreal ™1 ysed ag prototype compounds.
By using DFT/CAM-B3LYP level, the mean polarizability
(@) values of complexes 1-5 in gas phase were compulted
al the range of 200 » 107 and 44.60 x 107 % gsu. These
results display that it is higher than obtained that of the
polarizability of pNA (17 = 10 Mpsu) The § values for
complexes 1-5 in the pas phase were oblained at
8525 107 "-10.80 » 107 ¥ esu ranpes, as can be seen in
Table & (in DFT/CAM-B3LYF level). Similarly, the y
values for complexes 1-5 in the pas phase were [ound
within ~ the ranges 3044 % 107 *-§1.26 » 10" esu
(in DFT/CAM-B3LYP level). In comparison of pNA and
urea results with these results obtained, the @ and y
values for complex 3 are about 1.17/83.08 and 5.42/11.61
times higher than those of pNA (9.2 5 107 esu) " jurea
(0,130 > 107" esu) "™ and pMA (15 107 esu) " urea
(7 107 gy 1 respectively. According Lo results,
complex 3 i a powerful indicator in erms of microscopic
MLO properties. The observed differences in NLO param-
eters could be interpreted associating with the charge
mobility in the complex, metal jons in coordination, and
its environment. Besides, the symmetry center around
metal ions for the § pammeter in these complex struc-
tures plays an efficient role.

The cohtained § and y results exhibit that complex
3 can be staled as an encouraging candidate for NLO
materials (Table 6).

TABLE &

3.4 | a-Glucosidase inhibition activity
The ICx, values of the synthesized complexes 1-5 against
w-glucosidase were determined at the range of 0.2376
+ 0582 and 251403 + 2.54 pM (see Table 7). While the
complex 5 (ICs, = 0.2376 + 0.82 pM) has the sirongest
inhibitory activity against o-glucosidase, the lowest inhibi-
ton value of 231,403 + 2.54 pM was obtained for complex
2. The complex 5 (ICq, = 0.2376 & 082 pM) was found o
b 52.77 limes more effective than genistein (1C;, = 12.54
+ 0.43 pM), used as a standard in this study.

Considering Table 7, the following points for SAR
could be deduced:

+ The coordination of complexes 1-3,5 including metal
ions (Cd (L), Zn (1), Cu (), and Hg (1)) was
described as a distorted octahedral geometry while the
coordination of Ag(l) ion in complex 4 was defined as
a  distorted  tetrahedral  geometry. The  complex
5 (1Csy, = 0.2376 + .82 pM) containing Hg jon has the
best inhibitory activity compared W complexes con-
taining other metal ions with similar coordination. On
lhe other hand, activity values of other complexes 1-3
were obtained at 21480 % 3.36, 251403 + 2.54, amd
5.618 + 1.22 pbM, respectively. Compared a-glucosidase
activities of complexes 1 (ICq, = 21480 + 3.36 pM)
and 2 (ICg; = 251.403 + 2.54 pM), the difference can
be interpreted that the alomic diameter of Zn metal is
loweer than that of Cd. 1t is concluded that in the com-
parison of complexes 3 (ICy, = 5.618 £+ 1.22 uM) with
2 (ICsp = 251,403 £ 2.54 pM), the exchanging of Cu
with Zn having fully oceupied d orbitals significantly
reduced o-glucosidase inhibition due 1o the increase of

Theoretical electric dipole moment (u, Debye), static lsotropic and anisotrople polarizability {7 and A, =107 esu), and static

first- and second-order hyperpolarizability (#, =107 ™ esu, and y, = 107" esu} for complexes 1-5.

Complex 1 Complex 2 Complex 3 Complex 4 Complex §
CAM- CAM- CAM- CAM- CAM-
wEITXD  BILYP wBWXD  BILYP  wBOTXD  BILYP  @BO9TXD  BILYP wBITED B3LYP
Parameter LanLZDZ 6-311 + Gid.p) 6-311 + G{d.p) Lanl2ZDE LanLzDZ
el 13494 l4.0% 10.95 932 12.049 12.71 1392 13.75 1284 1285
B .20 ¢ praY ! and 4.56 (Urea)*™
< 4699 3701 4295 4313 4463 4460 2034 29.00 3445 34.56
< 17 {pheayiee!
A XM47 20.58 18.28 17.584 2043 1920 17.82 18.58 15.7d 18.99
<= 9.26 10.03 657 B.62 983 1080 11.99 725 7.R2 B.52
<fi= 9.2 (phad % 0.3z (Ureay ™ and 0,13 (Urea)*™!
<y 3930 42.13 51.77 5266 HL.O3 El.26 IR17 a4
<y 150 pNAT ™ and 7 {Ureay ™!
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TABLE 7 Invitro inhibluon 1C,, valwes (uM) for e-glucosldase
of complexes 1-5 and ligands.
Ligand/Complex 1C,, (uM)*
N4{pyridin-2-ylmethylene jmethanamine (Ly) Not active
Fotasalurn thiocyanate (KSCN) Not active
Complex 1 [Cd{L, 1L.{NCS), 214.80 + 336

Complex 2 [Zn(L, 1M CE))
Complex 3 [CulL, )i MCS)

251403 + 2.54
5.618 + 1.22
Complex 4 [Ag(L, HNCS)] 3735+ 176
Complex 5 [Hg(Ly) 2 {(MNCS)ICT)
Cenisteln

0.2376 + D82
1234 + D43

“1C; values represent the means + S EM. of three parallel measurements

the wc-conjugation  effect of L, ligand including
2-pyridyl and imine groups.

» According to the metal jons of similar group, the com-
plex 5 containing He jon demonstrated the best inhibi-
tion effect compared o complexes 1,2 containing Cd
(11} and Zn (11} jons, It could be shown for this reason
that the atomic diameter of Hg is larger than that of
Zn and Cd, and the Hg complex, unlike the Zn and Cd
complex, i coordinated with an isothiocyvanate ligand
and a chloride instead of two isothioecyanate ligands.

« It could be deduced that the variation in the 1C;,
values of the complexes depends on the role of metal
ion and its conrdination environment.

The reported ICs, walues for triazine-triazole,
chromone-based benzohydrazide and chromone hydra-
zone derivatives against c-glucosidase were observed in
the range from 11.63 + 0.15 (0 3744 + (.35, 4.51 + 0.09 0
2721 + 083, and 201 +0.19pM o 457 + 0.23 pM,
respectively." "™ In the swdy of Tripath et al in
2014, a-glucosidase inhibition values for [Co (en); |50,
and [Co (en)y|-2C1 complexes were reported as $27.89 and
78412 pM. In 2017 the ICs value of o — glucosidase
inhibition for the Zn complex containing M,0, was found
ter be 0.23 mM. Philip et al in 20073 I1C4, values against
o — plucosidase enzyme for the metal (11) complexes were
abtained between 0.1471 and 0.2320 mM. Furthermore,
the [Cs, values in some transition metal complexes con-
taining pyridine derivatives could not be determined in
metal complexes of chromium, manganese, cobalt, and
nickel, while it was caleulated between 0.22 and 0.92 mM
in other metal l_'m:npl.l:xl_':i."-"" M om the other hand,
a-glucosidase inhibitor activity studies of different metal
complexes with mixed ligand including &-methylpicolinic
acid synthesized in previous studies by our group, 1C,
values were found tw wvary between (0.161  and
=600 pd. ! The 105, values oblained for the Cu {11},
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FIGURE 7 Superimpose of the native alpha-D-glucose ligand
{red) versus re-docked co-crystallized ligand (blue) binding modes
of the alpha-D-glucose.

Cd (1) and Cr (111} complexes with 6-methylpicolinic acid
and isothiocyanate were reported at 802, 240,08, and
=600 i, respectively. Considering on the 1C5, values
for the Cd, Zn, Cu, Ag, and Hg complexes bearing N-{pyr-
idin-2-ylmethylenesymethanamine and isethiocvanate, the
complex 5 [Ha(L, W NCSICH] was determined to have the
highest inhibitory activity. Besides, it is obvious that com-
plex 5 (ICq, = 0.2376 pM) is the best a-glucosidase inhibi-
tor  compared  with  previous  studies 207057006
Therefore, it can be stated that metal complexes contain-
ing the imine group tend o increase the inhibition of
o-plucosidase.

The reported ICs; wvalues for Hg (1) and Cu
(I} complexes against a-glucosidase were 0184 + 0.015
and 1.685 + 0,02 pM, while the 1C;; values of them for
the cytotoxicity study on healthy cell line were found to
be 24.141 + 1.039 and 53.435 + 1.120 pb, respectively, in
the our reported studies, ™) According o these results,
the inhibition concentrations are 131.20 and 31.71 times
lower than the concentrations where they exert cytotoxic
effects, and considering these values, it can be said that
the toxic effects of the Hg and Cu complexes on healthy
cells are negligible. Therefore, the toxic effects of mer-
cury, known as heavy metal, in complex structures on liv-
ing cells are negligible, and their use as an o-glucosidase
inhibitor can be considered appropriate. However, metal
ions at high concentrations are toxic, but metal com-
plexes have many advantages such as highly selective
combination with the active site of the enzyme and mod-
ulating the conformation of the enzyme by binding the

residue near the active site of the enzyme ™"

3.5 | Molecular docking

In order to identify the ligand-protein interactions of the
complexes 1-5, the targel protein (5. cerevisiae isomallase

& BLI0ES01

dappe g peageey oy aELy pAmTRAD ]

¢TI T PR

P} A AT By e b

gt S e sy Ry e P wEap ap s | [RIEAIVED] B0 Ay

fuprypas

W, T

sagep A

S ULTEE T

seyasr] waTIRDe) e Ay e pke g A parsasd s o g e g



mW| LEY—B‘?gJ:gmmlllc

Chemistry

TABLE 8 Protein-ligand interactions and distance values for complexes 1-5 and genlstein.

Substrate
Complex 1
NCH

MCH

Ly
Imine-C
Methyl-C
Ly
Complex 2
MCH

NCH

L,-C

Ly

Ly

Ly
Complex 3
NCH

MCs

NS

Ly

HCS

Ly
Complex 4
NCS

MCS

NCE

NCH

MCH

HCH

Ly

Ly
Imine-C
Ly
Complex 5
MCE

NCE

NS

MCH
Methyl-C
Imine-C
Ly
Gendateln
C=0 (benzopyran-4-one)
OO {5-hydrogy- benzopyran-4-one )

CRDGE eToaL
Heceptor  Interaction Distance (A) K (uM) Binding energy (kcal/mol)
33l4 —4.47
PHE-4%4 FH-Sulfur 5.10
SER-453 Conventlonal H-Bond 312
LY5-366 Fi-Slgma 3TE
TYR-560 Carbon H-Bond 343
ASN-489 Carban H-Bond 348
PRO-455 FH-Alkyl 5.3%
Tk B —d.3
ASN-153 Conventlonal H-Bond 337
LEU-226 Conventlonal H-Bond 3,59
GLY-225 Carbon H-Bond 346
LY5-141 FH-Alkwl 5.01
PRO-152 FH-Alkwl 502
PRO-139 F-Alkyl 522
£3.44 —573
TYR-303 Fi-Sulfur 562
HIS-Z50 Fi-Sulfur 4.69
PHE-303 Fi-Sulfur 4.40
TYE-138 Fi-Pi Sracked 403
HIS-250 Conventlonal H-Bond  3.64
ARG-315 Fi-Alkyl 354
190.E1 —5.07
FHE-314 Fi-Sulfur 5494
TYR-316 Fi-Sulfur 5.02
ASM-415 Conventlonal H-Bond 337
TYE-158 Conventlonal H-Bond 288
GLU-411 Conventlonal H-Bond 324
SER-311 Conventlonal H-Bond 335
SER-2400 Fi-Daomor 3498
TYR-158 -1 Sracked 423
ASP-242 Carban H-Bond 340
LY3-156 F-Alkwl 5.06
3349 —hl11
PHE-321 Fi-Sulfur 5.41
PHE-360 Fi-Sulfur 4.8
PHE-360 Conventlonal H-Bond — 3.51
TRP-326 Fi-Domor 412
PHE-321 Fi-Slgma 373
PHE-321 Carbon H-Bond 317
LY5-523 F-Alkyl 4.49
1106 —B.35
ILE-272 Conventlonal H-Bond 273
SER-29% Conventlonal H-Bond 2,45
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TABLE & (Continued)

Substrate Heceptor  Interacton Distance (A) K, (pM)  Binding energy (kcal/mol)
CO | T-hydrocgy-benzogyran-d-one)  LEU-247 Conventlonal H-Bond 329
CO | T-lyd roccy-Benzopyran-4-one)  SER-291 Conventlonal H-Bond 258
CO | T-hydrosy-benzopyran-d-one)  ALA-292 Conventlonal H-Bond — 3.14
Phenyl ARG-263 Fi-alkyvl 419
Phenyl ILE-272 Fi-Alkyl 525
™
T
i
&
- - -
il LR
FIGURE & 3D and 2D-structures, and H-bond interactlons bertween amino acld residues and ligands of the meeat active complex 5.

[PDBID: 3A4A]) was selected as rigid and molecular
docking study was carried out by the AutoDockd pro-
gram™ implemented via the praphical user interface
AutoDockTools (ADTLA7). 1n the study conducted to
determine that the selected docking parameters were
acceptable, the conformation Root Mean Square Devia-
tion (RMSD) value of the native alpha-D-glucose ligand
(red) and re-docked co-crystallized ligand (blue) were
compated in terms of structural alignment, as shown in
Figure 7. The RMSD value oblained at 0.446 A indicates
that the selected docking parameters are  accepl-
able 17108 Optimized parameters were used to dock for
complexes 1-5 and genistein into the active site of the
a-glucosidase homology model.

The docking results were used to explain the binding
energies and estimated inhibition constants of the com-
plexes. 2-D and 3-I structures demonstrating interactions
between ligands of complexes 3-5 and amino acid resi-
dues were visualized Discovery Studio 4.0 program.

According to the docking results of genistein, used as
a standard inhibitor, and complexes 1-5, the binding
energy values were obtained at —6.35, —447, —4.3,
—5.73, =507, and —6.11 kecal/mol, respectively. The
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estimated inhibition constants (Ki) corresponding 1o
these binding energy values were found to be 2206,
3314, T04.84, 6344, 19081, and 3349 pM, respectively
(Table 8). Complex 5 {1Cs, = 0.2376 + 0.82 pM), which
showed the strongest inhibitory activity against o-glucosi-
dase, was oblained at the lowest K; value (33,49 pM) and
binding energy (—6.11 keal/mol), according to the dock-
ing results. It is concluded from in vitro results that the
Complex 5= Complex 3> Complex 4> Complex
2= Complex 1 ranking of the best inhibitory property
was supported by the docking results. From in vitro and
docking results, it can be stated that the binding affinity
for complex 5 is better than other complexes. Moreover,
the docking results display that interaction with the
enzyme active  site  indirectly/directly aflects
a-glucosidase inhibitor activity depending on the coordi-
nation envitonment. Figures 8, 57, and 58 show the two-
and three-dimensional molecular docking diagram of 3-5
with amino acid residues of the target protein, such as
some hydrogen bonding, van der Waals and pi-alkyl
interactions. According to the docking results of complex
3 [CufL, W{NCS):] and complex 5 [Ha(L, R(NCSICL], it
was observed that there were the conventional hydrogen
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bond/pi-sulfur interactions between isothiocyvanate and
amino acid residues HIS-280/TYR-158, PHE-303 [or com-
plex 3, PHE-360/PHE-321 for complex 5. These com-
plexes demonstrate that the pi-alkyl interactions are the
between Ly ligand, including 2-pyridy] and imine groups,
and amino acid residues ARG-315 for complex 3 and
L¥5-523 for complex 5 (see Table %), Apart from these
interactions, the pi-pi stacked interaction for complex
3 emerged while the interactions for complex § appeared
as carbon hydrogen bond, pi-donor hydrogen bond, and
pi-sigma (see Figures 8 and 87). Similar interactions for
complex 4 were detected among the different/same
amino acid residues, as can be seen in Figure S8 and
Tahle 8. Conventional hydrogen bond and pi-alkyl inter-
actions for genistein were depicted at distances of 272
and 5.25 A between amino acid residues ILE-272 and the
C=0 proup of benzopyran-4-one and phenyl ring
(Table 8). It was observed that there was the similar trend
between the predicted inhibition constant and in viteo
inhibition results. Furthermore, whether the electron
density is localized or delocalized in the molecule is
related to the donor and acceptor properties of the mole-
cule, it can be said that these properties may cause simi-
larities and differences in interactions with amino acid
residues in the enzyme active site of the molecule.

The inhibition mechanism of  -glucosidase  is
explained by the fact that the ensymatic hydrolysis of glu-
cosidases occurs through the interaction of the covalent
glycosyl-enzyme intermediate in the literatures!"™
According to these studies on the inhibition mechanism
of glucosidases and our docking studies, it is considered
that the hydrolysis of isothiocyanate/imine moieties can
aceur as a result of interaction between engyme active site
and complexes. Moreover, the metal complexes are pener-
ally non-competitive  inhibitors apainst  o-glucosidase
according to the reported enzyme kinetic studies "4
We consider that the synthesized complexes 1-5 can be
non-competitive inhibitors as similar o literatune.

4 | CONCLUSION

To examine a-glucosidase inhibitory activity, the N-(pyri-
din-2-ylmethylene)methanamine (L) and complexes 1-5
ICAL)(NCS),], (1), [Zn(ly)o(NCS)],  (2),  [Cu
(L LINCS]], (3), [Ag(LINCSY], (d), |Hgil,){NCS)ICL],
(5)] were synthesized, and the XRD, LC-HRMS, FT-1R
and UV-¥is spectroscopic methods for complexes 1-5
were applied to confirm structural and spectral character-
fzmtion. The [C, values against o-glucosidase for 1-5
were found at 0.2376- and 251.403-pM range. The lowest
a-glucosidase inhibition value was determined for com-
plex 5, while a remarkable inhibition value was oblained
for complex 3. These effects were supported by docking

results demonstrating protein-ligand  interaction. Addi-
tionally, to detect the detailed spectral and structural fea-
tures, as well as to relate the corresponding experimental
results, DFT/wB97XD and DFT/CAM-BILYP levels cal-
culations were carried out. While the HOMO/HOMOs
values of the L; ligand showing the electron donor fea-
ture were found to be lower than those of the NCS ligand,
the higher LUMO/LUMOs values showing the electron
acceplor  feature  were found  that much  stronger
m-acceptor of the Ly ligand than the NCS ligand. The sta-
ble coordination peometries between lone pair electrons
of N atoms and metal ions in 1-5 were verified by NBO
results. While complex 3 has an 1C., value of 5618 pM
apainst w-glucosidase, the results of the § and y parame-
ters suggest that complex 3 can be expressed as an
encouraging candidate for NLO materials. By considering
in vitro/docking and NLO results, in this study with
metal complexes of Ly and NCS ligands, complex 5 may
be an alternative drug candidate for T2DM, as well as
complex 3 may be a candidate for NLO material.
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X-ray structure determination

In order to determine suitable single erystal structure and data collection of complex 1, a Stoe
IPDS 11 diffractometer having Moo (2=0.71073 A radiation at 296 K was used. The detailed
crystal structure parameters are given in Table 1. The crystal structure was solved by direct
methods using SHELXT [1] and refined by full-matrix least-squares methods on F* using
SHELXL-97 [1]. The hydrogen atoms bonding to carbon atoms were located from different
maps and then processed as riding atoms with C—H distances of 0.96 A. Water H atoms were
located 1 a difference map refined freely. Molecular diagrams were composed using
MERCURY [2]. Supramolecular analyses were fulfilled and the diagrams were prepared with
the aid of PLATON [3].
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a-Glucosidase inhibition assay

By using p—nitrophenyl—o—D—glucopyranoside (pNGP, Sigma, N1377) as the substrate, the
a—glucosidase from Saccharomyces cerevisiae (Sigma, G5003) was determined as the target
protein. The compounds and genistein were dissolved in DMS0. The enzyme and the substrate
were dissolved in potassium phosphate buffer (0.05 M, pH 6.8). The enzymatic reaction mixture
composed of a-glucosidase (0.02 U, 20 pL), substrate (1.25 mM, 30 pL), test compounds (10
pL) and potassium phosphate buffer (140 pL) was incubated at 37 °C for 30 min. After 30 min
of incubation, the absorbance of vellow colour produced due to the formation of p-nitrophenol
was measured using Synergy HI (BioTek, USA) 96-well microplate reader at 405 nm. All
experiments were performed in triplicates. The surveying of o—glucosidase inhibition activity
for the complexes 1-5 was fulfilled by basing on our previously reported study [4-7],

Glucosidase inhibition = [{ A=A A]x 100

where A 1s the absorbance of control and As is the absorbance of samples, respectively. The
calculation of [Csq values was performed by using Graphpad Software.
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Docking procedure

In order to investigate the protein-ligand interactions of the synthesized complexes 1-5, the
target protein (5. cerevisiae 1somaltase (PDBID: 3A4A)) provided from the Protein Data Bank
was selected as rigid and molecular docking study was carried out by the AutoDockd [8]
program implemented via the graphical user interface AutoDockTools (ADT1.5.7) [9]. The pdb
files were generated for complexes 1-5 and genistein optimized at CAM-B3LYP level (in
Gaussian 16W program) to use in docking. ADT1.5.7 was used to add Kollman charges,
identify rotatable bonds, and join non-polar hydrogen atoms to carbon atoms. All caleulations
for complex-target flexible docking were performed using the Lamarckian genetic algorthm
(LGA) methed [10]. Grid and docking parameter file, PDBOT format for target and ligand
(target.pdbgt, ligand.pdbgt) using AutoDock 4.2 were prepared. AutoGrid 4 was provided the
determination of docking area. The grid box dimensions were determined as different points to
cover the target binding site and accommodate complexes 1-5 and genistein to move freely. 3D
affinity grid centered around the complexes 1-5 and and genistein binding site with a 1.0 A
{complexes 1,24 and genistemn), 0.903 A {complexes 3), and 0_861 A {complexes 8) grd point
spacing was caleulated for each of the following atom types: (a) receptor (protein): A (aromatic
C), C, Ca, HD, N, OA, SA and (b) ligand: A, C, NA, N, 8A_ as well as Cd for complex 1, Zn
for complex 2, Cu for complex 3, Ag for complex 4, Cl and Hg for complex 5, only A and OA
for genistein, e (electrostatic), and d (desolvation). Further docking parameters were used as:
Population size: 150, mutation rate: 0.02, elitism: 1, crossover rate: 008, local search rate: 0.06,
and energy evaluations: 2,500,000, Final docked conformations were achieved withina 2 A
root mean square deviation (RMSD) tolerance.

Complex 1: grid points in xvz: 60, 60, 60 and grid box center in xyz: 21 831, -0.612, 18.719
Complex 2: grid points in xyz: 60, 60, 60 and grid box center in xyz: 21 831, -0.612, I8.719
Complex 3: grid points in xvz: 80, 94, 80 and grid box center in xyz: 21.276, -0.752, 18.634
Complex 4: grid points in xyz: 60, 60, 60 and grid box center in xyz: 21 835, 20,612, 18716
Complex 5: grid points in xvz: 80, 98, 80 and grid box center in xyz: 21.276, -0.752, 18.634
Genistein: grid points in xyz: 60, 60, 60 and grnid box center in xyz: 21 831, -0.612, 18719

The docking results obtained here were used to explain the relative performance of the
stabilization and binding energy of the complexes. 2-D and 3-D structures demonstrating
interactions between amino acid residues and ligands of complexes 3-5 were visualized
Discovery Studio 4.0 program [11].
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Figure S6. The crystal packing structure of complex 1.
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Figure S87. 3D- and 2D-structures, and H-bond interactions between amino acid residuces and ligands of the most
active complex 3.
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Figure S8. 3D- and 2D-structures, and H-bond interactions between amino acid residues and ligands of the most
active complex 4.
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Table S1. Comparison of experimental and theoretical geometric parameters for
complexes 2-5.

Complex 2 Complex 3
Parameters wBYTXD  CAM-  Parameters wBYTXD  CAM-
B3LYP B3LYP
Bond length (A)
Znl-N6 2012 2042 Cul-MNé& 1.971 1.961
Znl-N35 2012 2042 Cul-N35 1.971 1.961
Znl-N4 233 2198 Cul-N4 2303 2404
Znl-N3 2353 2327 Cul-N3 21 2110
Znl-N2 233 2198 Cul-N2 2303 2410
Znl-N1 2353 2327 Cul-N1 21 2111
82-Cle 1623 1621 82-Cle 1.626 1.626
S51-C15 1.623 1.621 S51-C15 1.626 1.626
M4-C14 1.329 1.327 M4-C14 1.326 1.325
MN4-C10 1.339 1.337 MN4-C10 1.336 1.335
W12 1.262 1.262 W12 1.267 1.265
N1-Cl 1.444 1.445 N1-Cl 1449 1.451
S 1.262 1.262 S 1.267 1.265
I 1444 1.445 I 1.449 1.451
N2-C7 1.329 1.327 N2-C7 1.326 1.325
W23 1.339 1.337 W23 1.336 1.335
N5-C15 1.176 1.175 MN5-C15 1.175 1.171
N&6—Cl6 1.176 1.175 N&e-Clé 1.175 1.171
Bond angles (")
Mi— Znl-N5 11188 11122 Mé— Cul-N5 10031 100,15
Mi— Znl-N4 0581 04 34 Mi— Cul-N4 9770 97.72
MN5- Znl-N4 U3.56 G189 MNi— Cul-N4 0332 9217
MNe— Znl-N3 5464 164 MNe— Cul-N3 8626 A5.83
N5— Znl-N3 160,349 15998  MN5-Cul-N3 16634 165 36
MN4— Znl-N3 7252 T2 MN4— Cul-N3 7382 7330
MNi— Znl-N2 U3.56 G190 MNi— Cul-N2 0332 g2 15

Dihedral angles ()
Znl-N4-C10-C11 177.58 170.7%  Cul-N4-CI0-CI1 16993 1a4. 18

Znl-N3-C9-CI0 .04 12.54 Cul-MW3-C9-C10 682 6,76
Znl-N1-C2-C3 .04 12.54 Cul-M1-C2-C3 682 6,78
nl-MNa-Clo-C9 -145 -8.360 Cul-M4-C10-Cy 426 .36

Znl-N4-C14-C153  -177.76 17041 Cul-N4-Cl14-C13  -167.19 -1@6.01
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Table S1. Continued

Complex 4 Complex 5
Parameters wBOTXD  CAM- Paramecters wBATY  CAM-
BALYP D BALYP
Bond length i 4)
Agl-Nb 2214 2193 Hgl1-Cl1 2 5] 2,508
Agl-N3 2448 2457 Hgl-N3 2319 2,304
Agl-N4 2.421 2435 Hgl —N4 2.552 2.551
Agl -N3 2.347 2316 Hgl —N3 2535 2.545
S2Cle 1,654 (i Hgl —MI 2.514 2510
S1-C15 1.70H1 1.702 Hgl-MI 2610 2.507
MN4-Ci4 1.346 1.345 51-C15 1.6749 1 6RO
MA-C10 1.356 1.355 M4-C14 1.347 1.345
NI-C9 1.283 1.281 MN4—C10 1.356 1.354
MNI-CR 1.463 | 462 N1-(2 1.283 1.2%1
MA-C15 1.18%9 1.147 M1-C1 1.463 1. 463
Me-C 16 1.187 1.1534 R 1.282 1251
[ 1.461 1 462
MI-CT 1.347 1.345
W23 1.354 1.353
MN5-(15 1.194 1.191
Bond angles (%)
MNo-Agl-N3 27 0 K718 Cl1-Hg1-N35 121.12 12025
MNo—Agl ~N4 124 57 12412 Cl1-Hgl-%4 115.41 110,76
ME— Apl-Ng 132402 13204 M5 Hel-N4 8527 R4.51
MNo—Agl ~N3 157.67 15800 Cl1- Hg1-M3 a5.edl 260
N3-Agl —N3 CH1_H) G038 MN3— Hgl K 144,16 14841
N4-Agl —N3 T1.26 TL.58 M4— Hgl K 660 37 iy, 20
Cl1- Hgl-M2 HO.28 R7.TH
Dihedral angles (7)
Agl ~M4-C10-C11 -1 -176.491 Hgl ~MN4-Cl10-C11 17606 17667
Agl-N3-Co9-C10 10,30 9497 Hgl-N3-Co-C10 B4 12.61
Agl ~N4-C10-C9 324 3.56 Hgl-N1 23 11.47 10.31
Apl-N4-C14-C13 17641 17598
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Table §2. Second-onder perturbation theory anal;

sis of Fock matrix on NBO basis for complexes 2-5.

Donor (7} Acceptor () Eiz Donor (1) Acceptor (j) E® Donor (1) Acceptor () E® Donor (i} Acceptor (j) Em
{kcal/ {kealf {keal! {keal!
mal) mol) mal} mol}

Complex 2 Complex 3
wBYTXD6-311GHd pyLanl2DZ CAM-BILYP/6-311GHd,pyLanl2DZ wBYTRIN6-311G+Hdp) LanL2DE CAM-BILYP/6-311G+d p)yLanL2DE

LP(1)NG LP¥(6)Zn] 5445 LP(1IN6 LP*(6) Znl 4729 | LP(1)N6 LP*(6)Cul 3107 LB1NG LP*(5) Cul 1129

LP(1)NS LP*(6)Znl 5445 LP(IJNS LP*(6) Znl 4730 | LP(IJNS LP*{6) Cul 3107 LP(I)NS LP*(5) Cul 11.29

LP(1)N4 LP*(9) Znl 3500 LP(I)N4 LP*(9) Zn1 3306 | LP(1)N4 LP*9)Cul 1553 LP(1)N4 LP*(7) Cul 14.68

LP(1)N3 LP#(5) Znl 2084 LP{1IN3 LP*(6) Znl 2262 | LP(1)N3 LP*(8) Cul 1376 LP(1)N3 LP#(6) Cul 20,05

LP(1NI LP*(6) Znl 2094 LP(INI LP*(6) Z 2262 | LP(I)NI LP*8)Cul 1395 LP(I)NI LP*(6) Cul 20,05

LP{1)N2 LP*(9) Znl 3500 LP(I)N2 LP*(9) Zn1 3396 | LP(I)N2 LP*(9) Cul 1552 LP(1)N2 LP*(7) Cul 14.64

LP(2)52 THN6-C16) 7815 LR2)82 HNG-CL6) 6668 | LR2)82 T*(N6-C16) 3738 LP2)S2 T*(N6-C16) 3512

LP(2)51 THNS-C15) 7815 LP@2)SI aENS-CL5) 6668 | LP2)S1 T*(NS-C15) 3738 LP2)S1 TH(NS-C15) 3512

THNG-CL4)  aC10-ClL) 15262 m*(N4-Cl4)  a*(CI0-Cll) 12660 | n*(N4-C10)  a*(N3-C9) 3484 RHNACI0)  aH(N3-C9) 39.18

HN4-CL4)  a¥C13-C12) 15028 aS(N4-C14)  a5(CI3-C12) 14842 | n%(84-C10)  a%(C14-Cl3) 5600 =HN4-CI0)  n*(C14-CI3) 58.22

=H(N2CT) THC3-C4) 152,62 a%(N2-C7) aHC3-C4) 12661 | x%(N4-C10}  a%(C11-C12) S50 =HNA-CIO)  mSC11-Cl2) 92.02

=HN2-CT) THCB-C5) 15028 n*(N2-C7) x#{C6-C5) 14842 | esnz-cn) TH(N1-C2) 3484 EN2-C3)  rENI-C2) 39.21

TEHNI-C3) TH(CT-C6) 5610 =F(N2-C3)  w*(CT-C6) 58.25
TENI-C3) a*iC4-C5) BRS1  m*(N2-C3) n*C4-C5) 92.07
Complex 4 Complex 5

wBITXD LanL2DE CAM-BILYP/LanL2DE

LP(1)NG LP¥(6)Agl 1739 LP(1)N6 LP*{6)Agl 1830 | LP(1ICH LP*(6)Hg] 987 LP(1)CI LP*(6)Hg1 981

LP(1)N5 LP*(8)Agl 987 LP{1INS LP*(8)Agl 9.76 LP(1)N5 LP*(6) Hgl 2870 LP{1)NS LP*(6) Hgl 29.73

LP(1)N4 LP*i6) Agl S60 LP(I)NG LP*(6) Agl 513 LP(1)N4 LP*{6)Hg] 1475 LP(1)N4 LP*(6)Hg] 14.07

LP{1)N3 LP*(6) Agl 5.96 LP{IIN3 LP*(6) Agl 948 LP(1IN3 LP*(6)Hgl 16.54  LP(1)N3 LP*(6)Hgl 15.37

LP(2)52 THN6-C16) 2698 LP2)S2 a*(N6-CI6) 2495 | LP(IINI LP*{6)Hg] 1217 LP(1)N1 LP*(8)Hg] 1229

LP(2)51 THNS-C15) 2847 LP2)S1 aE(NS-CL5) 2596 | LP(IJN2 LP*(TIHgl 16.66  LP(1)N2 LP*(TIHgl 15.49

FHNA-CL0) T*(N3-C9) 2632 mHNA-CI0)  a=(N3-C9) 2094 | LR2)S1 T*(NS-C15) 7262 LP2)51 TH(NS-C15) 65.16

TN4-CL0) a¥(C14-C13) 4578 mENA-CI0)  xS(CI14-Cl3) 4744 | Leiich LP*(6)Hg] 5620 LP4)CI LP*(6)Hg1 S1.46

FHN4-CL0)  a*C11-C12) 6104 mENACI0)  aSCI-C12) 6223 | mCi0-c11) ZF(NA-C14) 001 mCIO-CI)  "*(N4-Cl4) 2501

MOI0-C1T) a%(N3-C9) 1846 =(CI0-CI1)  w*(N3-C9) 17.60
m(C3-C4) T (N1-C2) 1846 ®C3-C4) n*(N1-C2) 17.53
mC3-C4) a*NI-CT) 3008 = C3-04) nHNI-CT) 2579
' Hyperconjugative interaction energy (stabilization energy).
15
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Table 83. Expenmental and theoretical charactenistic vibration frequencies of synthesized complexes 1-5.

FI-IR wBITXD  CAM- FT-IR wBYTXD CAM- FI-IR wBITXD CAM- Wibrational mode
{cm™) BiLYP {em™) BILYP {cm™) B3LYP assignments
LanL2DZ 6-311+Gid pp/LanL20DZ 6-311+Gid p)/LanL2DZ

Complex 1 Complex 2 Complex 3
e 3139 327 3078 3082 3089 EE 3086 3085 VICH (ring)
3015 k] b 31z 3056 3074 3073 3021 3061 H0o4
2861 3020 027 2962 2980 2989 2063 2093 2999
1918 2994 29495 2922 2953 973 916 2975 2978 VICH (imine)
21854 2925 2933 1852 2900 2014 2R44 2912 2922 Vi fsscthyl}
2070 2058 2066 0% 2085 2079 2134 2089 2110
2057 2050 2058 2067 2073 2068 2076 2072 2094
1661 1687 16EE 165% 1708 1707 1650 1697 PEE VHSC (e

1686 168K 1707 1707 1695 1697 VHAC ie]
1588 1604 1605 1598 la10 1612 Lado 1603 1alK3 VIS iring
1566 1603 1587 1571 1587 1589 1568 15849 15940 VA i
1477 1482 1474 1480 1469 1473 1479 1469 1472 [r—
1457 1475 1468 1457 1441 1446 1445 1451 1448 Pascicising
1438 1461 1450 1440 1427 1433 1424 1428 1431 [T,
1401 1432 1430 1408 1422 1425 1409 1424 1425 P i
1339 1307 1303 1343 1348 1351 1346 1354 1356 ¥ VIN=C frirg)
1304 1279 1275 1304 1285 12491 1308 1293 1297 Vet tingre PHOCH
1265 1233 1234 1269 1264 1256 1284 1268 1258
1222 171 1163 1225 1208 1212 1225 1205 1208
1045 1120 19 1oz 1oz 1101 1107 1102 1105
1052 1046 1044 1052 1041 1042 1054 10549 1041 VA (e
1013 1001 1000 1016 1014 1017 1022 1021 1012 T HCCE grngr T CEOE fring)
451 954 964 958 938 41 958 @41 950
bl Hirl H62 HRD HEE 64 80 i 873
TR 792 795 774 Tod Tok Ta4 203 Bl R T p—
T4 747 Tod Tah T4l T44 775 Tod ok VIEWS {iathiocysaate)
667 663 [ a7l @59 66l 667 662 b )
634 636 632 634 a3l 633 Lindl] 621 623
508 il6 519 508 508 5 508 503 508
40 423 425 411 414 418 414 406 409 T COCE (ringd
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Table 53. Continued

FT-IR wHYTXD  CAM- FI-IR mBYTXD CAM- Vibrational maode
fem™) BILYP {em') BILYP assignments
6-311+Gid.py/LanL2DZE 6-3 11 +Gid.p)/LanL2 D2

Complex 4 Complex §
3006 3130 3129 3052 e 310 VECH (ringl
2973 g 310 3009 3108 308 VCH (singi
2916 3032 3030 2959 3047 3046 Vs (ssethyl}
2854 2088 2993 2919 2982 2985 VCH (imine)
2801 2024 2930 2849 2920 2928 Vi fmethyl)
2045 2053 2069 Vol (isathiecymate]
2004 2023 2036 2105 2048 2063 LT r—
1764 1687 1690 1722 16594 16495 VNG (isting)

1626 1687 165 VAL fiming)
160k 1602 1603 1586 1603 1603 VEaC [risg)
1584 1585 1586 1566 1602 1602 Ve oy
1563 1480 1473 1536 1482 1473 Perce jsettng)
1460 1470 1464 1463 1476 1471 Bil':'c'lrilqll
1460 1452 1443 1430 1459 1447 LTS Tg——
1434 1430 1428 1420 1430 1428 Perce feiegs
1373 1418 1417 1367 1280 1274 VOLC frisgle VNAC frieg
1340 1304 1301 1310 1312 1311 VNl fringr [FHCCirisg)
1290 1277 1272 1290 12380 1273 Vo jrisaye PHOC iring)
1254 1231 1231 1247 1233 1233 Perce jeisgy
10w 1] a7 1050 1102 10498 T HECT fring)+ T OOCT frisg)
1046 L1 1041 1048 1043 1043 VI frisg)
1016 1025 1034 HaR 1008 1017
gas L0015 1003 983 100 999
823 L] 860 458 858 a6l
784 THE T92 VC5 by anate)
746 756 ThH1 739 730 734 V5 by anate)
698 LiEl 6o 693 63 63 Proce jeiey
623 627 627 613 643 630 Pene sy Booe sim
07 515 518 506 18 522 T OOCC fris)
404 418 422 412 420 424 T COCC irisg

w: Stretching; i In-plane bending; y: Out-of plane bending; v Torsion.
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Table 84, Experimental and theoretical wavelength, oscillator strength and remarkable
coniributions for complexes 1-5.

Experimental Methanol
Anm)
{ Methanol) L Osc. Muolecular orbital contributions

(nm)  Strenoth  H: HOMO, L: LUMO

Complex 1
TD-aB97 XD Lanl. 200
2702 2721 00016 H-7—L @ (43%]) H—f—L+1 a (39%)
2300 0.0076 H—L o (H&%0) H-2—L @ (23%)
2320 2332 00171 H-2L a (31%) H—1L+1 a (20%)
TD-CAM-B3LYP/LanlL 22
2792 274.0 00024  H-t—L o (43%,) H-T—L~+1 @ (28%)
261.0 00062 H—sL e (51%) H-2—L o (30%)
2320 23571 001149 H—-10—=L+1 o (25%)  H-6—L+1 a(23%)
Complex 2
TD-aBOTXIM6-31 1+G(d,p )/ LanL 2134
2776 2692 (0044 H-fi— L (45%) H-T—L+1 m{21%%)
2453 00372 HoL o (46%) H-2—L o (10%)
23p2 2564 00012 H-1—L o (32%) H-fia L1 @ (17%)
207.1 20748 00010 H-2—L+14 a{15%%) H-1—L+18 a i 10%)
TD-CAM-BILYP/G-311+G{d,p)p/LanL2 04
2776 2609 D058 H—L a(%41) H-fisL m ("28)
2564 DO873  HesL @ (%41) H-fiL m (%623)
2362 306 00065  H-6sL+1o(%34)  H-T—L o (%26)
207.1 207.1 (0D H-2—L+3 @ (%37) H—L+3 o (%14}
Complex 3
TD-aBYTXIMe-311+G(d,p )/ LanL2 D4
3878 3832 0,000 H-6— L1 B 19%)  H-T—Lm (199%)
3305 D030 HL B91%) H-18L fi (4%%)
28409 2769 0.0041 H-4—L+1 @ (28%) H-6—L o {11%)
257.1 03019 HesL+1 f(19%) H—L o (11%)
2298 23148 0.005% H-3—L+1 @ (55%) H-3—L+2 [ (18%)
TD-CAM-BILYP/G-311+G{d,pp/LanL 204
IETH 3950 00001 H-6 L+ B i19%)  H-d—L+1 o (189%)
341.7 00055 HsL [ (93%) H-18—sL i (3%)
28449 2870 (000 H-T—L o (40%) Hed—+2 [{(16%)
2549 05053  H-fisL f(20%) H-d—L o (19%)
2208 2317 D.0011 H-4—L+4 B i36%) H-9—l43 m(12%)
Complex 4
TD-BO7XDYLanl 202
544.7 03239 HsL f(96%)
612 2622 00255 H-5—L o (20%) H-4—L+1 B (18%)
2255 2275 00116 H-6—L+1 B 20%)  H—L+3 a(10%)
TD-CAM-BILY P/ LanL2DZ
530.6 0.3212 H-2—L [ {94%)
2612 262.1 00227 Ho13—sL b (300%) H-d—L+1 8%}
2288 229.0 0.0017 H-l—LATO B {14%)  H-2—[ +9 [ (9%
Complex 5
TD-aB97 XD Lanl. 207
3215 2853 (R H-T—L+1 a@ (21 %) H-E—L o {16%)
251.7 0.0062 H—L o {47%) H—L+1  (27%)
2288 2283 0010k H-3—L+1 a (73%) H-3—L o {1075
TD-CAM-BILYP/Lanl 22
3215 2853 (000 H-T—L+1 @ (21%) H-E—L o {16"%)
251.7 (.0062 H—L a {47%) H—=L+1 o (27%)
2288 2283 (0] H-3—L+1 @ (73%) H-2—L o { 105
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Table 85, Theoretical global chemical reactivity descriptors for complexes 1-5,

Complex 1 Complex 2 Complex 3 Complex 4 Complex 5

Parameter (unit) wBITXD :;L\ : p | mBYTXD ;;‘f;.'l, wBITXD CAM-B3LYP wBITXD caM-iLyp | “BUTXD ;;‘L'\:;,
wspin  wspin | ospin o spin wspin  fi spin_ aspin [ spin [spin  mspin [ spin 0 spin @ spin

Encaao (V) -7.300 -6.595 -T612 -T.042 -7.542 -1.517 -6.922 -6.904 -T.853 -T.098 -7.259 -7.160 -6.485
Evvmo{e¥) -1.017 -l -0.957 -1.443 -L035 -1L032 -1.665 -1.660 -1.9% -1.620 -2.458 ST T -1.356

AE (V) 6283 4976 6.655 5.599 H507 6485 5.257 5244 5837 5478 4801 AL 5129
Electronegativity (¥, eV} 4.159 4.107 4285 4.242 4289 4275 4.293 4.282 4315 4914 4350 4850 3968 3902
Chemical hard in, eV 3142 2ARR 3328 2799 3253 3.243 2.629 2622 3309 2918 2739 2400 1596 2565
Chemical softne: 4] 0318 0402 03060 0.357 0307 0308 0380 0381 0502 0.342 0365 0417 0627 0.390
Electrophilic index {w, V) 2753 3390 2759 3214 2827 2818 3.505 349 2813 4138 3469 44918 4.933 2968
Nucleophilic index (i, 1/eV) 01563 0.295 0362 0311 0354 0355 0285 0286 0355 0.242 0288 0.203 0203 0.337
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ARETICLE IHFQ ABSTHRACT

Kepaningds: In order to enhance nonlinear optics (MLO)based techrologies, current research foouses on the design and
Sehidl base synthesis of coordination materals. In this contexdt, to investigate speciral and theoretical linear optical (LOGY
ke nanlinear aptical (NLO) behaviors, novel metal complexes inchiding azide {[Mn (L, 10,01, (90, [NIL LIN,11,

R (100, [ColLyke(Nals] 2Hz0, (113 Ly M-{pyridin2-vlmethylene)methanamine} were synthesized. The vibra:
NT;" “ ot tional and electronic spectral features of complexes 911 were investigated by UV-¥is and FT-18 specir
TOVDOFT levels Depending an the central metal jon and coordination geometries of complexes, the microsoopic static nonlinear

behaviars were examined by using the CAM-BALYP and wBo?¥D 6311 + G (d,ple/Lanl2DE levels of densty
functional theary (OFT). Funthermare, the vibmational and electronic properties of complexes $-11 based on the
mme levels of time-dependent/density functional thecoy (TD-DFT/DFT) were sarveyed. Additionally, the
theoretical 3V, ¥ and ¥ parameters, known as linear optical, second., and third-crder nonlinear aptical
sasceptibility tensors, as well as linear, second., and third-order polarization parameters (#7, 221 and P77 for
complexes 9-11 were examined. The greabest < ik 0,00 value for complex 10 found to be 26285 « 107 esu
using CAM-BILYP level is 820.5 and 2019.6 times higher than the uwrea findings (0.32 « 1077 ey and 00130 «
10" esu). The <yl 0,0,0) results indicate that complex 9 having the highest value obeained ar 221640 «
107 exu using CAM-BALYE level is 47.76 and 216,63 times greater than those of pHA& (15 = 107" esu) and urea
(7 = 107" e=u), respectively. Complexes 10 and 9 demanstrated promising micrescopic secand-order and third.-
arder MLO featuares, respecirvely. Our research is anticipated to provide insighit into MLO materials that may have
applications in optoelectronics and telecommunication feld

1. Introduction

There are numerous studies on complex structures where an jon or
cluster of molecules is coordinated 1o a metal jon by Schiff base because
metal complexes play esential roles in many sectoss, including medi-
cines [1 3], indusirial chemistry [4,5], and oproelectronic technology
[6 &) It was reported that the chelation of Schifl bases with metal jons
significantly affected nonlinear optical and biological properties such as
anti-bacterial, anti-fungal, and anti-diabetic [9 16]. In terms af thess
properties, Schiff bases containing -CoN imine groups and Schifl
bt baged metal complexes, in which different ligands containing lone
pair electrons of N, O, and 5 atoms, have been synthesized [17 22]. The
imine groups that combine with metal jons o create chelates have a
significant affinity for wransition metal jons, which s another reason

* Corresponding authar.
Eomaill address: dovorisakarvaeduar (Do Aver).

hitps:// doi.org/ 10, 100 6] _mssp. 2024_10852

why Schifl bases are regarded as superior ligands. Due 1o the possibility
of conjugation between two aramatie rings made possible by the pres-
ence of this imine group, resonance stabilization an the whole molecule
is expected 1o rise. It would be expected that high electron conjugation
enhances the structure-property interactions of the synthesized mole-
cules and makes the generated radical more stable,

In coordination chemistry, a number of sudies are carried out on
metal complexes containing the azide (-Nz) ligand [17,09 21, 23] In
these metal complexes, their structural, spectral, magnetie, and optical
properties have been taken into consideration due 1o their different
reactivity and potential applications in various field [24 26]). The azide
jon has a high degree of coordination fAexibility, which can also
participate in the formation of monodentate, bidentate or multidentate
complexes thal can bind to metal centers via nitrogen atoms. In this way,
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azide jons contribute to the formation of cosrdination compounsds with
wrigonal, bent, or bridge eoondination [ 17,19 23 20 30). In this context,
the gynthesis of new coordination compounds containing azido ligands
is not only remarkable in terme of structure and properties due 1o their
posible applications in fields such as oproelectronics and elecommu-
nications, but also contributes o pioneering new studies.

1 is knowen that nonlinear optics, which stasted with the diseovery of
the laser and found it place in different applications veday, is still one of
the active fHelds of study. NLO materials have a nonlinear response to an
electric leld, causing different aptical phenomena such as the ereation
af light at new frequencies or changing the aptical properties of the
material [26]. However, in order for new materials to contribute to this
fiedd, the synthesis of nonlinear optical (MLO) motifs containing crganic,
inorganic, or ransition metal complexes has become interesting due w
their pasible applications in techoology, Thanks o the structural
properties of erganic ligands and the different electronie properties of
the metal jong, metal-erganic cosrdination compounds showing NLD
properties have been widely studied [6,7,14,28 35]. According o the
findings of these investizations, the asymmetric charge distribution in
ground and excited states, a5 well as the placement of electron demating
and withdrawing groups at the extreme points of the conjugated system,
significantly increased both linear and nonlinear optical characreristics.
Organic compounds that induce molecular charge transfer and in which
delacalized = electrons can move freely between electron-donating and
withdrawing groups located on opposite sides of the molecule can be
ugied Lo ereate coardination compousds without eenters of symmetry. In
this way, delocalized arbitals of eleetrons within molecular units can be
digtributed over the whole molecule, creating faster and greater polar-
izability. Coordination of transition metal jons with organie molecules
provides  greater  electronic  transition  and  metal-to-ligand o
ligand-to-metal charge rransfer with the addition of more energy sub-
levels; leading 1o intramalecular electron dedocalization and henee
larger NLO praperties. In recent years, especially in telscommunication
amd opteelectronic technology, the examination of MLO features hag
altracted allention in various application areas such a8 frequency
switching, optical modulatien, optical fecusing, optical communication,
and optical switching. Due to these applications, greal importance is
given o metal complexes such a8 mickel, copper, and zine, additionally
these metal complexes can ereate exciling properties in semiconductor
applications 2], When the results abtained in the literature and previ-
aus studies are examined, it is seen thar complexes containing Mn, Co,
Mi, Cu. Zn, Cd, Hg and Ph metal bons are used effectively in the in-
vestigations of non-linear parametess (6 5,11,17,18,76]. Therefore,
within the scope af this stedy, iU has been observed thar the inductive
electran supgart of the alkyl group such as methyl of the Schill base
ligand and the electron support of the nitrogen atom of the azide ligand
contribute o both the fermation of comples struetures with different
coardination geometries with selected metal fons and sonlinesr optical
activity. In addition, it is predicted that it efforis the nonlinear optical
properties in complex structures conlaining metal jons, heterocvelic
structures and azomethine groups, depending on the coosdination
environment. When experimental studies are sol possible, DFT methods
are used extensively o systematically explore the second-/third-order
nanlinear eptical (MLO) features |36 44 . Considering these studies, itis
inevitable that the synthesis of new maore elfective NLO compounds will
continue to be an important research topie today.

The uges of various DFT models are significant in terms of investi-
gating dilferent properties of materials such a8 structural, vibrational,
electranic, and non-linear optical properties, and providing harmony
with experimental resulis. A selected DFT method may not provide the
b=t it and results in examining every structure-property relationship
[6,7,14,16,36].  Taking imte  consideration,  the  developed
exchanga-correlation unctionals, selection of appropriate functionals
far eoordination compounds, and nelusion of solvent effects show that
the compatibility of DFT with experimental results will horther inerease
in examining these compounds in terms of  Sruclure-propesty

Maverale Sefince (0 Semivanducnr Procésing [79 (2024) 108527

relationships [26,44 A7), CAM-B3LYP (Handy and eoworkers' long
range corrected vession of BILYP using the Coulomb-atenuating
methad) [48] and wBIFXD (the last functicnal containing empirical
digpersion and long-range corrections suggested by Head-Gordon and
co-workers) [19,50] functionals can reliably predict the structural and
spectroscopic properties of coordination compounds as well as charge
tranafer intersetions and their use in examining more molecular prop-
arties are among the reasons for choosing these methods.

To develop and produce useful NLO material, new metal complexes
{8=11) including N-[pyridin-2-ylmethyleneimethanamine (L) and
azido {-Na) ligands were synthesized ag the outeome of our continuous
research. The characterizations of these complex structures (9=11) were
fulfilled by the mass (LC-HREMS), powder XRD and FTIR spectra.
Structure-activity  relationships were determined by examining the
thearstical micraseopic NLO and electronie properties of the synthesized
complexes wsing experimental and DFT methods. Additonally, the
struclure-property relationships of the coordination compounds were
comprebensively investigated using the DFT/uBS7XD and DFT/CAM-
B3LYP functionalities.

2, Experimental and computational details
2.1, Spectrascopic mecstrement ools

The Varian Infinity Plus NMR spectrometer was utilized 1o define the
strueture of the synthesized the N-(pyridin-2-ylmethylenelmethanamine
(L) ligand. The structures of new metal complexnes (9=11) were deter-
mined by using the SHIMADZU LCMS-9030 madel triple guadrupole
liguid chromatograph mass spectrometer. The FT-IR spectra in the
A -400 e~ ! range for complexes 911 were recorded at the Pecki-
nElmer UATR-TWO (PerkinElmer Spectrum—two equipped with ATR)
spectrophotometer. Electranic absorption wavelengths (UV-Vis spectra)
in the range aof 900-200 mm were obtaised with the SHIMADZU UV-
600 UV-Vis spectrophotometer. The photoluminescence (FL) specin
were recorded with the HITACHI F-2710 in the wavelength region
Z20-BO0 nm. The elemental analyses of the synthesized complexes 9-11
wenz pesformed by using the CHNS-932 (Leco) elemental analyzer. The
partiche sizes of the synthesized complexes 9211 were obtained by using
a Rigaku D/max 2200 PC Xoray diffeactometer with Cu Ko (. = 1.54059
A radiation in the eperating voliage of 40 kW and current of 30 mA, asd
the seanning 2 /min.

22 Materiols and syathesis of the N-{pyridin-2-yimethylene)
metharmnine (L) and comyplexes 9-17 §{Mn (Ly)s(Nalal, (90, [NE
(Ly)2(Na)l, (100, [Coa(Li)a(Nalzl-ZHz0, (11)}

2-Pyridinecarboxaldehyde, methylamine solution puram (33 % in
absolute ethanal), sedium azide, manganese (1) acetate etrahydrate
(M OAe ) AH0), nickel (1) scetate tetrahydeate (NifOAe),-4H0O),
cobalt (1) acetale tetralydrate (ColOAc)z4H20) reagents purchased
Irom Sigma-Aldrich were ulilized without any special reprocessing.
Sehieme 1 depicts the synihesis methods of complexes 9-11. In Supple-
mentary data, the synthesis and NME spectra of the N-(pyridin-2-
yimethylene methanamine is provided (Fig 515

Synthesis of complexes 92115 1 mmaol of corresponding metal salis
(M O 24 H 200 A Ml DA a4 Hz0) T Col DAe )2 4H20) were added 1o
N pyridin-2-ylmethylenejmethanamine (L) (2 mmol) dissolved in 15
ml of ethanol. Twenty minutes later, 2 mmol NaMa dissolved in 5 mL
water was added 1o this selution. The mixture was stirred fof 3 hat room
temperature before being bet to evaporate. It took arcund 7-10 days 1o
acguire complex compounds in powder fomy, The structures of com-
plexes 9-11 were confirmed by the mas spectroseopy (LC-HRMS).
Complex 9: Anal. Cale, For Oy Hy MaM g C, 4433 H, 4.25; N, 36,93
found: C, 4472 H, 4.54; N, 3578 Caleulated exacl mas (m/z):
A7H.0040 [0, HMoM gk found:  LO-HRMS  (siéz): 383.0BE1
{[M+3H1 ) Complex 10: Anal. Cale. For CraHsMsMi: C. 4931 H, 4.73;
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Scheme 1. Synthesis of complexes 9-11.

M, 2875 found: ©, 49.86; H, 4.84; N, 28.25. Calculaved exact mass (m,/
=k B40.0821 ([CpqHpeMoNi); found: LC-HEMS (m/z):  343.0697
{[M+2H]* 1. Complex 11: Anal. Cale. For © sHagCooM g0 ©, 35.16; H,
422 M, 29,29 found: C, 35.65; H, 4.52; N, 2E.68. Calculated exact mass
(#ra/2): 47E.0435 (C14HaoCogMN1e02); found: LC-HRMS (m/s) 4781207
([M] 7). The mass (LC-HREMS) spectra are presented in Supplementary
data (see Figs. 52-54).

2.3 Compatational deails

The Gaussian 16 Revision C.01 [51] and GaussWView 6 [52] programs
were applied o explore the charscteristics of structural, spectral
{vibrational and electronie), and nonlinear optics (NLOL For complexes
911, the optimized complex structures, resulis of vibrationsal fre-
quencies, and namral bond orbital (NBO) were obtained at the
CAM-BILYP [45] and wBSTND methods [49,50] with 6-311 + G (d,
pl//Lanl2DZ [53,54] basis set in the ground state. To examine elee-
wronic absorption wavelengths (1) and oseillator strengths of thess
complexes in MeOH, TD-DFT (time-dependent DFT) bevels [55] with the
CPCM (econductor-like polarizable continuum model) [56] were utilized.
The remarkable contributions in electronic transitions were defined by
using the SWizard [57] and Chemissian [58] programs. The microscopic
static polarizabilivies (o and Aa), firsi- and second-order hyper-
polarizabilities (f and y) parametess displaying the LO/NLD leatures
wiere investigated using the same DFT levels. Furthermore, o investigane
further electronic and optoelectronic parameters, the external electric
field (E), the permittivity of the vacuum (egy), the relative permittivity of
the medium (e,), the electric susceptibility (3,.), the electric displacement
(0, and polarization (8], the theoretical ¥V, 3™ and ¥ parameters,
known as linear optical, second-, and third-order nonlinear optical
susceplibility tensors, as well as linear, second-, and third-order palar-
ization parameters (£, P9 and B were oblained by using equations
11 21. Considering the frontier molecular orbital (FMO: the highest
occupied molecular orbital (HOMO) and lowest unoccupied molecular
arbital (LUMO1) energies, the molecular parameters deseribing chemi-
cal reactivity (p (electronegativity ), i (chemical hardness), § (chemical
sofiness), o (electrophilicity], g (nueleophilicity]) were examined by the
game DFT levels, Lastly, the investigations of MEP (malecular electro-
slatic potential) surfaces for complexes 9-11 were performed by using
the DFT/CAM-BILYP level.

Equation (1) was utilized in the NBD computations 1o abtain the
stability energy (F#') values.

E7 - AF, - IllJb'u.;i:.*
1

ﬁ [y
Where g is the donor orbital sccupancy for each donor (i) and acceptar
(j), Fiij)* is the off-diagonal NBO Fock matrix elemems, r; and ¢ are
diagonal elements [42,55].

The chemical hardness (1), electronegativity (1), chemical softness
(5}, electraphilicity [w), and nucleophilicity (2} index ealeulated from
the HOMO and LUMO energies exhibit the molecular characteristies.
Thess parameters were computed using equations (2) (6] [6,60].
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For complexes 3-11 in gas phase, the theoretical microsoopic electric
dipole moment (u), linear optical parameters (7 and Aw), which are
characterized as the mean and anisotropy of palarizabilivy, and second-
and third-order nonlinear optical parameters (f and ¢), which are
characterized as first- and second-oeder hyperpolarizability, were
caleulated using equations (7)(10) [30,32].

__|:r1u+a..,.—un}

T 5 73

Lz
A= {% [taw—a“]2+[n..y—u"]‘ﬂm..—mu:’ } (@)
Where equations {71 and (8], the a_, a,., a_ are the Carlesian compo-
nents of the 7 and Aa For &, 1 atomic unit (au) was multiplied by
L1482 = 107 1o obtain the electrostatic unit (ee),

The thesretical first— and second -crder hyperpalarizabilivy (f and )
parameters were caleulated by using equations (9 and (10) [30,32].

= (42 +r:':}Lz (9

<y _—;[r,m+;fw+rm—2|:rm+r,m+rm‘}- [ 10
Wikere Bquﬂ[i.(m. I'-:ll,ﬁ‘ - .fj:n' b #n-_r +.|'j::: 1:'“\- - ﬁ\f_r_r b J‘s\ur_ .fj_rn- IE: -
oz + oy + oy re the Cartesian components of f. For f, 1 atomic unit
{a.ia.) was multiplied by 6393 = 1073 1o obtain the elecirostatic unit
{esu).

Furthermaore, congidering the E (the external electric Geld), s and e,
(the permitivity of the vacuum and the relative permimivity of the
medium), and ¥, (the electric susceptibility), the physical parameters
electric displacement (D) and polarization (F) were caleulated by the
Tallowing eqs. (11) and (12).

D=rE+P=meE=rmil +y,|E (11}
P=ryy E=eple, — 1)E [12)
In e (12), , (the electric susceptibility) is taken as &, — 1.
The refractive index {n) is computed by the following eq. (13).
a={1+p1=v% (13}
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On the other hand, the evaluations of NLO parameters in terms of
aptoclectronic and electronic features were performed by using eq.
(14)-(21).

E=pfE (14}

P=p/V (15}

Inoeqge (14 and (15), g, 7 and W oare the electric dipole moment,
average isoropic polardzability, and volume of the compound,
respectively.

The theoretical ¥, 3™, and ™ parameters, known as linear opti-
cal, second-, and third-order nonlinear optical susceptibility vensors,
were obtained by using eqs. (16), (18] and (200 [61 64].

U =8V (16}
P =M E 17y
=2y (1a)
P = M E [19)
™ =1,BecV (20}
P = gy E 21}

Using the kllowing equation (22), the B (optical band gap energy)
vialue is calculated wsing the Taue and Menth equation [6].

{arhe) = Ol — )" (22

In e, (22], the absorption coefficient o is found by equation of o =
23054,/ d by taking inte sceount d and A depicting the width of the
cuvelle (1 em) and absorbance in the UV-Vis region. Direct band gap
energy is abbreviated Ey, while photon energy is abbreviated hv. Cis a
proportionality constant thar has o do with the bands” dependent
effective masses.

The refractive index (n) parameters for complexes 911 in methanol
were caleulated by equation (23) by congidering the rellectance (R) [65,
aa],

1+ R
n= —

1-R

(23)

In this wark, the thisd-order nonlinear optical suseeptibility (¢
parameler was investigated in the UV-Vis range (200-600 #m),
regardless of the F-sean approach [67_6E]. Equatian [ 24) may be used 1o
get the #7 parameter, which is related 1o the refrsctive index in the
UW-Vis, by taking about 107" esu of the A parametes for all compounds
irrespective of frequency [69 71).

A

“Tasr @

F il et - 1)

3. Results and discussion
3.1, The gructernd charecterisations of the symthesized compleres

The structure of N-(pyridin-2-ylmethylenemethanamine (L) was
determined by 'H and 0 NMR spectea, In 'H NMR spectrum given in
Fig. 51, the aromatic proton signals for Ly emerged at the range of 7.44
and 7.93 ppm, aromatie CH neighbor pyridineM and CH protons
belanging to imine were observed at B.61 and B33 ppm, respectively.
The arsmatic carbon signals foe the Ly ligand appearsd a0 the range of
120169 and 163,64 ppm in *“C NMR spectea given in Fig. 51. The carbon
signal belonging 1o imine in Ly ligand was observed ar 154.81 ppm (in
Fig. 510 Besides, the structures of complexes 9211 were confirmed by
the mass spectra given in Fige 52-54. The optimized structures
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{ohtained at DFT/CAM-BILYP) of complexes 9-11 are presented in
Fig. 1. The geometrical parameters belonging to the bond lengths and
angles, and dihedral angles given in Table 51 were obtained by using
DFTABI7XD and DFT/CAM-BELYP levels.

Complex 9 [Mn {Ly ){Ng)a] consists of the coordination of two Ly and
v azide ligands with the Mn ion, while complex 10 [Ni(Ly12(M3)] is
comprised of two Ly ligands and one azido ligand with the Ni jon. Thus,
complex 9 has a six-coordinated with distorted octabedral geometry
whereas complex 10 has a five-coordinated with distorted teigonal
bipyramidal geometry.

A wversatile ligand, the azide anion may assemble binuclear com-
plexes by binding o transition metal atoms in a vardety of coordination
ways [72). Similarly, complex 11 [[Cody (Ly)a0N5):]-2Ha0, forming a
tetrabedral bridge with twe Colll) ions over tse N atoms of two azido
ligands, consists of the coordination of two Ly and two azido ligands
with Codll) bon, and the uncoordinated two water molecules. 5o, com-
plex 11 has a four-coordinated with distorted retrahedral geometry.

The coordination gecmetries of synthesized complexes 911 are
comsistent with the complexes Colll), Ma{ll), and Cufll) coondinated
with different ligands and azido ligand [19 21,26,27].

Theoretical some geometrical parameters of complexes 9211 are
tabulated in Table 510 The coordination of N atoms of Ly ligand with
metal jons forms five-membensd chelate rings defined by the M{metal)
N bomd lengths, The Ml /MilACol-N2M44 bond distances of complexes
911 were calculated an 1.969,1.959, 2.151/2.062, and 1.925,/1.873 A
by using DFT/CAM-BSLYP level, respectively. The same bond lengths
repacted in different complex structures were obtained an the average
2.2 A for Mn eomplexes, and the average 1922 A range for Co com-
plexes (1921 26,27]. On the other hand, the Mal/Mil/Col-N6/MN7T
bond distances defined by the Mimetal)-M (azido ligand) bond lengths
were found 1o be 1.942/2.031, 2.069, and 1.969,/1.966 & by the same
DFT level, respectively. The distortion along the axial dirsction is dis-
played by the M-M-N bond angles belonging 1o the Mn/Ni/Co with N
atoms of Ly and My ligands, The M-M-M bond angles for complexes 9-11
were compauted at the range of 155.7 and 178.3° with DFT/CAM-B3LYP
level. Additionally, the N2-M-N5/N3-M-N4 bond angles formed by N
atoms of Ly ligand with metal fons demonstrating five-membered
chelate rings for complexes 911 were obtained ar BO48/77.68,
TH.O4A0.79, and 52.57/B2.54° with DFT/CAM-BILYP level, respec-
tvely. The N-M-N angles defining the imine/pyridine N-metal
jon-azido N in the coordination environment observed at values greater
ar bess than 907 indicate the distorted geometsy of the complexes 9-11.
Besides, the Col-N6-Co2/Col-M6-Ca2 bond angles for complex 11
show that the two Ni anions provide the bridge bevween the cobalt jons
in eoordination.

Considering the coordination environment/geometry differences,
the thearetical geometric parameter resulis of the complexes are
consistent with the previous anes [6,14,19 21,26,27).

Matural bond orbital (NBO) analysis 4 used to demomstrate intra-/
imter-molecular bomds, charge ransfer in molecular sysiems, or con-
jugative interactions [42,73,74]. The second-order perturbation method
is used to compute the hyperconjugative interactions [59.75]. The large
E? energy value obtained from NEO resulte shows that the interactions
between electron acceptors and electron donors are more intense and
intra- and inter-molecular charge transitions are high. Table 52 depicts
the NBO caleulation results of the synthesized complexes 9-11. The
interactions between Ln) of nitregen orbital pairs and LP*(n) of M{IT)
(M, Ni, Co) assigned as the n—n* interactions display the coordination
environment around the metal jons in complexes 9-11. By wsing
DFT/CAM-BILYP level, E™ values of these intersctions were computed
at the range from 985 10 63.21, from 16.73 1o 4475, and from 14.09 1o
T6.28, respectively (Table 52). The other remarkable interactions show
stabilization within the Ly ligand possessing the z-conjugation. The in-
tersctions between bonding and antibonding arbitals represent charge
transfer (CT) interactions that cause the system 1o stabilize.
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3.2 IR analysis of the gymtfhesized compleces

The FTIR spectra demonstrate the wavenumbers in the range of
A000—-400 em " for the synthesized complexes 911 (gee Fig. 21 In
addition o the fact that the caleulations were made in the gas phase,
considering situations such as the lack of basis set and electron corre-
lation effect, the theoretical vibrational frequencies oblained at DET/
wBI7XD/and DFT/CAM-BILYF/6-311 + G (d,p)//LanL2DZ levels were
multiplied by 0.96 to bring the results closer to the experimental regulis.
Tables 51 and 53 present the asignments of experimental and corre-
sponding theoretical characteristic vibrational wavenumbers. The IR
spectra of the complexes and the free ligands were compared Lo identify
the coordination sites that may be involved in chelation. The position
and/or intensities of some guide peaks in the spectra of the ligands are
expected 1o change after chelation. The v rieg ) WCHEine 300 LCH eyl
stretching modes were observed at 2067-3082 cm ™ range for free Ly
ligands, while the corresponding stretching modes appeared at the range
from 2852 1o 3098 com ' for complex 9, from 2B92 1o 3056 em ' for
complex 10, from 2027 to 3123 cm ' for complex 11 11 is stated that
ks band wias shifted wo higher or lower wavenumbers in te complexes,
depending on the coordination with metal ions. These resulis are
coherent with the previous enes for the Schill base metal complexes [1,
2.06,13,14,16]. The corresponding ones for anpluus 911 oblained at
DFT/wBSTXD were found al JHIT- 082 cm ) range, 2RO1-3060 em
range, and 2921-3118 e~ range, respectively (see Talie 51 ; 3.
It has been observed that the &.:u.d.e NN bond stretching vlbcralmn which
aceurs on average at 2100 em ™, generally shifts wo lower wave numbers
in the synthesized complexes. As can be seen in Fig. 2, the experimental
IR spectra of three complexes exhibit the wy asymmetrie stretching
characteristic band demongtrating the coordination with Ny emerged at

T (Arbit. unit)

A Mg Sy TRy ek [E ] [l Sl

Wavenumber n:ln"p

Fig. 2. FTIR specim of complexes 9-11.
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Cenplex 10

Fig. 1. Theoretical optimized structures of complexes 9-11 obtained at DFTACAM-BALYF level.
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Complex 11

2059 em ! for complex 9, 2111 em ! for complex 10, 2015 and 2002
em ! for comples 11, The otber charscteristic band assigned as the vy
(aside) S¥mmetric siretching mode appeared at 1305, 1338, and 1341
em s attributed to the coordination af the Mn/NiACo jons with the N
atom of the azide. These asymmetric/symmetric bamds show the exis-
tence of several azido groups and the azido bridges. These findings are
compatible with the modes reported in several complexes [19 21,26,
27). The corresponding theoretical asymmetric/symmetric bands for
complexes 9-11 were computed at 2079-2127/1341-1345, and
HET-Z160/1338-15349  cm ! ranges, using DFT/wB97XD  and
DFT/CAM-BILYP levels, respoctively. Furthermore, o0=yeuing
stretching vibration in the free Ly ligand was observed at 1592 em ' It
was observed that this band shifted 1o higher wavenumbers in com-
plexes -11. This chift indicates the involvernent of the imine group of
Ly ligand in the coordination (M—N) The experimental %= nEnine
atretching vibrational modes for complexes 9-11 were abserved at
1656, 1653, and 1681 em b, and corresponding theoretical modes were
obiained at 1664, 1680, and 1607 cm ! (with DFT/wmBI7X0 bevel),
respectively (Tables 51 and 53). Likewise, the tyepsine sy stretching
mode belonging to the NoCHs bond for free Ly ligand was observed @t
1017 em ", this vibrational mode for complexes 811 emerged ar 1017,
1024, and 1021 em™', and the ecorrespanding values computed at
DFT/wB97XD and DFT/CAM-BILYP levels were found at the range of
1022, 1024, and 1030 e, 1019, 1021, and 1017 em ", respectively.
On the other hand, the vorging stretching mode belonging to free Ly
ligand emerged at 1567 em~ . This mode attributed 1w the rng C=0
bond Tor compleses 9-11 appeared at the ranges 1596-1637 cm ™ in
FTIR spectra and was ealeulated at 153021592 em ' by using
DFT/wB97XD level, and 15331591 cm L by using DFT/CAM-BILYP
level (gee Tables 51 and 53) These findings agree with comparable
group frequency values in various topologies in the earlier research [6,
14,19-21,26,27]. For complexes 9-11, the vop and vey stretching modes
h-elnngln,g 1o the ring of the Ly ligand were observed ar 1223, 1228, and
1233 em ", while the mm?nnding thearetical modes were obtained at
1224, 1223, and 1250 em ™" with DFT/wB97XD level, and 1246, 1227,
and 1246 cm~' with DFT/CAM-BILYP level, respectively {Table 53).
These vibrational modes were assigned as 1261 em ! o free Ly ligand,
and it is seen that these modes were obtained at the lower wave numbers
depending on the coordination in complexes 9-11. Moreaver, the fanc
Criugh ineplane bending modes for free Ly ligand were observed at
1425/1332/1067 em~ ', while these IR bands appeared @l
1408,/1 2E6,1051, 1400,/1299,/1047, and 1407 /12641051 cm ! far
complexes 3-11 from the FTIR spectra, respectively. Theoretical these
bands were calculated at 1415/1285/1042, 1411/131E/1042, and
1431/12E1/71046 em U with DFT/CAM-BILYP level. The bands
abserved at 511, 513 and 514 cm ™" for complexes 8-11 can be due 1o
M-M (MnMN/MiN/CoN) bond stretching vibration modes, respectively.
The corrs=ponding theoretical bands were obtained at 504, 510 and 507
em~ ! with DFT/CAM-BILYP lovel (see Tables 51 and 53], Thess recults
are consistent with reported Schifl base metal complexes [76 78], The
M—HM (MnNMINCoN) bond stretching vibration modes of Ly and azide
ligand, which were not recorded in the experimental IR spectra, were
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theoretically caleulated in the range of 389267 em ' and are given in
Table 1. In sddition, Fig. 2 and Table 53 show the additional stretching,
in-plane, and torsion vibrational maodes associated with the ring, azide,
imine, and methyl groups.

As aresult, in the experimental and thearetical IR characterization of
911 complexes, bond stretching modes and other vibration modes that
provide coordination formation are presented in comparison with the
misdes af free L1 and azide ligands.

3.3 Powder XED analysis

The powder XRD samples of tse complexes 9-11 were recarded at
the 20 = 5-70° range and their spectra are given in Fig. 7. According
the powder XRD specira, the sharp peaks demonstrating their erystalline
structure were observed for complexes 9-11. Scherrer's Tormula (eq.
(2503 [79,850] was used to caleulate dygp, (the average erystallie sizes) of
the complexes 9-11.

dymp = 0L9L ¢ pCosd (25)

In eg. (25),  is the wavelength of Cu Ka radiation (1.54050 &), 0 and
foare the Braggs refllection angle and full width at hall maximum,
respectively. The dypn values were found to be 2645, 23,34 and 33.96
am for manganess, nickel and cobalt compleses, respectively. The
findings show that the crystallite size is within nano-scale range.

A4 Amalysiz of the electronic absarpiion spectra, electrmiic ransitions,
ard photoluminescence specira

The UV-Vis absorplion spectra and the plot of experimental By (op-
tical band gap energy) in MeOH of symthesized complexes 9211 ane
presented in Fig. Ja and b, Considering theoretical analysis in TD-DFT/
wRITHD amd TO-DFT/CAM-BILYP levels, the wavelengths, oscillator
strengths, as well as FMOs contributions v electronic ransitions were
computed. In additicn, the 8Wizard [57] and Chemissian [58] programs
were used o deseribe the molecular orbitals and atome/functional
groups that make important contributions te electronic ransitions,
Based on Fig. 4a, three absorplion peaks emerged in bridge-structured
complex 11, while two maximum absorption peaks appeared in com-
plexes 9 and 10, For complex 11, the absorplion peaks were observed at

Table 1
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Intensity (Arbit. unit)
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20 (degree)
Fig. 3. Powder XRD spectra for the complexes 911,

337.7, 268.7, and 207.3 nm, while the absorption peaks were detected an
2637, 2027 nm for complex 9, and 28009 and 226.1 am for complex 10,
respectively (see Table 2). These peaks were aseribed 1o n—2* trangi-
tiong, ligand-te-metal/metalao-ligand, and intea-ligand z—x*. The
charge transiticns within the ligand, as well as the transitions from li-
ganmds 1o metal fon/metal jon e lgamds, ave evident in 7z, 5.

The photoluminescence spectra of synthesized complexes 9211 in
MeDH were recorded using the excitation wavelengths ag 255, 201 and
307 mm and the amission spectra were obtained in the ranges of 280D
nm-480 nm (see Fig. 6] These complexes are comprised of Ly (N-{pyr-
idin-2-ylmethylenelmethanamine) and azido ligands with z-bonds and
regomance structure. This statement affects emission wavelength peaks
detected 319 nm for complex 9, 303 and 374 nm for complex 10, and
e and 392 am for complex 11, Due to the Stokes shill of the excitation
spectrum al the same electronic ransition, the absorption of the exei.
tation band gap energy divectly oceurs as the band gap energy difference
inthe range of 22.1-54.3 nm. Using the formula By = beGe), where L is
the Muoreseence wavelength, the energy band gap was camputed an 3.32
and 3.16 eV for complexes 10 and 11, respectively. In particular, a

Experimental and theoretical selected characteristic vibration frequencies of synthesized complexes 911 amd Ly ligand.
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Fig. 4. (A} Experimental UV-Vis spectra and (b) the plats of eptical band gap
epergy for the complexes 9-11 in methanal.

drastic change was observed in the PL spectrum of complex 11, 1t can be
explained thar the reason is that complex 11 has a more rigid molecular
conformation duse to i dinwclear bridged structure. The possible ap-
plications in the production of blue LEDs are verified by the PL spectra.

Large metal orbital contributions to the LUMO in caomplex struciures
have been shown o boost the ligand s s-acceptor property [51]. The
results of TD-CAM-BALYP level display the metal arbital contributions in
HOMO/HOMOS and LUMO/LUMOs for complexes 9-11 obtained at the
range from 0 % o 62 %, and from 0 % o 16 %, respectively. The
LUMO/LURMO: contributions of the L, induding 2-pyridyl and imine
groups, and azido (-Ma) ligands for complex 9710 change balween 56 %
ad 99 %/5E % and 98 % (in Ly, 0% and 11 %0 % and 36 % (in Ng),
respectively, whereas those of contributions of the Ly for complex 11
hawing bridge-structure vary 12 %98 % range [in Ly), 2 %-87 % range
(in M), seen in Table 2.1 i deduced that the Ly ligand has more electron
seceplor properties or complexes @ and 10 according 1o the LUMO/-
LUMIOE contributions.

The crucial ligand-te-ligand charge transfer (LLCT), and metal-o-
ligand Aigand-vo-metal charge tansfer (MLCT/LMCT) transitions are
displayed in Talble 2, For complex 9710, the 83 %,/82 % contribution in
HOMO—-LUMO f-spin state depicts the MLCT trangition obtained at the
contributions of M (61 %), Ly (27 %) and N3 (12 %) ligands/MNi{32 %),
Ly (63 %) and Ny (5 %) ligands in HOMO, and Ma (4 %), Ly (87 %) and
Mz (9 %) ligands/Mi(2 3%6), Ly (93 %) and Na {5 %) ligands in LUMO.
Thess iransitions absorption wavelength obtained a1 640.9/726.3 nm ([
= 0.0326/1 = 0.0027) occwrred predominantly fram metals 1o the Ly
ligand. For complex 11, the absorption wavelength olvained at 608.7
nm (f = 0.25914) demonstrates the contribution of 23 % HOMO—LUMOD
contribution changing fram Col43 %1, Ly (59 %) and Mg (3 %) ligands in
HOMD 1o Ly {12 %) and Na (87 %) ligands in LUMO. This MLCT tran-
sition is deminantly attributed foom metal to Ny ligand. Considering the
metal jong and their envirenments, the ather significant contributions
and Turthes the percentage of HOMODs—LUMOS transitions ase given in
Tables 52 and 54.

Considering Fig. 5, it could be stated that the electron density for
complexes @ and 11 is predominantly localized on the Mn/Co jon and
azico ligand in HOMO a-states, while that of these complexes is local-
ized on the Ly ligands in LUMO a-states, Far complex 10, it was observed
that @ delocalized density on the Ni bon, Ly, and azido ligands a1 the
HOMOD w-sgate, while a bocalized density occurs on the Ly ligand on ane
side at the LUMO a-state. On the other hand, it can be stated thar the
electron density is localized on the metal jong and Ly ligands for the
HOMO festates of complexes 9 and 10, and on the Ly ligands for the
LUMD festates, These resulis for complexes @ and 10 exhibit that the Ly
ligand has more t-acceptor features,
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Experimental and thearetical wavelengths, oscillator strengths, and majpor con-
tributions for complexes 9-11.

Experi menal &
(e
[ Meghaecd)

Methanal  TECCAM-BELYPAS-311 = 4 id,pls lanl 202

i

[N

Chac,
serengih

Moleeular coniriburioes (5Wizind and
(Eemissian prograss)

H: HOMI, L LUMO, 2-freadyl: CHLH,
Imiss grossge CH=W-CH;

637

27

Comsples 10

6409

2al.6

248.9

11134

OUOEDS

oOles

OZI0E

OITES

[83 %) H (M= (EL %] + Pyridyl (16 %)
+ Tmine (11 %) + Mg (12 %6111 i [Mn
[4 %) = Pyridyl (25 %) = lmine (41 %]
+ W 19 %] L0560 H-1 [Mi (A %) +
Pyridyl (20 ) + By (70 %6110+ 1 B |
Mi [19 5% = Pysicyl [63 %] = Imine (17
) |

[12 %) H.5 [Me {6 %] + Pyridyl (51 %)
+ Imine (13 %) + M, (20 %) ]—L[I [ Mn
[4 %) = Pyeidyl (85 %) = lmine (41 %)
+ My 19 %] {6 %) H-6 [Mn (37 %) +
Pyridyl {38 %) = lssine (15 %] + 8y (10
W ]—L+-1 e [Mn (4 55 + Pyeldyl (42 %)
+ Tmine {43 %) + Mg (11 %]

[22 %) H-1 [Ma {8 ] + Pyrityl (21 %)
+ My (70 %3] —<L=d | [Mn (34 %) +
Pyridyl (45 %) + bssine (R %) 4 Ny (10
%] (13 ) H-6 [P (37 6] + Pyridyl
[38 %) = Imine (L5 %]} + My (10 %)) -
L1 i [Wdn {4 %) 4 Pyridy] (42 %) +
Imsine (43 %) + Mg {11 )]

[200%) H-2 [Ma {6 5] + Pyriyl (200 %)
+ Tmine {24 W) + Ny (40 86111458
[Mn 8 55} + Fyridy] (71 %3 + Imine (14
) + My (7 %)) [15 %) H-3  [Mn (62 %)
+ Pyidyl (15 %) + Imine [T %) + By
[16 ) —L4-3 B [Pyridyd (13 %] = Imise
86 )

280,90

261

Comsples 11

7363

2A1.1

243.2

230.8

CLOCET

DT

ozes

ke e s]

[82 %) H [NI[32 %) = Pyridyl (30 %) +
lssine [33 %) + My (5 %] —L f [M62 %)
+ Tyeictyl (71 %) 4 lmine (22 %) + Nz
(5 %31 {7 ) H-2 [NI34 %) + Pyeicyl
[24 55 + bmine [2 55 + N (40 H)] =L
[MI(2 ) + Pyeicdyl (71 %) 4 Imine (22
) + Ny {5 )]

[28 %) H-2 [ME{46 %] + Pyridyl {35 %)
+ Dening (7 %) = My (12 %3] —=L-3a [Mi
[13 %) = Pyeidyl (54 %) = lmine (4 %]
+ Wy (29 )] (13 %) H-3 [NI(36 %) =
Poyridyl (32 %) 4 Issine (5 %) 4 N (27
)]=L+3 B [NIC16 %) = Pyridyd (52 %)
+ Iming {6 %) + Nz (26 %))

[24 %) H [NI[12 %) = Pyridyl (62 %) +
Imsine (14 % + M, (12 %)) —L-8
[Pyridyl (55 %) + Issine (40 %) 7 %)
H-7 [Pyeidyl (38 %) + Imine (4 %) + Ny
[57 )] —L f (M2 %) + Pyridyd (71 %)
+ Imine {Z2 9} + My (5 %]

[10 %) H [NI{12 %) = Pyeidyl (62 %) +
Imsine [14 %) + N (12 %)l —=L=17 a [Ni
[2 %) + Pyeidyl (59 %) + Imine (3 %) +
Ny (26 B3] (7 %) H [Mi{12 %} + Pyeidyl
[62 %) + Imine {14 %] 4 Mz (12 %] <L
a [NI(L0 %) + Pyeistyl (39 %) + Imine
(20 %) = Ny (31 5&1]

ROA.7

0914

[23 %) H [Ca[43 5] + Pyeicyl (40%) +
Imsineg (14 %) = N (3 %61]1—L i [Fyeidyl
(10 %) = Emine (2 %) + N3 {57 %11 (28
%) H-1 [Col10 %) = Pyridyl (16 %) =
lmsing (2 %) + My {72 %) L1 o [Co
[16 ) + Pyeidyl (50 %) = [msine (17 %)
+ M [7H]
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Table 2 {(comtinued )

Experimental i
(nm)
(Methasol)

Methamol TO-CAM-BILYP/6-311 + G (d,p)//Lanl.2DZ

A s
{mam) Swength

Molecular contributices (SWizard and
hemissiin prograss)

H: HOMO, L: LUMO, Z-pyridyl: CHYN,
Imine group: CH=N-CH,

(36 %) H.5 [Co(28 %) + Pyridyl (14 %)
+ Imine (2%) + Ny (56 %)j<L+2a
[Pyridyd {57 %) + Imise (24 %) < N,
(18 %)] {31 %) H-3 [Ca(34 %) + Pyridyl
(13 %) - Emine (2 %) 4+ N, (51 %)]—
L=3 a [Pyridyl (53 %) - Imine (2 %) +
N, (44 %))

(27 %) H-8 [Co(5 %) + Pyridyl (18 %) +
Imise (7 %) « N, (70 %)) L a [Pyridy]
(10%) + bmine {2 %) + Ny (B7 N)] (8 %)
H-1 [C10 %) + Pyridy1 (16 %)  lmise
(2%} + Na (72%)] =L+ 2 a [Pyridyl (57
%) <« Imine (24 %) + Ny (18 %))

(45 %) H-10 [ColB %) + Pyridyl (65 %)
+ Imine {25 %) + Ny (4%)] <La
[Pyricyd {10 %) + Imine (2 %) - N4 (87
%)) (31 %) H-9 [Ca(3 %) + Pyradyl (55
%) + Emine (21 W) + Ny(21%)] <Lila
[Co16 %) + Pyridyl (60 %) + lmine (17
%) = Ny (7 %))

(14 %) H-2 [Ca(27 %) + Pyridyl (15 %)
4+ Imine {5 %) + Ny (53 %)) L1l «
[Pyridyd {45 %6) + Imine (53 %) < Ny (2
%)} {7 %) H-1 [ Co{10 %) + Pyricyl (16
%) + Imine (2 %) < Ny (72%)1 <L+ 194
[ Codd %) + Pyreidyl (29 %) + Imine {7
) - Ny (60 %))

3377 3287 01X

268.7 0.0206

04697

207.3 2138 00359
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5.5, Analysis of the MEP and global reactivity parameters

Many chemical systems” structure-activity relationships (SARs) may
be understood using MEP (molecular electrostatic potential) surfaces.
The electran density is connected to these surfaces. On the MEP surface,
the areas that are red and yellow represent spaces with negative charges
whereas the parts that are blue represent positively charged regions with
low electron densities. Green areas represent neutral environments
without any potential [52]). DFT/CAM-B3LYP level was utilized 1o
define MEP surfaces of complexes 9-11 (see I'ig. 7). As it is clear from
g 7, for complexes 9-11, the dense reddish electron clouds around the
azido ligand are the areas of highest electron density associated with the
lone pairs of electronegative atoms. The -CH groups in the L, ligand,

— Compiox 9
w— Compiax 10
= Complex 11

58 Y

o L1TdeV

7@.‘-}.

g

Eaomons g™ +0321 &V

oo T T T T u T T T
el 20 w0 0 e e -0 a0 “0 “w s
Wavolongth (nm)
Fig. 6. Photol spectra of comp) 9-11 in methanal

:3‘}'&3

Fuus e 40319 oV

". ’
. e
%,
3 % *
., O o
I ' ..:.a »,u..,..o 1215V
B ‘ od . >
3 Ko S 1287 oV Sl
2 AK = 5107 eV 0 o
Z AR=SISoV V AE=SNTV L0
: N N
o T [
3 k 5& Fuonto v -S014 eV '~
3
’ N )
“ J > . »
g ‘ Finono @™ 6299 eV ;‘
= - v g ¥ TNV -
E . Eworao ™ 6985 ¢ 5 wono o™ ¢ R B . .2
e Fuciorw™ 62216V | 2
” - .
- b4 "\’” ! - - Bl | e
ol K 'Q_ 6531 v ol ’ e, -
001 6.8 ¢ 0% n” &
po Fatuios e 792568 S v g
) < Einneo s v S48 eV
9 » y ™ ”»
Escnios gv= 7838 eV
10 1%

Complex 9

Complex 10

Complex 11

Fig. 5. FMOs and their energies that contribute the most to the electronic transition obtained by the DFT/CAM-BILYP method in methanol for complexes 9-11.

124



I A er al.

Complex 9

Complex 100

Maperiale Scieice in Semicandicne Procesiing T70 (2024 108527

-
007052 007052
@iy
2 .J‘ia

Complex 11

Fig. 7. Muolecular electirostatic potential (MEF) surfaces for the complexes 9-11.

which have the largest positive potential, were found 1o be regions
where nucleophilic reactivity was pe d. In this e reactive
parts were revealed in these complexes.

As deseribed in section 2.3, malecular parameters (p, 5, o, and ¢)
known as global reactivity parameters given in the computational pro-
cedure were computed by using FMO energy values and tabulated in
Table 55. Chemical gystems” resistance to alter their electronic distri-
bution is known as chemical hardness (). The chemical reactivity and
stability of systems are associated with the parameters g, y, 5. 1t is elear
from Fig. Ab that the experimental By (ogtical band gap energy) values of
complexes 9-11 were found to be 3.99, 4.11, and 4.06 &V, respectively.
The carresponding theoretical energy gap values of these complexes in
w-spin level caleulated at the DFT/CAM-BILYP level were oblained at
S5.442, 5.340, and 4.577 eV, in order. For complexes 9-11, 7, 1, 5, 1, and
o parameters in o-gpin state caleulated at the DFTACAM-BILYP level
were obtained at 3.126-4.354 eV range, 2IH0-2721 eV range,
0.36E-0.437 1/6V range, 2. 135-3 484 eV range, and 0.2E7-0.468 1./eV
range, respectively (see Table 55). In this method, 7, g, and o values wens
abrained in the order from smallest 1o largest: complex 11 <complex
10<complex 9. The smallest values were oblained in complex 11, which
has eoosdination in a bridged structure. Low g values show that intra-
ligand charge transfer (ILCT) oceurs in these complexes. These find-
ings are consistent with those that hawve alresdy been published in
various structures [6,60]. The fact that the chemical sofiness values
caleulated in complexes 9-11 are greater than 0.301 eV indicate that
these strictures can be considered as more polarizable units and, as a
result, may have sufficient NLO behavior. It can be noted that thess
results are comparable vo different organic compounds reported previ-
ously [83]). Additienally, the caleulated results can be stated that the
examined compounds have sulficient molecular parameters (y, 5, o, and
) values required 1o exhibit NLO response.

Binding energy s also used in the analysis of the optoelectronic
properties of the compounds examined. The excitation separation is
stronger the lower the binding energy owing to higher energy states. The
binding energy computed by using equation (26 includes the HOMO-
LUMD (AE) energy gap difference and the firs excitation E.,. mini-
mum energy value, being mostly taken as the first singlet excited state
energy of the 5;—5 transition [E3,84).

Ep = AE — Eny [265)

While a bigger Eg is preferred in electroluminescent devices like LEDs
o ensure that charge recombination predominates, a smaller By, is
desirable in photovaltaic devices 1o permit the quick separation of
charges [E5]. The binding energies obtained at DFT/CAM-BILYP level
are estimated in descending order, as follows: Complex 9 (3,172 eV) <
Complex 11 (2.560) < Complex 10 (2.012). These results were ablained
al a level comparable o previous findings in different structures [B3,
a6]. Aceording to these findings, compound 10 has the lowest binding
energy, indicating that it may cause greater excitation dissociation in the
higher energy state, while the newly developed complexes may have
potential optical activity and be applied in various NLO applications.
Furthermore, considering that high binding energies are advised for
electraluminescent devices, we believe these results are important.
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F6 The analysis of LO/NLO parameters

Diae 1o ils prospective uses in optoelectronic and elecommunication
technologies, such as optical modulation, optical communication, apli-
cal switching, data storage, and processing, the synthesis of NLO
(nonlinear optics) materials and related research have received a great
deal af atention [29,30,32 35]. When practical investigation of the
NLO properties of newly synthesized compounds is nol feasible, the
responge of molecules o these features is caleulated using thearetical
NLO studies. Considering this, theoretical investigations of T and Aa (LO
parameters), foand y (NLO parameters) of the synthesized complexes
911 were performed al DFT/wB97XD and DFT/CAM-BILYP levels in
gas phase by using equations (7] [10) [30,32]. The obtained resulls ane
given in Table 3 in comparison with the resulis of p-nitroaniline (pNA)
[87] and urea [88,E0], which are referenced as prototype compounds.
Furthermore, 1o investigate further electronie and optoelectronic pa-
rameters, the external electric feld (E), the permittivity of the vacuum
{ra), the relative permitivity of the medium (g,), the electric suscepti-
bility (ye), the physical parameters electric displacemsent (D), and po-
larization (P} were considered for complexes 9-11. As it is known, the
energy difference betwesn HOMO and LUMO affects the palarizgability
of molecules. It has been reported that compounds with smaller energy
ranges and lower hardness parameters (especially organic compounds)
can have high hyperpolarizability values [62,83,66]. As a result, these
parameters can also be evaluated quantitatively for Schill-based metal
complexes, giving an idea of the NLO activity.

The theoretical ", 3", and 3™ parameters, known as linear opti-
cal, second-, and third-order nonlinear optical susceptibility tensors, as
well as linear, second-, and third-arder polarization parameters (P2
P and POy were olaained by using equations (110 (21). The E, P, and
I values were thearetically abrained ar the range of 3.88-7.23 « 107 vy
m, 4.45-7.86 = 1072 C/m®, and 7881445 = 1072 Cim®, respectively
{see Table 3). By considering the mid-IR region, the experimental
average i values of complexes 9-11 were caleulated at 1.29, 1.65, and
1.54, respectively, while the correspanding theoretical n values were
obiained al the range from 1.49 o 1.62 b ¥ wsing DFT/wBSTXD and
DFT/CAM-BILYP levels. It can be stated that it is consistent within
possible errors arising from experimental measurements and theoretical
approaches.

Based on the plot of the third-order nonlinear optical susceptibility
(™) parameter versus the photon energy in the UV-Vis region
{200-600 nm), the ™ parameter was evaluated in this work regardless
of the we of experimental Faean technique [67.65]. Since the ™
parameter varies depending on the refractive index, a graph of refractive
index versus wavelength is given in Fig. B. It is seen from Fig. 9 that the
# valwes of complexes 10 and 11 start to inerease from 3,60 o 3.22 &V
of the photon energy, while ¥ value of complex 9 stans 1o incremse at
1.42 eV, Far complexes 811, the maxinum ¢ values were observed at
51.82 « 107 esu versus the photon energies of 4.45, 4.18, and 5.17 &V,
respectively. According to Fig. B, for complexes 9-11, the maximum r
values a red a1 265 o 237.74, 251.29, and 277.09 now. The shifls in
noand ¢ parameters are influenced by different /cimilar metal ions in
complex structures with varying coordination geometries, just as these



i Aw eral.

Table 3
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Average electric field (E), electric polarization (P, eleciric displacement (1), relative dielectric constand (e}, average eleciric susceptibility (z,J, refractive index (nl,
first-neder linear, second-, and third-order nanlinear optical suseepribility (7 3 in 107" myW, and 3 in 10 m®%*), electric dipole moment (p, Debye), average
static isatropic and anisatropic polarizability (<a(0; ), in 10~ esu, and Aail; B}, in 10 esu), static first- and sscond-order hyperpalarizabilities < [0; 0,00, in

100 e, amed <l 0,0,005, in 107 esu) for complexes 9-11.

Parametes Comgdes 9 Complex 10 Compler 11
WBITD CAM-EILYP BATND CAM-BILYP WBITED CAM-BILYD
E310 - 0 )
E[x 10° Vim) S8 T 563 560 EET a8
P = 1072 Cim [ TEE TR 658 549 445
Dis 10 Cim®) 1178 1435 1247 1161 89 T.BE
I 230 2% 2.42 31 261 22
e 130 ] 142 131 LE1 129
n 152 148 156 152 LEE 151
o Lan L3 142 L3l L5l 128
PO 1 ¥ ) [ 786 708 .58 549 a5
2 ELLT A5 147.88 159,36 639 535
PO L 10 ) 18226 IED 41503 456,83 a3 713
- 2935 10RO —142.72 ~15402 W0ET B8
PO 10 ) SO0.7I T ~22551 ~25132 535 464
W 281 116 7.33 TA T4 7.1
W .30 (pHAY 571 and 4.56 (Urea) [86]
il 0= 4567 4634 04 2002 5497 5403
: LT (RS [57]
Al O .92 3536 14 26,83 EET 3658
i 0K 129.29 LS 24364 LGS 1305 1342
= 9.2 (pHAY [27], 032 (Ureal [35] and 0.13 (Urea) [59]
<l 00 SETET 22164D ~F114.81 ~22823% 19553 205.86
ap 1500 (AN [57] aind 7 (Urea) [B5]
s L]
—— Complex &
- —— Complex 10
1 — Complex 11
i
40
)
i [
- = s
=
14 L 0
10+
iz
— 11 |
1 1 1 5 * LE
e e e " - £ ] - L] - T T T T T
Warwalength [nm) H 4 [
Energy (eV)

Fig. 8. The refraciive index (n) versus & of complexes 9-11 in methancl

parameters change based on the metal on exchange in various coordi-
nation structures with similar esordination geometries [70,71,90].
The DFT/CAM-BILYP level indicates the mean stanic polarizabiliny
(oD 000 values of complexes 9-11 in the gas phase oltained a1 46.34 «
1074, 39,02 « 10, and 54.93 = 1072 esu exhibited higher than that
af pMA (17 = 10 2 ey [ The increase in polarization tendeney was
abserved in the order complex 10 comples @< complex 11, 1t is seen
that this polarization tendency is related 1o molecular masgs. Theanstical
#1 lineas aptical parameters of complexes 311 were computed al the
1.23-1.61 range. On the ather hand, the <fI0; 0,00 parameters of
complexes 911 in the DFT/uB97XD and /ACAM-BILYP levels were
computed at 12029 « 107, 24364 « 107, and 13.05 = 10 ey,
and 112,95 = 107" 26255 « 107, and 1262 = 107 esu, respec.
ively (see Table 35 Among the complexes, complex 10 has the highest
value of <0l 0,00, this value (26255 « 10" esm) based wn
CAM-BILYP level is 82005 and 2019.6 times greater than the urea resulis
(032 = 10 H pgu [28]) and 0130 =« 10 = gy [E5]) and 285 times
greater than the pMA result (9.2 « 10 W pan [B7]). All caleulated <[Bl0;

Fig. 9. The third-crder nonkinear optical susceptibility 3 of complexes 811
i methanal.

0,00 values are greater than (he referenced results, The ¢ parametes
azociated with [ of complexes 9-11 was oldained at the range from
535 o 15036 pm. V. The P parameter for complexes 9.11 was
computed at the range from 715 « 107 10 456,85 « 107 C/m®. These
results change in a similar end 1o the satic frst-order hypes-
polarizability enes in order of complex 11<complex 9<complex 10,
These cuteomes demonstrate that the highest value was obtained for
complex 10 as in | parameters. As for the <p(0; 0,000 resulls in the gas
phase sliained at the same levels for complexes 9-11, complex @ has the
highest value of <pl0; 0,0,00>. The obtained value (221640 < 10

ein ) based on CAM-BILYP level is 147,76 and 316,63 limes greater than
that of pNA (15 = 10 es) [87] and urea (7 » 107 ) [88], The 3™
parameter linked with ¢ of complexes 911 was found an the range of
~154.06 and 10905 m* V. The P parameter for complexes 911 was
computed at the range from —251.22 « 107 10 363.40 = 107% C/m®
{gme Table ), The cuteomes of £%/8 and ™'/ indicate that complexes
10 and 9 are highly effective in terms of second- and third-NLO
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characteristics, respectively. In the DFT/CAM-BILYP level, the energy
gap (AE) and p values were abtained in the increasing order values as
complex 11<complex 10<complex 9. Although the Co iong of complex
11 in the bridged structure have a center of symmetry around them,
and especially y results were obtained remarkably. It is cdear from
Table % that the linear azide anion has a deamatic effect on the geomerry,
sdgn, and magnitude of the complex 100 On the other hand, it has been
reported that a negative gamma value may physically correspond o
state in which molecular polarization will decrease with increasing laser
intengity [29]. The impacts of the metal ion and i3 coordination envi-
rommient on the structure were seen in the variations in the computed
NLO parameters, considering the electronic structure of the complexes,
However, when these effects are congidersd, a direct or inverse pro-
partional relationship between these parameters with energy band gaps
and the hardness parameters cannot be obtained.

The results oliained from this research may shed light on electronic
devices that have the patential to be produced or designed.

4. Conclusion

Experimental and theoretical speciral properties, as well as theo-
retical nonlinear optical features on the N-(pyridin-2-ylmethylene)
methanamine (L)) and complexes 9211 {[Mn (L kiMsl], (9, [Mi
(L JalMg1], (100, [Cogly biNgla] - 2HaO, (111} synthesized, and charae-
terized by mas (LC-HREMS), powder XRD and FT-IR spectra were
investigated. Considering the electronic spectral resulis, the Ly ligand
has more electron aceeplor properties for complexes 9 and 10 according
1o the LUMOCLUMOS contributions., Based on CAM-BILYP level, the x, 4,
and w values were obtained in the order from smalless 1o largese: com-
plex 11 <eomplex 10 complex 9. The smallest values were oblained in
complex 11, which has coordination in a bridged structure. The incremss
in polarization tendency was observed in the order of complex
1= eomplex 9<oomplex 11, Among the complexes, complex 10 has the
highest value of <0 0,0)=, this value (26255 = 107" egu) based on
CAM-BILYP level is 82005 and 201906 times greater than the urea resales
(032« 107 ezu and 00130 « 1077 @) and 285 times greater than
the pMA result (9.2 =« 1077 eu) It can be thoughe that the pon-
centrosymmerric siructure of complex 10 containing Mi ion allows this
parameter 1o be high. The highest value of <y(0; 0,0,0)> for complex @
abtained at 2216.40 « 107 e based on CAM-BILYP level is 147.76
and 116,63 limes greater than those of pNA (15 = 107 eu) and urea
(7 % 107 pgu), The results of fand ¢ indicate that complexes 10 and 9
are highly effective in terms o microscopic second- and thind-NLOD
characteristics, respectively. 1t is observed thar these outcomes were
supported by the results of 3 and 3™ parametess. The linear azide
anjon has a dramatic effect on the geometry, ¢ sign, and magnitwde of
the complex 10, The NBEO findings between the lone pair electrons of N
atoms and metal jions validated the coordination geometries of com-
plexes 9-11. Among the Schill base-azide Mn/MNi/Co complexes, com-
plexes 9 and 10 can be suggested as candidates for NLO material. All of
the sutcomes reached here are especially significant since they serve asa
starting point for future nonlinear optical investigations of Schill base-
based meral complexes.
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The synthesis of the A-(pyridin-2-ylmethylene)methanamine (L)

0.1 mol of 2-pyridine carboxaldehyde was dissolved in 10 mL of ethanol and 2 drops of
triethylamine were added on it. The solution was cooled by taking it into an ice bath, and 0.1
mol of methylamine (33% ethanol solution) was added to it and stirred in an ice bath for 30
mimutes, and at room temperature for 3.5 hours. The aleohol in the mixture was evaporated
under the vacuum and 100 mL of chloroform was added to this mixture. This solution was
washed three times with 25 mL of water. The organic phase was dried with anhydrous MgS0,,
filtered and evaporated under the vacuum. The N«(pyridin-2-ylmethylene)methanamine (L)
was obtained as dark vellow oil and its structure was confirmed by "H and “C NMR spectra.
'H NMR (DMSO-ds, 300 MHz) &/ppm: 8.61 (1H, dd, J; = 1.2 Hz, ./ = 4.7 Hz), 8.33 (1H, s),
7.82-7.93 (2ZH, m), 744 (1H, td, ./; = 1.2 Hz, J> = 5.0 Hz), 3.47 (3H, s). “C NMR {DMSO-d;,
75 MHz) é/ppm: 163.84, [54.81, 150000, 137.57, 125.73, 120,89, 48.14.
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Table §1. Theoretical some geometric parameters for complexes 9-11.

Complex 9 Complex 10 Complex 11
Parameters wBYTXDY CAM-B3LYP Parameters wBITXD CAM-B3LYP Parameters wBYTXD CAM-BILYP
Hond length (A) Bond length (A) Bond length (A)
Mni1-N2 1967 1.969 Nil-N2 1.933 2151 & N2 Lu1y 1.925
Mnl-N3 2.062 2068 Mil-N3 1.931 2034 Lo 1.914
Mnl-N6 1948 1.942 Mil-N6 1.903 2069 1970 1.969
Mnl-N7 2041 2031 Mil-N3 2471 2062 1970 1.966
Mnl-N5 1.953 1.958 Mil-N4 1.937 1.989 1970 1.966
Mnl-N4 2.051 2.060 M6-N38 1199 1188 1970 1.966
N6-N3g 1.206 1.204 MNIR-N1g 1145 1154 (10 1.873
NT-N40 119 1194 N2-C8 1.347 1.339 (10 1878
N38-N39 1,140 1138 N3-C9 1.351 1366 1.200 1.201
N4(-N41 1.14% 1.147 N5S-C10 1.263 1.268 1.200 1.201
NZ-C3 1.572 1372 M4-C18 1.274 1.323 1142 1.140
N3-C9 1.546 1.345 N5-C26 1445 1449 1.142 1.140
N5-C10 1.320 1.320 MN4-C30 1.454 1449 1.350 1.35%
N4-C18 1.274 1272 Ca-C10 1.479 1.471 1.359 1.35%
N5-C26 L6 1.447 Co-C18 1460 1.415 1.296 1.201
N4-C30 1448 1.450 1.296 1.292
CR-C10 1411 1.408 1.454 1.455
CO-Cl8 1462 1.460 1.454 1.454
1.437 1.43%
1.437 1.439
Bond angles {*) Hond angles (%) Bond angles (<)
MNo-Mnl1-N7 9597 4551 N6-Nil-N2 9106 RE.12 Ne-Col-NT T9.56 7975
Né-Mnl-N2 95.61 G5.63 MNo-Nil-N3 9287 9216 99.09 9916
N7- Mnl-N3 9033 @0.24 N2-Nil-N5 76,10 TR.O04 8252 8252
N2- Mnl-N5 H45 048 MNI-Nil-N4 B2.89 ROLTS 8252 8254
N3- Mnl-N4 7774 T7.68 M5-Nil-N4 1159 115.0 T9.56 79.62
N5 Mnl-N4 HE44 HEST Mo-Nil-N4 155.0 155.7 9319 9351
No-Mnl-N4 166.7 1660 9318 U385
Mo Col N5 1784 178.3
Dihedral angles ("} Dihedral angles (") Dihedral angles (%)
Mn1-N2-C12-Clé 1794 1790 Nil-N2-C12-Cl6 -179.4 -1715 Col -N2-C12-Cl6 179.7 179.9
Mn1-N3-C24-C34 1776 1774 MNil-N3-C24-C34 1778 1371 Col -N3-C24-(34 179.7 179.4
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Table 82. Second-order perturbation theory analysis of Fock matrix on NBO basis for complexes 9-11.

Donor (1) Acceptor (]} keal/mol) Dionor (1) Acceptor (j) E* {keal/mol) Donor (i) Acceptor () E™ (kcal'mol)
wBYTXD CAM- wBSTXD CAM-BILYP wBUTXD CAM-
B3LYP B3LYP
63 11+Gid.p)/ Lanl2DZ 6-311+Gidp)/Lanl2DZ 631 1+Gid.p)/LanL20Z
Complex 9 Complex 10 Complex 11
LP(1)MNG LP*{4)Mnl .56 Q.85 LP(1ING LP*{a)Nil IR L 16.73 LP(1NG LP*(5)Cal 1423 14.09
LP{1}NT LP*{4)Mnl 1556 L6 LP(1INS LP*{a)Nil 5028 4475 LP(1NT LP*(6)Cal 16.12 14.00
LP{1}NS LP*{5)Mnl 6572 6321 LP(1ING LP*{T)Nil 2130 1887 LP(1INS LP*(5)Col 67.51 6431
LP{1}N2 LP*{4)Mnl 3706 35.53 LP(1iNg LP*(8)Nil 2080 2960 LP{1)N3 LP*(5)Ca2 62.96 59.32
LP(1IN4  LP*(6)Mnl 23.61 2162 LP(1N2 LP*(TINil 21.3% 39.33 LP(1)N4 LP*(5)C02 8241 76.28
LF(INZ  LP*4)Mnl 66,59 62.78 LP(1NG GHN6-Nil) 4346 LP(1IN2 LP*(6)Cal 66.57 63.85
af(N2-C8) a¥{N5-CL0) 3430 3638 ¥ NI-CR) a*(N5-CL0) 3141 LP(1NG LP*(6)(a2 3030 EE S |
THMN2-CE) nHC12-Cla) 3098 3061 wH NI-CH) a*C12-C16) 4394 LP1INT LP*(5)Ca2 3947 38.30
a*(N2-C8) a¥C14-020) 4333 4326 ¥ NI-CR) a*{C14-C20) 5867 THNZ-C12) a%(O8-C14) R1.74 2366
aHNI-CF oH(N4-CLE) 3270 35.50 a*(MNE-ClE) 319 3370 aHCl6-020) 18243 1329
aHNI-C9) rHC22-036) 5478 5533 (N a*C22-036) 62.53 6554 THNI-C24)  ahOe-C22 8173 34.07
o (N300 a¥C24-034) 3601 37.00 o¥{ N3O0y a*(C24-034) 5218 5603 THNI-CX) AHO3-C36) 182,37 23.20

E'™ Hyperconjugative interaction energy (stabilization energy)
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Table 83. Experimental and theoretical some charscteristic vibration frequencies of synthesized complexes 9-11 and Ly ligand.

FI-IR FIAR wBO9TXD  CAM-BILYP  FT-IR wBS97XD  CAM-BALYP  FI-IR «B97ND CAM-BILYP  Vibratonal mode assignments
{em™) {em™y {em™) {em™}
6-311+G(dp) LanL 202 LanL20¥72 Lanl2DZ
Ly ligand Complex 9 Complex 10 Complex 11
3070 3098 3082 3083 3056 3060 ElT| 3123 318 iz
3053 3032 3045 M6 3029 3015 3008 3163 3052 3054 VICH fissing)
2994 2975 2962 2063 2072 26T 2056 30000 3002 3004 Vi eyl
2967 2926 4920 it 3 925 2913 2921 2977 2921 2928 Vi ety
2852 2897 2907 ek 2900 2927 2921 2928 Vi fmetlyl)
2059 2127 2136 2 2079 2087 s 21587 2160 VI gasade)
2093 2103 2002 2140 2142 VA qursde)
1592 1656 1664 LT 1653 1680 1683 161 1607 1608 VO (issing)
1567 1627 1615 lalé 1631 1614 1614 1637 1581 1584 VI {risg}
15%6 1592 1591 1598 1582 1583 1597 1561 1551 VO irisgh
1564 1575 1576 1568 1581 1581 1562 1530 1533 VCab tinsing) + VC=C ) + PHOC fring)
1527 1540 1538 1536 1538 1538 1481 1465 1459 VL e VN i+ P e + PO ping)
1473 1470 1477 1479 1478 1493 1441 1466 1450 1457 VO (issing)
1456 1442 1457 1460 1446 1454 1454 1440 1447 1452 Ve risgh + e ing T Praci imegty
1425 1408 1421 1415 1400 1408 1411 1407 1424 1431 Prace irisgy
1373 1370 1380 1385 1371 1385 1389 1366 1365 1361 VNG (isine) T YOO g1 T HCC i
1305 1345 1338 1338 1352 1349 1341 1341 1343 VI gasade)
1332 1286 1286 1285 1299 1318 1318 1284 1277 1281

1281 1223 1224 1246 1228 1223 217 1233 1250 1246 + Vee grng
1138 1155 1136 1137 1157 1138 1136 1156 1137 1137 gt + PHCC g
1087 1102 1101 101 103 16 s 1097 1097 1098 VEE dringh + VO fringh + PROC fsngs
1073 1051 1043 1042 1047 1041 1042 1051 1040 1046 Peace jrisgy
1017 1017 w22 1 1024 1024 1021 1021 1020 1017 VA (imine-methyl)
T U2 92 992 41 921 930 917 053 L] - I sing)
397 87T 6o 70 HEZ R68 873 877 w92 877 + VO frag)
783 775 Tl 763 71 787 762 767 751 755
751 746 736 738 747 758 751 753 EEX] 739

667 658 66l 670 664 663 691 711 00
579 636 652 654 640 651 053 634 630 [i% ]

51l 501 S04 513 507 510 514 511 507 VSN NN fimi

u: Stretching: fi: In-plane bending: T Torsion.
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Table 54. Experimental and theoretical wavelength, oscillator strength, and major

contributions for complexes 9-11.

Experimental Methanol

Ainm}

(Methanol) i Osc. Muolecular orbital contributions
{nm) Strength H: HOMO, L; LUMO

Complex 9

TD-aB 75631 1+Gid,py/ LanL2DE

671.9 00329 HL f(84%) H-l—L+1 f(10%)
2637 261.2 00064  H-5L+1 B (6%) H-8—L [ (5%}

247.1 03148 H-6-L+1B(18%)  H-2—L+3 a(17%)
2027 208.73 00056  H-4—L+2 Fi15%)  H-S5—L+3 [ (15%)

TD-CAM-BILYP/LanL 202

6409 00326  HsL f(83%) H-1—+L+1 fi10%)
263.7 260.6 00163 H-5-L Fi12%) H-6—L+1 @ (6%)

2489 02005  H-l—L+4B22%)  H-6—L+1 o (13%)
2027 213.4 00758 H-2-L+5Bi20%)  H-3—L+3 [i15%)
Complex 10

TD-BOTXD Lan L 2[x

8272 0.0011 H—L a (7%9) H—L+4 a (8%)

436.6 01732 H—L+10a {25%) H—L+6 w (24%:)
2809 282.4 00040  H-d—L fi(99%) H-2—+L+5 i (8%)
226.1 2292 00119 HosL+5 [b(59%) H-1—L+5 f (16%)

TD-CAM-BILYP/6-311+Gid,p)y/ LanL 27

726.3 00027 H—L [ (%2%) H-2—L (7%}
2809 281.1 0.0074 H-2—L+3 @ (28%) H-3—L+3 [ (13%)

2432 01358 HoL+8 o (24%) H-7—L B (7%}
226.1 2308 (025 H—L+17 o { 10%) H—L o (7%}
Complex 11

TD-aBOTXI Lanl 2[%F

6019 0.2951 HoL @ (23%) H-1—L+1 a (28%)
3377 3259 01234 H-5—L+2 o (38%) H-3—L+3 m (34%)
2687 1649.4 0.03%1 H-4—L+7 @ (27%) H-5—L+6m {13%)

250.5 04110 H-10—L a (36%) H-9—+L+1 @ (23%)
2073 2125 02802 H-15—L a(16%) H-9—L+2 1 {15%)

TD-CAM-BILYP/G-3114+G{d,p)/ LanL 222

6087 02914  HoL a(23%) H-1—L+1 @ (28%)
3377 328.7 00204 H-5oL+2a(dé%)  H-3-L+3m(31%)
268.7 2633 00206  H-f—Lai27%) H-1—L+2 @ (8%)

250.4 04697  H-10—L a (45%) H-9—L+1 a (31%)
073 2133 0.0359 H-2—L+11 o {14%) H-l—L+1%a (7%)
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Table 85. Theoretical global chemical reactivity descriptors in the gas phase for complexes 9-11.

Parameters (unit) Complex 9 Complex 10 Complex 11

wBYTXD CAM-BILYP mBYTXD CAM-B3ILYP wBYTXD CAM-BILYP

o spin [spin @ spin i spin @ spin [i spin @ spin i spin o spin o spin

Encnan (V) -1.565 -5.856 -1.075 B b -1147 <5383 -6.625 -4 838 -5.5941 -5.414

Epumo (eV) -0.904 -1.020 -1.633 -1.665 0634 (a4 -1.285 -1.281 -0.232 -LH3T

AE (eV) 6656 4830 5442 3653 6513 4.749 5340 3557 5.709 4577

Electronegativity (y, e¥) 4283 3438 4354 3402 3801 3.009 3955 3.060 3087 3126

Chemical hardness (. ¢V) 3328 2418 17 1.827 1257 2375 2670 1779 2835 2289

Chemical sofiness (3, l/eV) 0.301 414 0.368 547 0.307 0421 0.375 0.562 0.350 0.437

Electrophilic index (e, ¢V} 2756 2.444 3484 3337 2324 1.906 2019 2.632 1669 2.135

MNucleophilic index (p, 1/e%) 0.363 04049 0.287 0300 0430 .525 0.341 0380 0.599 0468
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ABSTRACT

Aim: The goal of this study is to synthesize new metal complexes containing A-methyl-1-(pyridin-
2-ylimethamimine and azide ligands as e-glucosidase inhibitors for Type I diabetes. Materials
& methods: The target complexes (12-16) were synthesized by reacting N-methyl-1-(pyridin-
2-ylimethanimine (L) with sodium azide in the presence of comesponding metal salts. The
imvestigation of target protein interactions, vibrational, electronic and nonlinear optical properties
for these complexes was performed by maolecular docking and density functional theory studies.
Results: Among these complexes, complex 13 (IC;; = 02802 & 0.62 pM]} containing Hg ion showed
the highest a-glucosidase inhibitory property. On the other hand, significant results were detected
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for complexes containing Cu and Ag ions. Conclusion: Complex 13 may be an alternate anti-diabetic

inhibitor according to in vitro/docking results.

GRAPHICAL ABSTRACT

1. Background

Many studies of azide metal complexes, in which azide
ions (MNy) coordinate with various metal ions, such as
Cullty [1-4], Znill) [5], Coill} [S], M) [5], ete. to form sta
ble complexes, are notable in coordination chemistry. The
structural, spectral, optical, magnetic [6-8] and pharma
ceutical [9,10] properties of these metal complexes have
attracted great attention due to their different reactiv
ity and potential applications in various fields. The azide
jon serves as a versatile ligand with its linear trigonal pla
nar geometry that can bind to metal centers via nitro
gen atoms. Furthermore, this ligand has a high degree
of coordination flexibility, which can also participate in
the formation of monodentate, bidentate or polyden

tate complexes. Depending on the metal ion and coor
dination environment, azide complexes exist a wide vari
ety of geometries, including distorted trigonal bipyra
midal [3], distorted square pyramidal [5] and distorted
octahedral [5,7] and bridge structures [1,2.4,11]. It was
reported that synthesis of metal complexes including
azide and/or heterocyclic ligands with various transition
metals, such as cobalt [4,6-8], copper [1-4], zinc [5],
iren [8], erbium [12] and platinum [13]. The utilization of
these complexes underscores their rale in advancing our
understanding and utilization of these intriguing materi
als. Additionally, azide/azide derivative metal complexes,
as well as compounds with heterocyelic rings includ
ing nitrogen, have been investigated for many biologi
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cal activities. These include antimicrobial and antifungal
properties [3], as well as anticancer potential [14,15]. Their
capacity to interact with biological targets and demen-
strate selective eytotoxicity underscores their significance
ir biomedical research [16-19]. In this context, studying
azide metal complexes having various application poten-
tials in the fields of physics, chemistry, material science
and biology is valuable in terms of the synthesis of new
aznde metal complexes, revealing new results by investi-
gating their different properties, as well as contributing
to the development of new technologies.

w-Glucosidase enzyme (EC 3.2.1.20), having a signifi-
cant impact on the digestion and absorption of carbo-
hydrates, is found in the small intestines of the diges-
tive system and is known to provide the digestive pro-
cess by breaking down complex carbohydrates into sim-
ple sugars [20-24]. With the help of this enzyme, the 1,4-
glyeasidie bond in palysaccharides is hydrolyzed, result-
irng in the creation of w-D-glucose. As a result, during
absorption, a-D-glucose is formed and enters the circu-
lation, which raises postprandial hyperglycemia [2325].
The activity of the o-glucosidase enzyme is a process reg-
ulated by using e-glucosidaze inhibitors, which bind to
the o-glucosidase enzyme and reduce or stop its activ-
ity, as well as slowing down the digestive process and
allowing carbohydrates to be absorbed more slowly. It
is notewarthy that o-glucosidase inhibitors are widely
used in the treatment of Type 2 diabetes and that Type
2 diabetes is a common metabolic disease worldwide.
Acarbose, miglitel and voglibose, which function as -
glucosidase inhibitars, are currently used as clinically pre-
seribed drugs in the treatment of Type 2 diabetes [22].
Although some side effects of these inhibitors cause
digestive system problems such as abdominal pain, diar-
rhea and bloating, there are already many studies using
e-glucosidase inhibitor [26-40]. Therefore, scientists are
studying new enzymae inhibitors [41-45] associated with
various diseases. They aim to develop options and clin-
ical treatments [46] that are both safer and more effec-
tive against specific targets. The synthesis of more effec-
tive new inhibitors taking these effects into consideration
continues to be an important research topic today.

In the development of science and technology, it
is extremely important te correlate quantum chemical
results with experimental results and caleulate quantities
that can be obtained directly from experimental mea-
suraments, Many studies conducted in recent years show
that theoretical and experimental research are handled
together and density functional theory (DFT) methods
are used extensively. The electronic structure and char-
acteristics of molecular systems (organic, inorganic, etc.)
are extensively studied. This is achieved using the DFT lev-
els [47-50], providing valuable insights into their prop-
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erties and behavior. Additionally, further advancements
in understanding are facilitated through the application
of more sophisticated computational methods [51-53].
The ligands used in these systemns allow examining the
electronic structure, geamatry, spectral and optical prop-
erties of coordination compounds consisting of metal
ionsfatoms and cbtaining detailed information about the
structure. In addition to comparing the wvalues caleu-
lated using DFT methods with experimental data, it is
important to shed light on the stability, electronic transi-
tions, optical properties and magnetic behavior of metal
complexes and to enable the design of new matenals
for various applications. The development of improved
exchange-correlation functionals and the inclusion of sal-
vent effects have further enhanced the predictive power
of DFT in studying metal comples behavior. It seems that
the selection of functionals suitable for the complex struc-
ture from the developed exchange-carrelation function-
als and the inclusion of solvent effects further increase
the predictive power of DFT in examining metal com-
plex behavior. CAM-BILYP (a long-range corrected ver-
sion of BALYP using the Coulomb attenuation method
from Handy and co-workers) [54] and «B97XD (the
last functional incuding empirical dispersion and long-
range corrections suggested by Head-Gordon and co-
workers) [55,56] functionals are known to reliably predict
the geometries of metal complexes, energies and spec-
troscopic properties, making them a popular choice for a
wide range of applications.

Azaomethine and azide groups are regarded as highly
potent ligands in medicinal applications of coordination
chemistry [5,17,20,22]. Because these ligands have a high
degree of coordination flexibility, which can also par-
ticipate in the formation of monadentate, bidentate or
multidentate complexes. Moreover, it is well-known that
they play important roles in potential bislogical activ-
ities, Therefore, these ligands were chozen in the syn-
thesis of target complexes. So as to design and cre-
ate more powerful a-glucosidase inhibitors, novel five
metal camplexes (12-16) including N-methyl-1-(pyridin-
2-ylimethanimine (L,) and azide (M, ligands were syn-
thesized as a result of our ongoing studies. The structures
af these complexes (12-16) were determined by "H and
13C NMR (except for complex 12 including Cu lon), mass
(LC-HRMS) and FTIR spectra. The IC,, values against c-
glucosidase were obtained. In vitre c-glucosidase study
on synthesized complexes and examination of their elec-
tronic properties by experimental and OFT methods play
an impertant role in determining the structure-activity
relationship. In addition, molecular docking study was
conducted to determine the interactions of the target
protein with the ligands and to interpret the activity
results. Furthermore, the unigue properties and capakbil-



ities of the DFT/«B97XD and DFT/CAM-BILYP functional-
ities allow these methods to obtain deeper insights into
the behavior of metal complexes in structure-property
relationships.

2. Experimental & computational details
2.1. Spectroscopic implements

The MMRE spectrometer (Varian Infinity Plus, Oxford,
UK) was utilized to define the structure of the synthe-
sized the N-methyl-1-(pyridin-2-ylimethanimine (L} lig-
and and complexes 13=16. The synthesized compounds
were dissolved in 500 ul of DMS0-d, containing tetram-
ethylsilane (0.03 vol. %) as an internal standard. Tem-
perature of the samples during the data acquisition was
at 29°C. The "H and "*C NMR measurements were ful-
filled at 300 and 75 MHz, respectively. The "H and '3C
MNMR spectra for each sample were obtained with 32 and
5000 accumulations, and pulse angles were 45 and 20
degrees, respectively. The structures of novel five metal
complexes (12=16) were determined by using the SHI-
MADZU LCMS-9030 (OR, USA) medel triple quadrupole
liquid chrematagraph mass spectrometer. The concentra-
tions of samples were prepared at 50 ppm in methanol.
LC-MS spectra were recorded at the following conditions:
Mobile phase A: acetonitrile; Mobile phase B: water; pump
system AB concentration: 50:50%; flow: 0.5000 mi/min;
pump A and B pressures: 30 bar; oven temperature:
28.7°C; interface type: electrospray ionisation; interface
voltage (+1/(-): +4.50/-3.50 kV. The FT-IR spectra in the
range of 4000-400 em” for complexes 12-16 in pow-
der form were recorded at the Perkin Elmer UATR-TWO
(Perkin Elmer Spectrum-two equipped with ATR) spec-
trophotometer (CT, USA). The methanolic solutions of
samples were prepared at 10 M and electronic absorp-
tion wavelengths (UV-Vis spectra) in the 900-200 nm
range were obtained with the SHIMADZU UV-2600 UV-Vis
spectrophotometer. Using the CHNS-932 (Leco, MI, USA)
elemental analyzer, elemental studies of the synthesized
complexes 12=16 in powder form were carried out.

2.2, The synthesis of the N-methyl-1-(pyridin-2-yl)
methanimine (L,) & complexes 12-16
{ICu, (L, )5 (N )], (12), [HgiL,),(N4)-H, 00, (13),
[Cal(L ). (N )T, (14), [Ag(L, (N}, -2H,0], (15),
[Zn,(L,),(N,) Cl,-4H,0], (16)}

2-Pyridinecarboxaldehyde (99%), methylamine solution
(33 w3 in absolute ethanol), sodium azide (=99.5%),
copper(|l] acetate monohydrate (=99.0%, Cu{OAc),-H, 0,
mercury(ll) acetate (=98.0%, Hg{DAc),), cadmiumill)
acetate (99.995%, CdiDAc);), silver nitrate (=99.0%,
AgNO.), zine chloride (=98%, ZnCl,) reagents, magne-
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sium sulfate (anhydrous, =99.5%), triethylamine (for
synthesis), ethancl {absclute for analysis), dimethyl
sulfoxide-D6 (DMS0-d,, =99.8%) purchased from Sigma-
Aldrich (Stermheim, Germany) and Merck (Darmstadt,
Germany) were utilized without any special reprocessing.
Figure 1 depicts the synthesis methods of complexes
12-16.

The synthesis and NMRE  spectra of the N
methyl-1-{pyridin-2-ylimethanimine is presented in
Supplementary Material (Supplementary Figure 51).

Synthesis of complexes 12-16 (Figure 1k
1 mmol of corresponding metal salts
(ICulOAC),-HOHg(OAc), /Cdi0AL), MAgMO, /ZnCl, ) were
added to  N-methyl-1-(pyridin-2-ylimethanimine (L}
(2 mmaol) dissolved in 15 ml of absolute ethanol. After
20 min, 2 mmol MaM, dissolved in 5 ml water was added
to this solution. The mixture was stirred at ambient
temperature for overnight (complexes 12=14) ar for 3 h
[complexes 15,16), then allowed to evaporate at ambi-
ent temperature. It took around 7 to 10 days to acquire
complex compounds in powder form. The structures of
these products (12-16) were confirmed by "H and '3C
MNMER (except for complex 12 including Cu ion), and mass
spectroscopy. Complex 12: Anal. Cale. for C M, Cu N, o
C,234.08; H, 2.27: M, 36.90; found: C, 34 42 H, 2.45; N, 36.63.
Calculated exact mass (m/z): 492.0244 (C,H,,Cu Mk
found: LC-HRMS (m/z): 492.9582 ([M]*). Complex 13: 'H
MMR (DMS0-d,, 300 MHz) 4/ppm: 866 (1H, d, /= 4.6 Hz),
8.62 (1H, s}, 7.99-8.05 (1H, m}, 7.91-7.94 (1H, m), 7.60-
7.66 (1H, m), 3.51 (3H, ). "C NMR (DMSO-d,, 75 MHz)
Slppm: 162,65, 16260, 150,70, 150,65, 147.55, 140,98,
140,90, 12924, 12922, 12920, 12916, 128.30, 46.93,
46.84. Anal. Cale. for € H, HgM,0: €, 33.57; H, 3.62; N,
19.57; found: C, 33.86; H, 3.84; N, 1902, Calculated exact
mass (mizl: 5021279 (C,,H, Hg, O} found: LC-HRMS
(mfz): 5027797 (M]'). Complex 14: "H NMR (DME0-
d;, 300 MHz) &/pprm: B.72 (1H, d, J = 4.7 Hz), 8.51 (1H, 4,
J=1.5Hz), 8.05-8.12(1H, m), 7.90-7.93 (TH, m), 7.63-7 68
(TH, m), 347 (3H, s). *C NMR (DMSO-d,, 75 MHz) &/ppm:
161.89, 150,06, 15002, 14070, 12849, 12745, 46.36.
Anal. Cale. for C,H,,CdM,: C, 4260; H, 4.09; N, 2484
found: C, 42.12; H, 3.86; N, 25.27_ Calculated exact mass
(mfz): 3960501 (C,,H,,CdN,); found: LC-HRMS (mizk
399.0392 ([M+2H]"). Complex 15 'H NMR {DMSO-d,,
300 MHz) d/ppm: 864 (TH, d, J = 4.2 Hz), 852 (1H, 4,
J =15 Hz), 7.99-8.05 {1H, m), 7.86-7.88 {1H, m), 7.58-
762 (1H, m), 3.56 (3H, <). "*C NMR (DMSO-d,, 75 MHz)
Slppm: 163.83, 15161, 150,98, 139.06, 127.43, 12550,
48.66. Anal. Cale. for C H Agh 0, €, 24.15; H, 3.47; N,
32.19; found: C, 24.84; H, 3.75; M, 31.82. Calculated exact
mass (m/zl: 347.0134 (CH,AgM,0.); found: LC-HRMS
(miz): 348.7087 (M]'). Complex 16: "H NMR (DMSO-d,,
300 MHz) &/ppm: 865 (1H, 5, br), .58 (1H, 5), 8.16 (1H, 5,
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Cu,{Dc), . HO ffor Camplex 12) HaC
Hg/OAc), (for Camplax 13)
Ce{DAc), {far Complex 14)

AgND, [for Complex 15)

CHz Znd, {far Camplex 18)
™ ~

EvDH:H O {3:1), rt,
owvernight {for Complexes 12, 13 and 14)
3h (for Complexes 15 and 18)

Figure 1. Synthesis of complexes 12-16.
rt: Room temperature.

bir), B.00 (1H, s, br), 7.73 (TH, 5, br), 337 (3H, 5. "*C NMR
(DMSO-d,, 75 MHz) §/ppm: 162.43,162.39, 149.76, 149.66,
14064, 140061, 128.22, 128.14, 12808, 126.09, 12602,
45.62, 45.54. Anal. Calc. for € ,H,,CILN, 0,20, C 28.12;
H, 4.04; M, 23.42; found: C, 28.65; H, 4.48; N, 22.94. Calcu-
lated exact mass (m/z): 593.9942 (C ,H,,CILM, 0, 2n,);
found: LC-HRMS (m/z): 5971465 ([M+2H]Y). The W
and C NMR (except for complex 12 including Cu
ion), and mass (LC-HRMS) spectra were presented in
Supplementary Material (Supplementary Figures 52—
S10).

2.3. o-Glucosidase inhibitor activity

The IC,, values against e-glucosidase of complexes 12=
16 were defined taking into considering reported previ-
ously [30-32 36]. The detailed technigue of e-glucosidase
assay was provided in Supplementary Materal. Taking
into account A, (the absorbance of the control} and A,
{the absorbance of the samples) in the equation below,
the 1C,, values against e-glucosidase for complexes 12-
16 were aobtained.

Glucosidase inhibition% = [['ﬂ‘f&:;""’] « 100

The calculations of IC,, for complexes 12-16 were
used the Graphpad Software,

2.4, Computational details

To investigate the features of structural, vibrational, elec-
tranic and nonlinear optics (MLO), the Gaussian 16, Revi-
sion €01 [57] and GaussView 6 [58] programs were uti-
lized. The CAM-B3LYP [54] and wB97XD methods [55,56]
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with 6-3114+G(dp)/Lanl2DZ [59,60] basis set in the
ground state were applied to obtain the optimum geo-
metrical structures, vibrational frequencies and natural
bond arbital (MBI results for complexes 12 and 16. For
complexes 13=15, the same properties were examined by
considering DFT/CAM-B3LYP and wB97XD/LanL2DZ lev-
els. Time-dependent DET (TD-DFT) levels [61] with the
conductor-like polarizable continuum model (CPCM) [82]
were used to investigate electronic absarplion wave-
lengths (1) and oscillator strength of complexes 12-16 in
MeOH. The SWizard [63] and Chemissian [64] programs
were applied to define major contributions in electronic
transitions. By using the CAM-B3LYP and wB97XD levels in
gas phase, the MLO properties (the parameters of micro-
scopic polarizabilities (o and Aw), first- and second-order
hyperpolarizabilities (§ and 1) via equations presented
in Supplementary Material were examined. Finally, the
DFT/CAM-B3LYP level was utilized to survey the molecu-
lar electrostatic potential (MEP) surfaces.

2.5, Docking procedure

AutcDockd  program  [65]  and  AutoDockTools
(AOT157) [66] was utilized to examine the interac-
tions between the Soccharomyces cerevisiae isomaltase
(Protein Data Bank [PDE] ID: 3244) template structure
provided from the Protein Data Bank and synthesized
complexes 12=16. By considering the optimized struc-
tures of complexes 12-16 and genistein obtained at the
DFTYCAM-BILYP method, the inhibition constants (K)
and binding energies of these complexes were calcu-
lated from docking findings. The Discovery Studio 4.0
program [67] provides 20 and 30 views of interactions
between aming acid residues in enzyme structure and



complexes 12, 13 and 15. The docking details are also
given in Supplementary Material.

3. Results & discussion

3.1. The chemical descriptions of the produced
complexes

The A-methyl-1-(pyridin-Z-ylimethanimine (L,] was char-
acterized by "H and "*C NMR spectra. The structures of
synthesized complexes 12-16 were verified by using "H
and "*C NMR (except for complex 12 including Cu ion),
mass spectra (Supplementary Figures 52-510), as well as
FTIR spectra. The arematic proton signals for L, appeared
at the range of 7.44 and 7.93 ppm, aromatic CH neigh-
bar pyridine-M and CH protons belenging to imine were
observed at 861 and 8.33 ppm, respectively (in TH NMR
spectra given in Supplementary Figure S1). In TH NMRB
spectra of complexes 13=16, the aromatic protons, aro-
matic CH neighbor pyridine-M and CH protons belonging
to imine shifting the peak downfield were obtained at the
range fram 7.58 to 8.16 ppm, from 8.64 to 8.72 ppm, and
from B.51 to 862 ppm, respectively (Supplementary Fig-
ures 53,55, 57 & 59). The aromatic carbon signals for the L,
ligand emerged at the range of 120.89 and 163.84 ppm,
while these carbon signals for complexes 13=16 were
detected at the range from 125.50 to 163.83 ppm (in "*C
MNMR spectra given in Supplementary Figures 51, 53, 55,
57 & 59). The carbon signal belonging to imine in L, ligand
was observed at 154.81 ppm, whereas this signal shifting
the peak upfield was obtained at the range of 14976 and
151.61 ppm in complexes 13=16 (Supplementary Fig-
ures 53, 55, 57 & 59). Considering these chemical shifts in
upfield or downfield in NMR spectra of L, ligand and com-
plexes 13=16, the forming of complexes was supported.
Besides, the structures of complexes 12=16 verified by
mass spectra (Supplementary Figures 52, 54, 56,58 & 510).

Supplementary Figure 511 displays the optimized
structures (obtained at DFT/CAM-B3ILYP) of complexes
12-16 canfirmed by "H and *C NMR (except for complex
12 including Cu ion), and mass spectra (Supplementary
Figures 52-510). DFT/wB97XD and DFT/CAM-B3LYP lev-
els were applied to obtain the geometrical parameters
(bond lengths and angles and dihedral angles) given in
Supplementary Table 51, The azide ions (M;'), can both
enable the assembly of binuclear complexes and bind
to transition metal atoms with different coordination
miades [G8].

Complex 12 [(Cu), (L, ).(N;),] consists of the coordina-
tion of two L, ligands and ane azide ligand with Cufll)
ion by farming a bridge with two Culll) ions aver the N
atom of the azide ligand. It was understood that a com-
plex structure with distorted tetrahedral geometry was
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formed by the coordination of the L, ligand and azide lig-
ands to Culll) ions via M atoms.

Complex 13 [Hgll,);(M;)-H,0] and complex 14
[CaiL,1;(N, )] consist of the coordination of two L, ligands
and an azide ligand with the Hglll) and Cdill} ions, respec-
tively. It was understood that both complex structures
with distarted trigonal bipyrimidal geometry was formed
when two L, ligands and an azide ligand coordinated to
the Hglll} and Cd{ll) ions via M atoms. Besides, complex
13 includes the uncoordinated water molecule.

Complex 15 [AgiL,JiN,),-2H,0] is comprised of an L,
ligand and the coordination of two azide ligands with an
Agll) ion. It was understood that a complex structure with
distorted tetrahedral geometry was formed when an L,
ligands and two azide ligands coordinated to the Agll) ion
via M atoms. Complex 15 contains also the uncoerdinated
twio water moalecules.

Complex 16 [[(Zn),(L,),(M,),Cl,-4H,0] consists of the
coordination of two L, and azide ligands and a Cl atom
with Znill) ion by forming a tetrahedral bridge with two
Znfll} ions over the N atoms of two azide ligands. It was
understeod that a complex structure with distorted trig-
onal bipyramidal geometry was formed by the coordina-
tion of an L, and two azide ligands and a Cl atom to Zn(ll)
jon via M atoms.

These results are consistent with the coordination
gecmetries of Culll), Znill} and Agll) coordinated with dif-
ferent ligands [1,2,5,6,69,70].

Supplementary Table 51 contains theoretical some
geometrical parameters for complexes 12=16. These
complexes are comprised of five-membered chelate rings
occurred by L, ligand with metal ions. For complexes 12-
16, the Mimetal)-N2 bond lengths between the metal
lon and pyridine N atom of the complexes were abtained
at 2143, 2350, 2.418, 2.253, 2.280 A by using DFT/CAM-
B3LYP level. The similar bond lengths between the metal
ion and imine M atom of the complexes were calculated at
2.086, 2509, 2.263, 2.355, 2.135 A by using the same DFT
level, respectively. In addition, in all complexes, the theo-
retical bond lengths obtained by the DFT/wB97XD level
are similar trends. For complexes 12-16, the N2-M-N5
bond angles among imine N, metal ion and azide N in the
ceordination envirenment were found to be 78.09, 71.93,
6882, 73.12, 7487 with DFT/CAM-BILYP level, respec-
tively. On the other hand, the M-M-M bond angles among
imine/pyridine M, metal ion and azide N in the coordi-
natien envirenment were observed the values greater or
less than 907, regardless of coordination geometry. These
results indicate the presence of a distorted cooardination
geomaetry in the synthesized complexes 12-16. Despite
the coordination environment/geometry differences, the
thearetical results of the complexes are compatible with
the previously reported ones [1,2,4,5,69-71].
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Studying conjugative interactions, charge transfer
in molecular systems and intra- and inter-molecular
bonding are accomplished successfully with NEO anal-
ysis [72-74). By considering the second-order perturba-
tion approach [75,78), the hyperconjugative interactions
were obtained. In NBO analysis, the large E®' energy
value is an indication that the interactions between elec-
tron acceptors and electron donors are more intense
and intramolecular and intermolecular charge transi-
tions are high. The natural bond orbital calculation out-
cames of the synthesized complexes 12-16 are given
in Supplementary Table $2. The interactions between
LP{n} nitregen arbital pairs and LP*in) matalilA0 (Cull),
Hall1h, Cdill), &gil), Znill}) displayed the n—n* interactions
indicate the coordination environment around the metal
ions in the complex structures. The B values belong-
ing to these interactions were obtained at the range
of 601 and 4725 kcal/mol at the DFT/CAM-B3LYP level
{Supplementary Table 52). Additional significant interac-
tions in the complexes indicate stabilization within the L,
ligand. It is concluded that the bonding and antibonding
orbitals exhibit charge transfer (CT) interactions, which
cause the system to stabilize.

The FTIR spectra for the synthesized complexes 12-
16 demonstrate the wavenumbers in the range of 4000-
400 em’. The corresponding theoretical vibrational fre-
guencies computed at the DFT/wB97XD and DFT/CAM-
BILYP levels to get closer to the experimental IR spectra
wiere multiplied by 0.96. The experimental and theoretical
characteristic vibrational wavenumbers were presented
in Supplementary Figure 512, Supplementary Tables 51 &
54 The vepginge Vosimingy 208 Veyimey stretching modes
appeared at the range from 3095 to 2926 cm™' for com-
plex 12, from 3137 to 2931 em’’ for complex 13, from
3089 t0 2919 e for complex 14, fram 3070 te 2917 em’!
for complex 15, from 3070 ta 2910 em’ for complex
16. These results are coherent with previously reported
for the Schiff base metal complexes [3,18,21,28,29,31,68].
The corresponding ones for complexes 12-16 obtained
at DFT/wB97XD were found at 3093-2904 em” range,
3150-2895 em' range, 3089-2897 em' range, 3117-
2927 em’! range and 3073-2910 ¢’ range, respectively
{Supplementary Tables 53 & 54). The vibrational bands
emerging at the range of 2032 and 2060 cm’' were
assigned as vy, asymmetric stretching modes belong-
ing to the azde ligand. These findings are compatible
with the modes reported in different complexes [2,.4,5].
Thearetical these bands were calculated at 1885 and
2178 em?, and 1844 and 2185 cm” ranges, in order
af the DFT/wB97XD and DFT/CAM-BILYP levels. More-
over, the ey ming stretching medes of the C=N bond
(imine} of the L, for complexes 12-16 observed at
1654, 1653, 1658, 1648 and 1655 cm' were obtained
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theoretically at 1662, 1671, 1687, 1652 and 1701 cm’!
(with DFT/wB97XD level), respectively (Supplementary
Tables 53 & 54). Besides, the vy, stretehing modes
of the M-CH, bond of the L, for complexes 12-16
emerged at the range of 1015 and 1028 em’ range,
and the corresponding values computed at DFT/wBS7XD
and DFT/CAM-B3LYP levels were obtained at the range
af 1011 and 1025 em’, 1006 and 1023 em’, respec-
tively. The Vetiring] stretching modes attributed to ring
C=C bond emerged within the ranges 1588-1623 em™ in
FTIR spectra, 1589-1614 em’ in DFT/wB27XD level, and
1588-1615 em’™ in DFT/CAM-BILYP level, as can be seen
in Supplementary Tables 53 & 54 These results are consis-
tent with similar group frequency values in different struc-
tures in previous reports [5,20,22,26-28,71]. The vibration
bands appearing at 1341, 1304, 1330, 1333 and 1340em’,
which are assigned as the vy, .. g, Symmetric stretehing
vibration, are attributed to the coordination of the metal
ionwith the N atom of the azide. The correspoending vibra-
tional modes obtained at DFT/wB97X0 and DFTACAM-
BILYP levels were found at the range from 1291 to 1362,
and from 1283 w 1359 cm’', respectively. The Brctiring)
in-plane bending modes appeared at the range of 1039
and 1573 em™ in FTIR spectra were found at the range
1039 and 1591 cm ™' in DFT/wB97X0 level, and range 1036
and 1590 em! DFT/CAM-BILYP level. Furthermare, the
detailed stretching, in-plane and out-of-plane bending,
torsion vibrational modes belonging to ring, azide, irmine
and methyl groups for complexes 12-16 are tabulated in
Supplementary Table 54,

3.2. Analysis of the electronic absorption spectra &
electronic transitions

The electronic abserption spectra and the plot of experi-
mental Eg [optical band gap energy) in methanol for syn-
thesized complexes 12-16 are given in Figure 2. The cor-
responding theoretical wavelengths, cscillator strengths
aswell as major contributions to the electronic transitions
wene computed at TD-DFT/«wB97XD and TD-DFT/CAM-
BILYP levels. Additionally, the molecular orbitals and
atoms/functional groups that make impaortant contribu-
tions to electronic transitions were determined with the
SWizard [632] and Chemissian [64] programs. According to
Figure 24, three absorption peaks appeared in bridge-
structured complexes 12 and 16, while two maximum
absorption peaks emerged in other complexes 13-15.
In complex 12, the absorption peaks appeared at 371.1,
264.5 and 2035 nm, while in complex 16, the absorp-
tion peaks emenrged at 2806, 231.5 and 213.8 nm. The
absorption peaks of 251.1 and 20732 nm for complex
13, 2645 and 2445 nm for complex 14, and 258.4 and
204.6 nm for complex 15 were detected (Supplementary
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Figure 2. Optical spectra. (A) The UV-Vis spectra and (B) the plot of experimental E, (optical band gap energy) in methanol for

complexes 12-16.

Table S$5). These peaks were attributed to intra-ligand
x—1* ligand-to-metal/metal-to-ligand and n— x* tran-
sitions. Figure 3 displays ligand-ligand charge transfer in
the high energy region as charge transitions within the
ligand.

It has been reported that large contributions from
metal orbitals to the lowest occupied molecular
orbital (LUMO) in complex structures can increase
the m-acceptor property of the ligand [77). The metal
orbital contributions to the highest occupied molecular
orbital (HOMO)/HOMOs and LUMO/LUMO:s of com-
plexes 12-16 were obtained at the range from 2 to 37%
(HOMO/MHOMOs) and from 3 to 37% (LUMO/LUMOs), by
using TD-CAM-B3LYP level. The LUMO/LUMOs contribu-
tions of the L, including 2-pyridyl and imine groups, and
azide (N,) ligands for complexes 12-16 vary between
20 and 100% (in L,), 0 and 45% (in N,), respectively
(Supplementary Table S5). Due to the obtained larger
LUMO/LUMOs contributions for L,, the L, ligand has the
more electron acceptor property. It is clear from Figure 3
that the electron density for complex 12 is localized
in the Cu ion, L,, and azide on one side for the HOMO
a-level, localized in the L, and azide on the other side
for LUMO «-level. In complexes 13 and 14, HOMO and

1

49

LUMO a-levels are localized on the L, ligand including
pyridyl and imine group in opposite parts. For the HOMO
a-levels of complexes 15 and 16, the electron density
is mostly localized on the metal ions and azide ligand,
while in the LUMO a-levels, it is predominantly located on
the L, ligand. (Figure 3). Supplementary Table S5 shows
the remarkable metal-to-ligand charge transfer (MLCT),
ligand-to-ligand charge transfer (LLCT) and ligand-
to-metal charge transfer (LMCT) transitions. The 54%
contribution for HOMO—LUMO « spin for complex 12
depicts the MLCT transition obtained at the contributions
of Cu (20%), L, {30%) containing pyridyl (22%) and imine
(8%) groups and N, (50%) ligand in HOMO, and L, (61%)
and N, (36%) in LUMO. In complex 13, the absorption
wavelength obtained at 536.2 nm (f = 0.0007) displays
the contribution of 99% HOMO—LUMO changing from
pyridyl (45%), imine (51%), H,0 (2%) to pyridyl (60%),
imine (38%), N, (29) and attributed to the LLCT transition.
The LMCT transition for complex 15 was calculated at the
contribution of 43% H-1—L § spin coming from pyridyl
(79), imine (2%), N, (90%) to Ag (37%), pyridyl (119%),
imine (9%), N, (43%). The detailed percentage contribu-
tions in HOMOs— LUMOs transitions and assignments for
HOMOs and LUMOs were presented in Supplementary
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Figure 3. Frontier molecular orbitals and their energies that contribute the most to the electronic transition obtained by the

DFT/CAM-BILYP method in methanol for complexes 12-16.
DFT/CAM-BILYP: Density functional theory/Coulomb attenuation

miethod- Becke, 3—parameter, Lee-Yang—Parr; FMO: Frantier

malecular orbital: HOMO: Highest accupied molecular orbital; LUMO: Lowest occupied molecular orbital.

Table 55, considering the metal ion and its envirenments.
The frontier molecular arbital contributions in electronic
transitions obtained DFT/wB9750 level are presented in
Supplementary Table 56.

MEP surfaces are used to understand the structure-
activity relationship (SAR) for many molecular systems.
These surfaces are related to electron density. The red
and vellow areas on the MEP surface illustrate the neg-
atively charged region with high electron density while
the blue areas are spaces with positive charges. Green
areas depict spaces where there is no potential and it
is neutral [78]. MEP surfaces of complexes 12<16 were
described by DFT/CAM-B3LYP level. The regions of com-
plexes 12=16with the highest electron density are shown
in Supplementary Figure 513, where lone pairs of elee-
tranegative atoms are linked to the strong red electron
clouds around the azide ligand. Areas showing nude-
ophilic reactivity were observed around the -CH groups
in the L, ligand, which has the highest positive potential.
In this way, the possible hydrogen bond interactions and
reactive parts can be revealed in these complexes.

It is concluded from Figure 2B that the experimental
aptical band gap energy (Eg) values of complexes 12-
16 were obtained at 4.01, 437, 4.09, 448 and 4.16 eV,
in arder. The HOMO-LUMO band gap results obtained
from DFT/CAM-B3LYP calculations in o-spin level were
obtained at 5172, 3797, 208521, 5672 and 6422 eV,
respectively. It seems that there are consistent results
between experimental and theoretical approach errors.
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Malecular parameters y (electronegativity), » (chemi-
cal hardness), § (chemical softness), o (electrophilicity),
g (nucleaphilicity] were caleulated using HOMO and
LUMO energy values [79] and their results are given in
Supplementary Table 57. Chemical hardness (i) is known
as the resistance of chemical systems to changing their
electronic distribution. The n, ¥, 5 parameters are indica-
tors of chemical reactivity and stability of systems. The
¥ 0 5 @ and ¢ parameters of compleses 12-16 in o
spin obtained at the DFT/CAM-B3LYP level were found at
the range from 2.957 to 4.645 eV, from 1.476 to 3.211 eV,
from 0311 to 0678 1/eV, from 2302 to 3360 eV, from
0.298 to 0.434 1/eV, respectively, seen in Supplementary
Table 57. The low n parameters abtained in these synthe-
sized complexes indicate that intra-ligand charge transfer
{ILCT) meeurs. These results are coherent with previously
reported ones in different structures [77 B0).

3.3. The analysis of nonlinear optics parameters

The synthesis and related computational research of NLO
materials have been intensively studied due to their
potential applications in optoelectronics and telecommus-
mications technology, such as data storage and process-
ing [81-87]. Theoretical NLO studies are taken into con-
sideration in order to calculate the response of molecules
to these properties if doing an experimental investigation
is not feasible on the MLO properties of newly synthe-
sized molecules, The findings obtained from these stud-



les have the potential to shed light on electronic devices
that are considered to be developed or designed. In this
context, the & and Ac indicating the linear optical (LO),
fi/y demonstrating the second-/third-order NLO param-
eters of complexes 12-16 were obtained at DFT/«B27XD
and DFT/CAM-B3LYP levels in gas phase by using equa-
tions (7)-(10) [81,83] given in Supplementary Material, as
can be seen in Supplementary Table 58.

To compare/evaluate the obtained theoretical results,
p-nitroaniline (pMA) [88] and urea [89,90] were referenced
as pratotype compounds. According to the DFT/CAM-
B3LYP level, the mean polarizability (&) values of com-
plexes 12=16 in the gas phase obtained at 29.78 = 10
and 49.75 = 107 esu ranges exhibited higher than
that af phA (17 x 107 asu) [B8]. It has been ohserved
that the polarization tendency increases in the large
molecules. On the other hand, the 8 parameters of com-
plexes 12=16 in the gas phase were obtained at the
range of 228 x 103" and 1821 = 107 esu, 2.33 = 103
and 17.05 = 10°* esu in order of the DFT/wB97XD and
SCAM-BILYP levels (Supplementary Table 58). While these
results were observed to be greater than the f results of
urea (032 = 10°* esu [89] and 0.130 = 10°% esu [90]),
lower values than those of pMA (9.2 » 107 esu [88]) were
obtained, except for complexes 13,16, Based on the y val-
ues for complexes 12=16 in the gas phase in the same lev-
els, the highest values of 85.71 = 107 and 9693 = 107
esu for complex 12 were calculated while the smallest val-
ues of 1.66 = 10°% and 1532 = 10°% esu for complex
15. It is observed that the y values of complex 12 are
about 5.7/12.2 and 6.5/13.8-times higher than those of
pMA (15 = 107 gsu) [BE] urea (7 = 1003 esu) [89]. It is con-
cluded from the g and y results that complexes 15 and
12 are high efficiency regarding the microscopic second-
and third-MLO features, respactively. Depending on the
electronic structure of the complexes, the effects of the
metal ion and its coordination environment in the struc-
ture were also observed in the differences in the calcu-
lated NLO parameters.

3.4. w-Glucosidase inhibitory activity

The IC,, values for complexes 12-16 were obtained at the
range fram 0.2802 £ 062 and 420,88 £ 1.42 uM, seen in
Table 1. Among these complexes against o-glucosidase,
the complex 13 (IC;, = 02802 £+ 0.62 M) exhibits the
strongest inhibitory activity, whereas the complex 14
(IC;, = 420,88 £+ 1.42 pM) displays the lowest inhibi-
tion effect. Complex 13 (IC;; = 02802 £+ 0.62 M} was
observed at 48.39-times more effective compared with
genistein (IC,, = 13.56 £ 1.21 uM), utilized as a standard
in this study.
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Far the SAR evaluation based on Table 1, the following
results are deduced:

+ The coordination of complex 13 [Hgil,);(M,)-H, 0]
and complex 14 [CdiL,),(N,]] were defined as a dis-
torted trigonal bipyrimidal geometry. Complex 13
(IC,, = 02802 + 0.62 M), having the larger atomic
diameter of Hg, has better inhibitory activity than com-
plex 14 (1C,, = 420,88 = 1.42 M)

+ The coordination of complex 12 [(Cu), (L, 1, (M;);] and 16
[EZrjo ML, (M50, 015 -4H, 0] have a bridge structure with
azide ligand. However, complex 12 was defined as a dis-
torted tetrahedral geometry formed by the coordina-
tion of the L, ligand and azide ligands to Cu(ll) ions via
N atorms while complex 16 was described as a distorted
trigenal bipyramidal gecmetry formed by the coordina-
tion of an L, and two azide ligands, and a Cl atomn to
Zn(ll) ion via M atoms. Besides the differences in coordi-
nation geometry and environment between complexes
12 and 16, complex 12 (IC;, = 1.562 = 0.83 pM) with
a larger atomic diameter showed a higher inhibition
effect than complex 16 (1C;, = 171.5 £ 1.72 uM).

« Moreover, the e-glucosidase inhibition values of com-
plexes 12 and 15 obtained at 1.562 4+ 083 M and
1.274 £ 032 M, respectively. It can be stated that the
smiall inhibition difference between complexes 15 and
12 is due to the difference in coordination in the strue-
tures as well as the fact that the atomic diameter of Cu
metal is smaller than that of Ag.

+ Asaresult, itis clear that there are differences in 1, val-
ues depending on the role of metal ions and the coor-
dination envirenment.

The different organic compounds were reported as o-
glucosidase inhibitors with the IC;; values ranging from
451 £ 009 pM to 457 £ 0.23 pM [37-39]. The IC,,
value of the Zn complex including N, 0, was observed at
0.23 mM [20]. In addition, the 1C, values of Cr, Mn, Co and
Mi complexes including pyridine derivatives could not be
observed but were obtained between 0.22 and 0.92 mM
in other complexes [30,91,92]. Moreover, IC, values for
transition metal complexes between 6-methylpicolinic
acid/Schiff-base and isothiocyanate were obtained at the
range of 0.2376 4+ 0.82 and =600 M [30,71].

Additionally, it can be stated that complex 13
IC,, = 02802 + 0.62) may be a good candidate for
a-glucosidase inhibitor when the inhibition result is
compared with previous studies involving similar metal
ions [31,32,40,71,93,94]. The I1C;, values of complexes 12
1.562 + 0.83) and 15 {1.274 = 0.32) were also found to
be significant. It is concluded that some metal complexes
containing Schiff base and azide ligands tend to increase
a-glucosidase inhibition.
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Table 1. nvitra inhibition I, values (M) for @-glucosidase of complexes 12-16 and ligands.

Ligand/comeglex

W-methyl-1-|pyridin-2-fimethanemine L, ]
Soduim azide [NJHL}

Complex 12 [Cu (L1 4N, L]

Comples 13 [HygiL, |, M, )H, 0]
Complex 14 [CdiL, LN, 1]

Complex 15 [AgiL, 1M, ), 2H,0]

Complex 16 [Zn, (L] IN, |0, -4H 0]
Genistein

IC,, (b

Nat active

Hat active
1.562 & 083
02802 £ 0.62
420.88 & 1.42
1274 £0.32
1715£172
13.56 £ 1.21

T, wabues represent the means &= SEM. af three pasallel measurements ip - 0.05).

Since the structures in the synthesized complexes are
not af similar geometry and coordination, a direct cor-
relation is not expected between density functional the-
ory calculations and the reactivity and e-glucosidase
inhibitor activity of the compounds, In addition, the reac-
tivities of the compounds depend en many different
pararmeters (steric effect, reaction medium, structures
of other components and nucleaphilic and electrophilic
behaviors, ete.). For these reasons, a direct relationship
between the chemical reactivity parameter results calcu-
lated using DFT methods for these complexes and their
inhibitor activities could not be obtained. However, an
inverse correlation was observed between electric dipole
moment and inhibitor activity of synthesized complexes.
Complex 13, the strongest inhibitor (I1C;; = 0.280 M)
ir this study, has the lowest dipole moment (@ = 5.87
Debye), while complex 18 and 16, the weakest inhibitors
(IC,, = 420,88 and 17150 pM, respectively), have the
highest dipole moment (i = 1225 and 11.77 Debye,
respectivelyl. On the other hand, a linear increase was
seen between LUMO energies with rising inhibitory activ-
ity. Complex 13 has the highest E, .. energy, -1.058 eV,
whereas E,, .- energy of complex 14 is -1.538 e\l

3.5. Molecular docking & inhibition mechanism

Using the AutoDockTools (ADT1.5.7) [66] graphical user
interface with the AutoDockd software, the ligand-
protein interactions of the complexes 12-16 were deter-
mined, and 5. cerevisiae isomaltase (PDB ID: 3A4A) as tar-
get protein was considered as rigid. The binding energies
and estimated inhibition constants (K] were defined by
docking results. Discovery Studio 4.0 program [67] was
utilized to display the 20 and 30D structures of the interac-
tions between ligands and amino acid residues (Figures
4-6 & Supplementary Figures 514 & 515).

The binding energy values of the genistein taken as a
standard inhibiter [71] and complexes 12-16 were found
to be -6.35, -4.77, -4.97, -4.43, -4.93 and -4.70 kcal/mol,
respectively. The K wvalues related to these energies
were calculated at 2206 oM, 31695 uM, 22671 uM,
56797 uM, 24140 uM and 35810 pM, respectively,
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seen in Table 2. The best inhibition values against -
glucosidase among complexes were obtained for com-
plex 134, =0.2802 + 0,62 uM), at same time the lowest
K, value (26,71 M) and binding energy (-4.97 keal/maol)
were calculated by considering docking results, The in
vitro results were supported by docking study in order of
complex fram lowest ta highest inhibitory activity.
Furthermaore, the direct/indirect interactions with the
enzyme active site change attaching to the coordination
environment of complexes 12-16. The interactions of
some parts of complexes with amino acid residues are
given in Table 2, Figures 4-6 & Supplementary Figures
514 & 515. These interactions can be listed as the con-
ventional hydrogen bond, pi-cation, pi-sigma, pi-alkyl
and charge-charge. By virtue of the docking results of
complexes 12, 13 and 15 exhibiting the best inhibition
values against w-glucosidase among complexes, the
interaction distance ranges from 2.53 to 4.92 & emerged
at the conventional hydrogen bond/pi-cation inter-
actions between azide (M)/imine(C)/L,(C} and amino
acid residues Phe321(0)/Phe321, Lys523(0)Phe3n
and Pro312(0)/His280 for complexes 12, 13 and 15,
respectively (Table 2). Besides, the other remarkable
interactions demonstrate the pi-sigma for complexes
12, 13, the pi-alkyl for complexes 13, 15, az well
as the pi-pi stacked for complex 15. These interac-
tions, having distance ranging from 3.34 to 5.37 A,
were observed between L, with amino acid residues
Lew323(C01 ) Leu323(C) for pi-sigma, Lys524/0lys156
for pi-alkyl, and Tyr158 for pi-pi stacked. In compar-
ison these results of the genistein, the conventional
hydragen bond and pi-alkyl interactions obtained at
2.73/2.45/329/2.88/3.14 and 4.19/525 A distances are
remarkabile for le272/5er298/Lew? 97 /5er291/Ala292 and
Arg263/1le272 residues with the C=0 (benzopyran-4-
one)/CO (S-hydroxy-benzopyran-d-one)/C0 (7-hydroxy-
benzopyran-4-one) and phenyl ring, seen in Table 2.
Other than these interactions, having amide pi-pi
stacked and pi-anion for complex 16 appeared at the
distances of 557 and 406 A, were depicted between
Vala04(C)'Glu405(N) and Gludd5{0E2) residues and the
N-methyl-1-(pyridin-2-y[imethanimine (L, ).
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Figure 5

Figu

The 1,4-glycosidic bond in polysaccharides Is
hydrolyzed via catalyzed by a-glucosidase, resulting
in the creation of a-D-glucose. As a result, during absorp
tion, a-D-glucose is formed and enters the circulation,
which raises postprandial hyperglycemia [23,25). «
glucosidase contains Asp, Glu, Gly, His, Phe, Thr, Tyr, Leu,
Lys, etc. residues in the structure. Additionally, espe
cially Arg, Asp, Glu, Trp and Tyr residues are located
at the entrance of the active site of a-glucosidase and
they have been played critical for the enzyme’s catalytic
activity [95-97]. As can be seen in Table 2, Figures 4-6
& Supplementary Figures S14 & S15, the synthesized

3D- and 2D-structures displaying interactions between amino acid residues and ligands of the most active complex 13.
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e 6. 3D- and 2D-structures displaying interactions between amino acid residues and ligands of the most active complex 15.

complexes interacted with some of these residues by
conventional hydrogen bond, pi-cation, pi-sigma, pi-
alkyl and charge-charge interactions. It is considered that
these interactions with the active pocket of glucosidase
can hinder the substrate from entering, decrease the
catalytic activity, and finally cause the inhibition of glu
cosidase activity. Moreover, hydrogen bond interactions
can decrease the hydrophilicity of «-glucosidase and rise
its hydrophobicity that supports to increase the stability
of the inhibitor-enzyme complex.

A similar trend was obtained between docking K, val
ues and in vitre inhibition results. It is concluded that

153
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Table 2. Protein-ligand interactions and distance values for complexes 12-16 and genistein.

Substrale Receplar Interacton Distance [A) K, (M) Binding enengy Rel.
(kealimed)

Comples 12 116495 -A.37
Azide M Glu32 2 (0E) Charge—Charge 514

Azide M Fhe32 1o Cameentianal H-Band im

Azide (M) Fhedll Fi—Catien 4.92

L, Lewd23 (C01) Fi-Sigma 33

Complex 13 12671 -4.97
Azide M Lya523 (0} Cameentianal H-Band 2153

Imine-CH, [C] Gly3s1 {0 Carbon H-Bond 3.36

Irnines (£) Fhedll Fi—Catien 4.35

L, Lewd23 [C} Fi-Sigma 343

L, Lya524 Pi—Alyl 5.37

Camples 14 56747 -4.43
L, (N} Fhedll Fi—Catien 4.60

L, Lewi23 Pi-Alyl 458

L, Lya524 Fi—Aliyl 538

Complex 15 4140 -1.93
Azide (M Gludl 1 (DEZ) Charge—Charge 4.91

Azide M Asp242 4002 Charge—Charge 4.03

Azide M Asp307 001] Charge—Charge 5.09

Azide (M Asp307 001] Charge—Charge 4.08

Azide (M Prod12 (0] Camenitianal H-Band 282

L, Hie 280 Fi-Catien 4.88

L, Tyrl38 Fi=Pi Slacked 4.65

L, Lys156 Pi-Alkyl 5.34

Camples 16 5810 -4.70
Azide (M Waldd () Camenitianal H-Band 313

Azide M Tierd0F |0 Camventianal H-Band ERix)

Irnines (M} Tyrd16 Fi—Catien 375

Irnines (£) Tyrd16 Fi—Catien 333

Irnime-CH, [C] Tyrd16 Fi—Caticn 350

L, Gluds (DE2) Fi-Anion 4.06

L, Wald4d |C)/Clud05 (N} Amide—Pi Stacked 5.57

L, Wald0dq Pi-Alkyl 5.50

Genistein 1206 -6.35 el
C=0 (henzogyran-G-one] 372 Camventianal H-Band 73

0 [5-hydraxy-benzopyran-$-ans) Serdel Camenitianal H-Band 245

0 [T-hydraxy-benzopyran-$-ans) Lewza? Camenitianal H-Band 329

0 [T-hydraxy-benzopyran-$-ans) Serdel Camenitianal H-Band 188

0 [F-hydrancy-benzopyran-t-ans) Ala2gz Camventianal H-Band ERE]

Fhenyl Argla3 Pi—Alyl 4.1%

Fhenyl le372 Pi—Alkyl 5.25

the donor and acceptor properties in molecular sys-
tems may give rise to similarities and differences in
localization, or delocalization of electron density in the
molecule, as well as interactions with amino acid residues
in the enzyme structure. Furthermore, by considering
the enzyme kinetic studies [26,28,98], the majority of
the metal complexes are non-competitive e-glucosidase
inhibitors. Considering the literature, it is predicted that
12-16 complexes may be non-compelitive inhibitors.

3.6. Molecular dynamic simulation

Molecular dynamic (MD) simulation calculations were
performed for complexes 12=16 in ligands with the
receptor using the GROMACS simulation package [99] via
WebGro server [100]. Root mean square deviation (RMSDY)
prafiles for protein-ligand complexes were assessed. The
pratein-ligand topology was generated by using Discov-
ery Studio 4.0 program {Systémes D Dassault Systémes
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Biovia; CA, USA) [67]. The MD simulation details are also
given in Supplementary Material.

Considering that the stability of the system is inversely
proportional to the amplitude of the fluctuations, the
decrease in the stability of the systems is expressed by a
higher RM5D value and higher fluctuations. It was deter-
mined that the z-glucosidase enzyme has an average
BMSD of 024 nm. It appears to remain stable through-
ot the MD simulation, except for some large fluctuations
between 20 and 30 ns (Supplementary Figure $16). The
average RMSD of the e-glucosidase-compound-13 sys-
tern of 025 nm was obtained. While some fluctuations
were abserved during 15-25 ns, it was observed that the
MD sirmulation remained stable until 50 ns.

The mean BMSD values of a-glucosidase-compound-
12/14/15 were calculated as 023, 026 and 031 nm,
respectively. It was observed that o-glucosidase-
12/14/15 compounds were stable during the MD simu-



lation, except for a few minor/major deviations at 10-15,
15-20 and 10-20 ns, respectively. (Supplementary Fig-
ure 516). On the other hand, the average BMSD value of
a-glucosidase-compound-16 was obtained as 0.31 nm.
It showed high stability throughout the entire 50 ns MD
simulation, while some minor fluctuations were observed
durirg 10-15 and 35-45 ns. Supplementary Figure 516
shows the BMSD plots for all complexes. It is thought
that the amino acids in e-glucosidase cause fluctuations
durirg the MD simulation because they have different
structural regions (such as helices, 8 sheets and coil} [25].

4, Conclusion

In  witra  w@-glucosidase  inhibitions  and  dock-
ing studies were performed on the N-methyl-
T-ipyridin-2-ylimethanimine (L) and compleses
12-16  {[Cugll }N-), ], (120, [Hgil, ), (Ng)-H;0]
(13), [CdiL ), (M;0) (14),  [Agil, )L (Ng),-2H,0], (15),
[Zr,0L, 5N, -4H, 0], (18)} synthesized and char-
acterized by "H and "C MMR (except for complex 12
including Cu ion), mass (LC-HRMS) and FT-IR spectra.
The electronic spectral behaviors were  investigated
by UW-Vis spectra. The IC,, values of complexes 12-
16 were obtained at the range from 02802 + 062 to
42088 £ 142 pb The complex 13 demonstrates the
best w-glucosidase inhibitory activity, while the com-
plex 14 has the lowest inhibitory activity. Besides, the
IC,, walues of complexes 12 {1562 + 0.83) and 15
(1.274 £ 032) were also found to be significant. These
results were backed up by the docking cnes presenting
receptor-ligand interactions. Additionally, by consid-
ering a total of 50 ns MD simulations, the molecular
dynarmics study revealed that the compounds were
stable during MD simulation. Furthermore, the detailed
theoretical characteristic analyses were fulfilled using
wBITHED and CAM-B3LYP levels of density functional
theory. The coordination geometries of complexes 12-
16 were confirmed by MBO results appearing among
lone pair electrons (n) of nitrogen atoms and metal ions.
The high contribution to LUMO/LUMOs results shows
that the L, ligand has the strongest electron acceptor
properties than the M, ligand. It is deduced that while
IC;,; walues of the 15 and 12 against a-glucosidase are
obtained remarkably, the 8 and y results that complexes
15 and 12 are highly efficient in terms of microscopic
second- and third-MLO properties, respectively. Among
Schiff base-azide metal complexes, for Type-2 diabetes,
complex 13 may be an alternate anti-diabetic inhibitor
according to in witro/docking results, as well as for NLO
material, complexes 12 and 15 may be recommended as
a candidate.
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SUmmary painls

= Imthis sbudy, new effective e-glucodsdase inhibator series of Schilf
buais-aziche retal complexes [[0u, L, LN, 1 112],
[HgiL, |, 4,3 H, O] (13}, [CdiL, 1, (N, 11, 141, [AgiL, HN, 1, 21,0,
(18], [2n, (L, | M, €L, 9H, 0L (165 L :
N-methyd-1-[pyndin-2-ylimethanimine] were symithesized The
electronic spectral festures for these complexes characterized by
"H and O NMR (sxeept Tor complex 12 including Cu ban), mass
|LC-HREMSE) and FT-IR specira were sxamined by UV-Vis specira.

= Incomplexes 12-16, being o-ghucasidase inhibitory patential, the
IC,, vabues of 0.2802 4 062 and 420,88 & 142 pM range wers
ablaned

= Consdering the CAM-B3LYP and
awBSTEDNG-311+G0d,pl! LanL 20T bewels af density lunctional
theary (DFT), the aptimal ground state geametnes and vibrational
wavenumbers of the comglexes 12-16 were computed, and the
abtaned results were compared with the comesponding
experimental wavenumbers.

= The corrssponding theceetical wavelengths, cacillator strengths a3
well & magar conlributions ta the elecronic ranstlions were
caleulated 8 TO-DFT/wBI7ED and TD-DFT/CAM-BILYP levels
Additanally, the malecular arbitals and stomafunctional groups
that make impartant contributions Lo elecinonic ransstions were
determined with the SWizard and Chemissian programs.

= Marsaver, 1o survey nonlinear optical parameters of 1he comglexes
12-16, the CAM-BILYP and wBSTEDAS-311+G1d, p) LanL2DZ
levels of dendity funclional theery were used.

» Demopnstration of Lagel prolesn interactions with complexes
12-16 has been fulfilled by molscular docking studies

= Itis deduced that while IC,) results of the 15 and 12 against
a-ghlucasidase are oblainsd remarkably, the 8 and p results that
comglexes 15 and 12 are highly elfcient in terms of micrascopic
second- and third-nenlinsar oplics properties, respectively.

=+ The expenmental vibrational wavenumbers and sbsarption
wavelength results were compared with corresponding theeeetical
anes, it was ohierved that the resulls were guite caompatible.
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The synthesis of the AN-methyl-1-{pyridin-2-yl)methanimine (L}

0.1 mol of 2-pyridine carboxaldehyde was dissolved in 10 mL of ethanol and 2 drops of
triethylamine were dropped on it. The solution was cooled by taking it into an ice bath, and 0.1
mol of methylamine (33% ethanol solution) was added to it and stirred in an ice bath for 30
minutes, and at room temperature for 3.5 hours. The aleohol in the mixture was evaporated in
the evaporator and 100 mL of chloroform was added to this mixture. This solution was washed
three times with 25 mL of water. The organic phase was dried with anhydrous MgSOy, filtered
and evaporated in the evaporator. The N-methyl-1-(pyridin-2-yjmethanimine (L) was
obtained as dark yellow oil and its structure was confirmed by "H and "'C NMR spectra. 'H
NME (DMSO-ds, 300 MHz) &/ppm: 8.61 (1H, dd. Jy = 1.2 Hz, J:= 4.7 Hz), 8.33 (I1H, s). 7.82-
7.93 (2H, m), 7.44 (IH, td, J; = 1.2 He, J: = 5.0 Hz), 3.47 (3H, 5). "C NMR (DMS0-d;, 75
MHz) &/ppm: 163.84, 154.81, 150,00, 137.57, 125.73, 120,89, 45.14.
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a-Glucosidase inhibition assay

By using p—nitrophenyl—o—D—glucopyranoside (pNGP, Sigma, N1377, =99%) as the substrate,
the a—glucosidase from Saccharomyces cerevisiae (Sigma, G5003 ) was determined as the target
protein. The compounds and genistein were dissolved in DMSO (anhydrous, =99.9%). The
enzyme and the substrate were dissolved m potassium phosphate buffer (0.05 M, pH 6.8). The
enzymatic reaction mixture composed of a-glucosidase (0.02 U, 20 pL), substrate (1.25 mM,
30 L), test compounds (10 pL) and potassium phosphate buffer (140 pL) was incubated at 37
“C for 30 min. After 30 min of incubation, the absorbance of yellow colour produced due to the
formation of p-nitrophenol was measured using Synergy H1 (BioTek, USA) 96-well microplate
reader at 405 nm. All experiments were performed in triplicates. The surveying of
a—glucosidase inhibition activity for the complexes 12-16 was fulfilled by basing on our
previously reported study [1-4],

Glucosidase inhibition = [( Ac-Aq)/ A Jx 100

where Ac is the absorbance of control and As is the absorbance of samples, respectively. The
caleulation of [Cso values was performed by using Graphpad Software.
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Theoretical details
The stability energy £ in NBO calculations was obtained by using eq. (1)

Fii, iy

E-E,

E|:I=ﬁ£~_=ql {l}
Ineq. (1), Fi, 7y 15 the off-diagonal NBO Fock matrix elements, ¢ and £, are diagonal
elements, and g, 1s the donor orbital occupancy for each donor (1) and acceptor (j) [5.6].

The molecular parameters computed from the HOMO and LUMO energies are the
chemical hardness (1), electronegativity (), chemical softness (5), electrophilicity (m) and
nucleophilicity (gp) index. These parameters were calculated as follows eq. (2)-(6) [7,8].

7= {Ew.ld:.r;]suuna] (2)
r=- (Enamu-;h';.umu) (&)
s=1 ()
o = i_; (5)
g=1 (6)

The theoretical microscopic electric dipole moment (w), linear optical parameters (@
and An) described as the mean and anisotropy of polanzability, first- and second-order
hyperpolarizability parameters (ff and y) for complexes 12-16 in gas phase were computed by
using eq. (7)=(107 [9.10].

= {an+a3:z+a,,} -
1 2 2 5 12
dg = {5 [{-En‘ - HJ'}'} + {aJ-"J-" - aﬂ'} + (A — yy) ]} (%)

In eq. (7) and (8), the Cartesian components of @ and Aa are ay,, flyy, zz. | atomic unit (a.u.}
of & i3 converted to 0.1482x 10 electrostatic unit {esu).

The theoretical p and v parameters, known as first- and second-order hyperpolarizability
parameters, were computed with eqg. (9) and (10) [9,10],

B = B2+ 8+ POV )
1

=y == E [Fxxrx + Fyyyy + Vezzz + 2{:?}1}'}' * Vxzz + F}'}'ﬂ]] (10)

In eq. (9), the Cartesian components of i are Sy = Byve + Beyy + Bz . fy = Byyy + Py +

Byzz » Pz = Pzzz + Payy + Paxx. To obtain B in esu unit, 1 au. = 8.6393%107" esu conversion
15 used.
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The Tauc and Menth equation is used to obtain the £, (optical band gap energy) value,
as shown in equation (117 [8].

(ahv)=Clhv-E, )" (11}

In this equation, the o (absorption coefficient) is obtained by using o=23034/d by
accounting for o and A, which represent the cuvette's width (1 cm) and absorbance in the UV-
WVis range, respectively. Photon energy is abbreviated Av, while direct band gap energy is
abbreviated £, Regarding the dependent effective masses of the bands, C is a proportionality
constant.
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Docking details

In order to investigate the protein-ligand interactions of the synthesized complexes 12-16, the
target protein (5. cerevisiae isomaltase (PDBID: 3A4A)) provided from the Protein Data Bank
was sclected as rigid and molecular docking study was carmied out by the AutoDockd [11]
program implemented via the graphical user interface AutoDockTools (ADTL.5.7) [12]. The
pdb files were generated for complexes 12-16 and genistein optimized at CAM-B3LYP level
{in Gaussian 16W program) to use in docking. ADT1.5.7 was used to add Kollman charges,
identify rotatable bonds, and join non-polar hydrogen atoms to carbon atoms. All caleulations
for complex-target flexible docking were performed using the Lamarckian genetic algorithm
(LGA) method [13)]. Grid and docking parameter file, PDBQT format for target and ligand
(target.pdbgt, ligand.pdbgt) using AutoDock 4.2 were prepared. AutoGrid 4 was provided the
determination of docking area. The grid box dimensions were determined as different points to
cover the target binding site and accommodate complexes 12-16 and genistein to move freely.
3D affinity grid centered around the complexes 1216 and and genistein binding site with a 1.0
A grid point spacing was calculated for each of the following atom types: (a) receptor (protein):
A (aromatic C), C, Ca, HD, N, OA, SA and (b) ligand: A, C, NA, N, 8A, as well as Cu for
complex 12, Hg for complex 13, Cd for complex 14, Ag for complex 15, Cl and Zn for complex
16, only A and OA for genistein, e (electrostatic), and d (desolvation). Further docking
parameters were used as: Population size: 150, mutation rate: 0.02, elitism: |, crossover rate:
0.8, local search rate: 0.06, and energy evaluations: 2,500,000. Final docked conformations
were achieved within a 2 A root mean square deviation (RMSD) tolerance.

Complex 12: grid points in xyz: 80, 80, 80 and grid box center in xyz: 20,689, -3.098, 18.634
Complex 13: grid points in xyz: 80, 80, 80 and gnd box center in xyz: 21.276, -2.782, 18.634
Complex 14: grid points in xyz: 80, 80, 80 and grid box center in xyz: 21.276, -2.537, 18.634
Complex 15: grid points in xyz: 80, 80, 80 and grid box center in xyz: 21.276, -2.597, 18.634
Complex 16: grid points in xyz: 80, 80, 80 and grid box center in xyz: 21.276, -2.897, 18.634
Grenistein: grid points in xyz: 60, 60, 60 and gnid box center in xyz: 21.831, -0.612, 158.719

The docking results obtained here were used to explamn the relative performance of the
stabilization and binding energy of the complexes. 2-D and 3-D structures demonstrating
interactions between amino acid residues and ligands of complexes 12-16 were visualized
Discovery Studio 4.0 program [14]. In the study conducted to determine that the selected
docking parameters were acceptable, the conformation Root Mean Square Deviation (RMSD)
value of the native alpha-D-glucose ligand and re-docked co-crystallized ligand were compared
in terms of structural alignment. The RMSD value obtained at 0.446 A indicates that the
selected docking parameters are acceptable [15]. Optimized parameters were used to dock for
complexes 12-16 and genistein into the active site of the e-glucosidase homology model.
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Muolecular Dynamic (MD) simulation details

MD simulation caleulations were performed for complexes 12-16 in ligands with the receptor
using the GROMACS simulation package [16] via WebGro server [17]. Root mean square
deviation (RMSD) profiles for protein-ligand complexes were assessed. The protein-ligand
topology was generated by using Discovery Studio 4.0 program [14]. In a reasonable starting
structure in terms of geometry and solvent orientation, it is important to stabilize the solvent
and 1ons around the protein to initiate the actual dynamics. Additionally, bringing it to the
temperature we want to simulate and ensuring the correct orientation of the solute (protein),
after reaching the correct temperature (according to kinetic energies), pressure is applied to the
system until it reaches the appropriate density. Initial parameters: GROMOS9643 A1 foree field
parameters [ 18], water model as SPC (single point charge) [19], triclinic box type was selected,
and this system was neutralized by taking salt type (NaCl) to achieve a molarity of 0.15 M. The
steepest descent algorithm (5000 steps) for minimization was applied before the MD
calculation. Equilibration and MD simulations were performed under an ensemble of
NVT/MNPT [20] (constant particle number, volume/pressure and temperature) called
canonical/isothermal-isobaric. For such a process, 300 K temperature, 1.0 bar pressure,
simulation time 50 ns (maximum time allowed), 5000 (approximate number of frame per
simulation), and MD integrator (the leap-frog integrator) for all production simulations.
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Figure 55, The 'H and “C MMR spectra (in DMS0-d5) of the complex 14.
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Figure S14. 3D- and 2D-structures displaying interactions between amino acid residues and ligands of the most active complex 14
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Figure S15. 3D- and 2D-structures displaying mteractions between amino acid residuces and ligands of the most active complex 16.
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Table 81. Theoretical some geometric parameters for complexes 12-16.

Complex 12 Complex 13 Complex 14
Parameters wBYTXD CAM-B3LYP  Parameters wBYTXD CAM-BALYP  Parameters wHITXD CAM-BILYP
Bond length (A) Bond length (A) Bond length (4)
Cul-N2 221 2143 Hgl-N2 2361 2350 Cd1-N2 2424 2418
Cu2-N3 2069 2068 Hgl-N3 2467 2455 ! 2282 2297
Cul-Na 2127 2081 Hgl-N7 2568 2368 2176 2177
Cul-Nb 1985 1977 Hgl-N5 2402 2431 2.452 2450
Cul-N5 2031 2086 Hgl-N4 2511 2500 2.263 2.263
Cul-N4 2064 2093 N7-N440 1.224 1.223 1.229 1.228
Cul-N7 2.003 2014 N40-N41 1191 1.190 L. IR0 1.180
Cu2-N50 1.942 1.941 N2-CR 1.385 1.383 1.355 1.354
N50-N31 1.202 1199 N3-C9 1.355 1.354 1.397 1.396
N51-N52 1.143 1.142 N5-C 10 1.362 1.363 1.283 1.281
Nb-N3% 1.208 1.208 M4-C18 1.288 1.286 1.348 1.348
NT7-N40 1188 1186 N5-C26 1.469 1.470 1.462 1.462
NIZ-N30 1.13% 1136 N4-C30 1466 1 466 1465 1465
MN40-N41 1.156 1.153 C8-Clo 1423 1421 1.484 1.482
N2-C3 1.341 1.341 Co-C13 1.453 1451 1.421 1419
N3-C9 1.340 1.339
N5-C10 1.271 1.266 Bond angles (%) Bond angles (%)
N4-C18 1.269 1.268 N7- Hgl-N3 01.34 9182 N7-Cdl-NX 1244 12091
N5-C26 1.451 1449 MN2- Hgl-N5 72.03 71.93 N2-Cd1-N5 GHE.65 6E.82
N4-C30 1447 1.447 N3- Hgl -N4 68,25 6843 Ni-Cdl-N4 Th.42 T6.70
CE-C10 1.474 1472 M5— Hgl-N4 112.8 1147 Ni-Cdl-N4 158.7 159 .82
Co-C1y 1.473 1.471
Bond angles () Dihedral angles () Dihedral angles (%)
N&-Cul-N2 121.9 11849 Hgl-N2-C12-Clé -1742 -174.5 Cdl-N2-C12-Cl6 -172.8 -177.4
N7-Cul-N5 1469 1247 Hegl-N3-C24-034 168.4 169.5 Cdl-N3-C24-C34 -176.2 -179.3
MNo— CuZ-N3 16%.4 170.4
N4 Cu2-N50 1667 160.4
N2Z- Cul-N5 TREY TR
N4 Cu2-N3 TR0 TR
N5— Cul-Né 108.8 1199
NS0 Cu2-N6 G860 GR.63
Dihedral angles (")
Cul-N2-C8-C14 1716 -17%1
Cul N300 (22 171.4 173.5
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Table S1. (Continwed)

Complex 15 Complex 16
Parameters. wHYTXD  CAM-BILYP  Paramecters wHITKD  CAM-BILYP
Bond length {A) Hond length (&)
Agl-N2 2340 2353 Znl-N2 217 2280
Agl-MN6 2172 2138 In2-N3 2161 2151
Agl-N7 2218 2,181 Fnl-Me 2,080 2075
Agl-N5 2266 2355 Fnl-NT 2116 013
Ne-N38 1.237 1.238 Zn2-N6 2.07 2072
NT-N40 1.240 235 In2-N7 2118 2111
NIE-N39 1.177 1.176 Fml-M3 2,145 2135
N4D-M41 1176 1.182 An2-Ng 2,252 1254
N2-CR 1. 360 1.355 Anl-Cl1 2,256 2,266
N5-C10 1.283 1.283 In2-C12 2264 2273
N5-C26 1461 1.463 NE-MN38 1.204 1.204
CE-C10 1482 1.4R0 N7-N40 1.210 1.211
NIR-N30 1.137 1.135
N40-MN41 1.134 1.133
MN2-C8 1.336 1.337
Bond angles () N3-C9 1.339 1.3349
No—Agl-N7 R9.35 99 84 N5-C10 1.267 1.265
NT- Agl-N2 1.2 B7.70 N4-C18 1.264 1.263
N2- Agl-N3 T3.50 73.12 N5-C26 1.44% 1450
MN4-C50 1.44% 1.449
Dihedral angles (<) CH-C10 1.477 1475
Agl-N2-C12-Cle 1794 -1 T04 CO-C18 1.479 1.477
Bond angles ()
Mi—Enl-MNT 1072 T0.45
Né-Znl-N2 .23 91.56
N2— Znl-M5 T4.56 T4 87
N3 Zn2-M4 T4.41 75.07
Né— Zn2-N7 TH.83 TH .54
Inl-MNo-Zn2 101.4 1012
Anl-N7-£n2 98.74 98,69
Dihedral angles ()
Inl-N2-C12-Cl6 1719 1701
An2-N3i-C24-C34 172.5 1719
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Table 82. Sccond-order perturbation theory analysis of Fock matrix on NBO basis for complexes 12-146.

Donor (i) Acceptor (j) E# (keal/mol) Daonor (i) Acceptor (j) E# (keal'mol) Donor (i) Acceptor (J) EY (kcal/mol)
Complex 12 Complex 13 Complex 14
wmBYTXD wBYTND CAM-B3LYP wBITXD CaM-
BiLYP
631 1+Gid,p LanlL2DZ LanL2DZ
LP(1JN6  LP*6)Cul 741 LI 1)NT LP*(4)Hg1 1288 1350 LP{1NT LP*(6)Cd1 15.07 14.71
LP(1INSO  LP*7)Cu2 30,30 LP{1)N5 LP*{5)Hg1 1150 1143 LP{1)NS LP*(6)Cd1 6.33 6.01
LP{1 NS LP*6)Cul 16.29 LP{1)N3 LP*4)Hgl 971 9.71 LP{1)N3 LP*(6)Cdl 1337 15.00
LP{1)N3 LP*{8)Cu2 1908 LPiTiNg LP*{6)Hg! 827 Habd LP*(6)Cdl 17.81 16.94
LP(1MN4 LP*{7)Cu2 1669 2. LFi1N2 LP*4)Hg! 1557 14.16 LP#(6)Cdl 633 672
LP(1)M2 LP*(6)Cul 014 11.46 nF(NI-UH) a*(N3-Cli) 34EE 24.41 . 1432 25.60
LP{1 N6 LP*6)Cu2 1959 20.74 a*(NI-CH) a*(C14-C20) 4264 1287 4204 4294
LP(1NT LP*(6)Cul 166 2014 a*(N4-CLE) 34.62 3468 [ES] 6027
LP(1INT LP*{9)Cu2 1071 119 a*(C22-C36) 5567 55.65 ; 3163 3347
AHN2-CE) nfNS-CL0) 3017 2818 THNI-C9) 4273 4257
THN2C8)  nMCI2-Cle)  57.82 60.71 THNI-C9) 19.84 39.59
T*N2-C8)  n*(C14-C20)  80.82 79.44
AHNI-CY)  n¥N4-CIS) 2083 3282
AHNICY)  n¥C22-C36) 6448 67.43
THNI-CY) r*C24-C34) 4250 45.7
Complex 15 Complex 16 Complex 16
Donor () Acceptor (j} wBITXD CAM- Daonor (1) Acceptor () whB9TXD  CAM-BILYP  Donor (i) Acceptor (J) wBITXD CAM-
B3LYP BILYP
LanL2DZ 6-3 11+Gi(d.p)/LanK2DZ 6-3 1 1+G{d.p)/ LanK2DZ.
LP{1 N6 LP*{4)Agl 11.56 15.55 LPiTNG LP*(T)Znl 3032 3060 mC9-022) THMN4-C18) 1861 17.71
LP1INT LP*{4)agl 1104 15.42 LPNT LP*{7}Znl 3404 3334 o6 3114
LP(1}N5 LP*{5)Agl 1308 .21 LPiTN5 LP*{8)Znl 3622 3469 o CE-C14) 1641 1550
LP{1)N2 LP*{4)Agl 1054 13.46 LB 1IN3 LP*{6)Zn2 1543 1537 mCE-C14) 1210 2737
THN2-12)  nHCR-C14) 6434 3L09 LP{11N4 LP*T)Zn2 4725 4528 TCE-C14)  a*(C16-C20) 3806 32.88
a#N2-CH) a¥Cl16-C20) 549.74 LP1N2 LP*{6)Znl 3323 3109
LPiTNG LP*{6)Zn2 1664 15.52
LT LP*(6)Zn2 1299 1347
LFi4Cl LP*(6)Znl 120064 113.39
LPi4iCLz LP*{6)Zn2 1077 10414
mC9-C22)  a*(N3-C14) 3155 27.00

E"™' Hyperconjugative interaction energy (stabilization energy)
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Table 83. Experimental and theoretical selected characteristic vibration frequencies of synthesized complexes 12-16.

wBYTND CAM- FI-IR wBY7X  CAM- FI-IR  wB97XD  CAM- FI-IR wB97XD  CAM- FT-IE  wBY7XD  CAM- Vibrational
BILYP fem?) D BILYP [ (em™) BALYP {em'} HILYP [ fem™) BILYP mode
&3 11+Gid py/ Lanl2DZ LanL2DZ 6-311+G{d p)/Lan 2DZ LanL2DZ 63 1+Gid.p)/ LanL2DZ,
Complex 12 Complex 13 Complex 14 Complex 15 Complex 16
3095 093 3093 3137 3150 3143 3089 klike] 3086 3070 iz K1 3071 3073 077 VOH fring)
3065 17 e 3073 3075 3033 30640 08 3022 3054 1006 3003 3050 1024 1030 VICH fiing)
3034 3014 016 3019 3049 3028 3025 3001 2049 I0NT 3030 3034 30300 3000 k11 ]
926 1904 2905 2931 2895 2902 2919 2897 2903 2917 2927 2904 24924 2910 2919
2058 X0 2113 2032 1948 1951 2050 2019 2023 2020 1946 19440 060 2178 2188
1654 1662 L&R0 1653 1671 1673 163K 16ET L&SD 1648 1692 1682 1655 1701 1704
1602 lald l6ls 1621 166 1al? 1alE 1605 Lala L&t (L 165 1623 lald 1615
1477 L4641 1464 1438 1459 1461 1436 1457 1458 1466 1453 1449 1456 1448 1450
1420 1430 1423 1403 1429 1422 1402 1397 1395 1402 1424 1423 1410 1391 1395
1341 1362 1333 1304 12491 1283 1330 1333 1528 1333 1338 1286 1340 1356 1559
1292 1289 1287 1267 1269 1275 1282 1279 1276 1300 1278 1256 1303 1354 1358
10125 1025 1023 10240 1013 1022 10240 1020 L0 1015 1011 100 1015 1023 1017

v Stretching; fiz In-plane bending; y:

Out-of-plane bending: © Torsion.
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imental and theoretical some charmcteristic vibration frequencies of synthesized complexes 12-16.

FI-1R wBITXD  CAM-BILYP  FI-IR wBOTXD  CAM-BALYP  FTHIR  wBO7XD  CAM-BILYP  Vibrational mode usa'ignmn:ms
(cm"y (cmr') (em™)

6-311+Gid.p) Lanl 2002 Lanl.20 LanL2[¥

Complex 12 Complex 13 Complex 14

305 3093 ELILE) 3137 5150 3143 3080 3089 086 VCH et
3005 017 019 3073 3075 3033 306l 3018 022
3034 3014 ELINEY 3019 3049 3028 3025 2001 2904 Vi (i)
2975 4915 24923 978 2918 1034 U8R 1918 2925 Vi gmettyly
2926 269104 2905 2931 2895 2042 24919 89T 2903 Vi ettty
2059 205 2113 2032 1948 1951 20500 2019 2023 VTS gaside)
2032 2091 2105 VNI gazide)
1654 1662 1680 1653 1671 1673 1658 16HT [ VEaN fning
1602 lald 1615 1621 1606 1607 1614 1605 Ll VO g
15497 1603 1605 1589 1599 1597 1593 1596 1596 VOal (ring)
1568 1575 1579 1565 1579 1559 15649 1553 1554 VCN fainel T VO g T PBOC 0
1507 1467 1471 1474 1478 1475 1480 1481 1475 Vet (rmg + VIO giminer + Peere iy + Bocs ping
1477 1460 1464 1458 14549 1461 1456 1457 1458 VN fanine
1444 1444 1445 1437 1455 1450 1430 1430 1428 VosC (riagh + PHCC ing) + Pricet sy
1420 1430 1423 1403 1429 1422 1402 1397 1395 frce g
1364 1390 1375 1374 1398 1304 12&0 1368 1364 VNG faming} T VIOE sine-sing) T PHOC feisg)
1341 1362 1333 1304 1291 1283 13300 1333 1328 VIS dasideh
12492 1239 1237 1267 1269 1275 1282 1279 1278 fine gl
1220 121 1214 1220 1241 1239 1220 1232 1233 VN geisgy + VOC (ring)
1153 1138 1136 1159 1163 1155 1155 1163 1155 Ve prng) + Prccisng
1104 1098 102 1141 1133 1130 1100 1092 1087 VO fring) + VON g + PI0OC feinay
1051 1040 1042 1039 1039 1040 1052 1040 10440 P g
1028 1025 1023 W20 1023 1022 1020 1020 10149 VN famin
953 L] g30 w0 1006 10405 vy 975 96l agh + NG ing)
882 HH] BE3 ®T5 308 72 8T 916 914 ~ rimg) + VIO (ring)
T Tal 765 782 790 T 773 el ThS )
T45 735 739 745 42 T46 4T 740 743 qrng) T THOCC [risg)
[ili%] ik 662 695 715 T21 670 661 (1] MO fimise) T n(('(';m5|
649 654 f45 f46 631 633 653 632 631 -0 ringh + Boce sringy + B imane) + o risgy
511 511 514 07 510 SUT S0 S8 532 sings PR gimise)

u: Stretching; iz In-plane bending; y: Out-of-plane bending; t: Torsion.
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Table 84. {Continued)

FI-IR wBITXD  CAM-BILYP  FI-IR  wBY97XD  CAM-BILYP  Vibrstional mode assignments

{em') {em™')
Lanl2D072 6-3011+Gid,p)/Lanl 2D
Complex 15 Complex 16

3070 mr 3 071 3073 3077 VCH (ring)
3054 3006 3003 30500 3024 3030 VCH (iine)
3017 3030 3034 3030 3010 3012 Vs trcbigly
2961 2974 2918 2927 Vi syl
2917 2927 2904 2924 2910 4919 -
2020 1946 14940 2060 2178 2185 ov——

1885 1844 2162 2167 VNN (i)
1648 1652 1682 1655 1701 1704 Ve
1600 16049 1605 1623 1614 1615 v
1588 1589 1588 1506 1598 15492 v
1570 1561 1567 1573 1591 1590 v )+ Ve jeingy + PHce gy
1472 1482 1469 1475 1472 1475 Vg + Vieen ganiney + Pooc wing + Poon ris
1466 1451 1449 1456 1448 1450 .
1428 1435 1436 1438 1430 1424 + e risgy + Brc imaisn
1402 1424 1421 1406 1291 1395
1372 1372 1361 1370 1358 1363 N cinne) + VEE fimine gt + PHCC (dng)
1333 1338 1286 1340 1356 1359 VNN fuzid]
1300 1278 1256 1303 1354 1358 Pascc pang
1220 1231 1233 1222 1267 1256 VN gring) + VOO [tirgh
1151 1143 1148 1152 1211 1214 Vo i + BHCCiisg)
1100 1104 1096 o2 1096 1094 Ve jing) + Ve frirgs + BHCE fang)
1049 1050 1036 1050 1043 1045 Pascc pang
1oLs 1011 1006 1015 1023 17 VNC i)
470 962 966 960 w72 980 o trings + Bone iag)
R78 923 803 875 367 70 VIEC fring) + VEN feings
777 795 67 77 62 T6% Teice }
740 758 765 740 735 T40 THCCN fng) T THECC (ng)
el (i) (0] G il [iie ] s pismine + Broe ing
630 635 640 642 633 636 Poscc sing + oo + fronc faine + foc ging
506 S8 321 05 500 507 Procc prina + B i

v: Stretching; iz In-plane bending; v: Out-of-plane bending; ©: Torsion.
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Table 85. Experimental and theoretical wavelengths, oscillator strengths, and major contnbutions for complexes 12-16.

Experimental

Methanol TO-CAM-BILYPG-3 || +G(d.ph/Lanl 2DZ

A (nim) Aimm)  Osc. Melecular contributions (3Wizard and Chemissian programs)
(Methanal} Strength  He HOMO, Lo LUMO, 2-pyridyl: CsHaN, imine growp: CH=N-CH:
Complex 12
ERIN] 3734 00074 |54%]H [Cur20%0 1+ Pyridyl 22% )+ Imine 8%+ N 20%)]—L o [Pyridyl 5 1%0+ Tmine| 10%)+Na036%0]
) H=1[Cuf 14% - Byrid yli 3 2% HHmine 5% N {49900 —L+ | P [Pyridyl{4 9% Hmined | TN 36%)]
2645 Ia0E 0063 |I8°»]H L [Cuf2 % Pyridyl 30% - Imined [6% ) Na(32%)]—L [ [Cuf 7% Pyridy 14 3% - Iminef 6% )+ N 32%)]
%) H-5 [Cof3 T Pyridy] {( 24% HH Imine( 8% N 31%00]— L+ 1 [ [Pyridyl(49% 5 Imine] 125N 36%)]
2035 2231 0.0269 23%] H4 [Cuf 8% Pyridyl{ 2020 Imined 9% N 54% 0] —L+3 [ [Cuf 10%)+Pyridy 3 6% Himine{ 9%+ N 45%))
(7% H-5 [Cu{B% - Pyridy {2 5% - Dmimed T NS 0%) ) —L+2 a [Cui ] 0% +HPyridyl 36%0+Imine( 9%+ N45% ]
Complex 13
5362 00007 (99%) H [PyridyB45%)+Tmine( 51%)+H002% )] —L a [Pyridy H60%)+Tmine] 38%: 5+ Na2%)]
2511 2533 00496 {28%) H [Hei4%y-Pyridyli 1 0% - Imine(d% - Ns(82%00]—L+2 [ [Pyridyl97%)+ Tmine(3%)]
(23%) H-1 [Hg 3%+ Pyridyl(9%0 Trninel 42008084000 ) — L= | o [Pyridy 09T Imine 3%0)]
2073 028 01723 (37%) H-3 [Hgi %)+ Pyridyli 47%)+ Imine{ 46%0)+-Na2%0 )] —L+2 o [Pyridyl(94% H Imine{ 5%:)]
(8% H-1 [Hgi 3% Pyridyl( 9% Trnine 4%+ 8084000 ) —L=2 o [Pyridy I004% H Imibnel $%0 1]
Cornples 14
T4TT 00006 (99%) H [Pyridyl 36% )+ Tmine{ 43%)]— L w [Pyridyl{59% Hlminel 40%)]
264.5 2585 0002 (23%) H-2 [Pyridyl{ 5675 )+ lmine{ 37% )N 6% ]—L+3 B [Pyridyl{97% Hmine3%))
(15%) H-4 [Pyridyl(98% inel 1 %] —L+3 B [Pyridyl{97% -+ Iminei 3%)]
2445 2472 02775 (37%) H-5 [Pyridyl( T2% )+ Dninel 28%)]—L @ [Pyridy [ 39% - Imine{40%)]
(26%) H-5 [Pyridyl 73% 1+ Dnine( 27% 1L [ [Pyridy 1 59% 1+ Imine(40% )]
Cormnples 15
489 0.009%4 (39%) H [Agl Tk Iminel 3% NaBa%)] —L f [Az(37%)+ Pyridyll 1%+ Imine( 9% HMN43%)]
(20%:) H-1 [Pymidyl T+ Tmine ( 2%+ N 900 ] —L B [Ag(3 7% Pyridyli 1%+ Imine(9%)+Nyi43%)]
2584 1374 0.0386 (43%) H-1 [Pyridyli 7%+ Imine(2%) N0 —L B [Ag(37%)+ Pyridyl( 1190+ mine(9%)+MNi43%)]
(16%) H-2 [Ag{ 102N BT —L+1 B [Ag(2%)+ PyridyW 365+ Imine(4 | %))
2(4.6 2040 00124 (61%) H-1 [Ag(a%)+Na( 2450 ] —L+1 @ [Pyridyl{ 6% HImine4%)]
[27%) H-2 [Agi NG 92%00 L] o [Pyridy ] 96% - Imine(4%0)]
Cormnplex 16
280.6 1756 0.0044 (34%) H [Znf5% p-Pyridyl 3 I8)-Imined L% AN 31%00+CH2%) | =L a [Pyridyl(69% - Imined |74 N 10%)]
(16%) H-1 [Z|:|I8'Z'»]- I 006 Tnvine( 7%+ Nal 32900 +C13%0]—L o [Pyridyl{69% )+ Tmine] 1720 N 10%
231.5 2309 D005 (30%) H-3 [Znf 1 2%+ Pyridyl 30% )= Tovine 9%+ N 28% )00 90— L1 o [Zor3% )+ Pyridylie ] %+ Imine] 30%6)+M0 3%)]
(12%) H-2 [Znf 3% )+ Pyridyl 38% )+ Iminef 9%+ M4 5% O 3% | — L+ 1 o [Zo3% 0+ Pyridy 16 1%+ Tmine(30%0)+Maf 3%)]
2138 63 00757 (32%) H-4 [Pyridyl(45 o] 7% )N 35 Ol ) ]—LA+2 o [Pyridyl{ 3 5% I mined 30% N 9%)]

(9%%) H-15 [ Zn{6% - Pyridy 1{63% - Iminme] DO N4 % - CIGE % -H200 12%60 ] — L o [Pryridyl 0690 - lmine] | 7% N 10%)]
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Table 56. Experimental and theoretical wavelength, oscillator strength, and major
contributions for complexes 12-16.

Experimental Methanol
Ainm)
{Methanol) i Ose. Muolecular orbital contributions

(nm)  Strength

H: HOMO, L: LUMO

Complex 12

TD-mBOTHD6-31 1+G(d,p)/ Lan L2

3711 3815 00010 HesL o (47%) HoL+1 fi18%)
264.5 260.2 O0500  H-S5=L+1 B12%)  H-iosL+ o)

2476 00412 H-10—L+1 @(20%)  H-10—sL+2 f (17%)
2035 2175 O.0068  H-d—L+3ai28%)  H4—L+3 Bi129%)

TD-CAM-BILY P/ Lanl.2D02
3711 3734 00074 HeL o (54%) H-1—L+1 &%)
264.5 260.8 00685 H-11—L P (18%) H-5—L+1 [ i7%0)
2035 2231 002649 H-4—L+3 B (23%) H-3 L +2 o (T%)
Complex 13

TD-aBOTXD LanlL 202

480.5 00006 HesL o (98%)
251.1 250.1 00615 H-2—L B (33%) H-S—L+1 [i11%)
207.3 20M).2 0.4095 H-3—L+2 @ (32%) H-2—L f{18%)

TD-CAM-BILYP/6-311+Gid,p)y/LanL.2DZ

5362 00007 H—sL @ (99%)
251.1 2533 00456 H—L+2 f{28%) H-1—L+1 o {25%)
2073 2028 0.1723 H-3—=L+2 o (37%) H-1—L+2 @ {18%)
Complex 14

TD-aBYTXD/ Lanl 22

7315 00031 HsL o {92%) HsL+2 ai7%)
264.5 2512 00776 H2oL+3Fi24%)  H-4—L+3 Bi16%)
2445 2467 0.2077 H-5—L o (27%) H-5—L [ {24%)

TD-CAM-BILYP/6-311+Gid,p)y/LanL.2DZ

747.7 00006 H—sL at [99%)
264.5 2585 00002 H2SL+3F23%)  H4—L+3 Bi15%)
2445 2472 0.2775 H-5—L o (37%) H-5—L [} (36%)
Complex 15

TD-aBYTXD/ Lanl 22

384.7 00003 H—sL a { 70%) H-5—L o {16%)
2584 2574 00740 Hed—L+1 f24%)  Hd—L a{22%)
2046 2003 0.0345 H—L+2 o (16%) H—L+T u(15%)

TD-CAM-B3LY P/ Lan.2D7

T48.9 00004 HosL f{59%) H-1—L P {20%)
2584 257.8 00386 H-1—L [ (43%) H-2—L+1 i 16%)
2046 20400 00124 H-1—L+1 w (61 %) H-2— L+1 o (27%)
Complex 16

TD-aBOTXD/6-31 1+Gi{d,p)y/LanL2DZ
280.6 2716 00040 HeL o (26%) H-l—L a{18%)
2315 230.5 (0098 H-3—L o (38%) H-2—L+1 m{15%)
3R 6.1 0.0723 H-5—L+42 a (23%) H-4—L+2 mi7%)

TD-CAM-BILY P/ Lan.2[02
2806 2756 00044 HeL e (34%) H-l—L m (16%)
2315 2309 00056 H-3—L+1 a (30%) H-2—L+1 o {12%)
21318 216.3 00757 H-4—=L+2 o (32%) H-15—=L o (9%
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Table 87. Theoretical global chemical resctivity descriptors in the gas phase for complexes 12-16.

Parameters {unit) Complex 12 Complex 13 Complex 14

mBYTXD CAM-BILYP mBYTXD CAM-BILYP wHYTND CAM-BILYP
o 5pin fispin _ ospin [} spin o spin [ spin @ spin in @ spin fspin  ospin [fspin
Enomo(e¥) -6H14 -6, 793 6528 -6.504 -5.355 -7 -4 855 -6 G0 -5.016 -7.025 4490 -6.461
Epman(eV) -0815 -0.814 -1.356 -1412 U446 -0.445 -1.058 -1.057 RUE.1.0 -[LERT -1.53% -1.53%
AE (V) S04y 5.979 5172 5097 40909 6.726 3997 5.547 4.128 6138 2952 4.023
Electronegativity (3. ¢V 3H1S 3804 3.942 3961 2901 3.B08 2.957 3.831 2952 3950 3014 3.999
Chemical hardness {n, ¢V} 2099 2.990 2586 2549 2,455 3363 1.E9Y 1774 2064 1069 1476 2462
Chemical softness (5, 1/eV) 0333 0.334 0587 0392 407 (h.297 0.527 0,360 0.484 0526 aTR 0.406
Electrophilic index (i, eV 2427 2420 3005 3078 1.714 2156 2.302 1645 2111 2550 3305 3248
MNucleophilic index (@, 1/eV) 0412 0.413 0333 0.325 0583 (464 454 0.AT8 0.474 0.592 0312 0308

Parameters (unit)

Complex 15

Complex 16

mBYTXD CAM-HILYP wHYTND CAM-B3ILYP
o spin [ spin o spin [} spin 1 spin o spin
[—— 8009 B1T7 740 1456 B30T 7 856
Epan (eV) -1.007 -2419 -1.468 -1.543 0963 -1.434
AE (V) 7002 5.758 5672 4912 7404 6,422
Electronegativity (3. V) 4.508 5.298 4304 4.999 4665 4.645
Chemical hardness (n, V) 3501 2879 2836 2457 3702 32
Chemical sofiness (5, LeV) 0286 0.347 0353 0407 0.270 311
Electrophilic index {m, V) 2902 4875 3266 5.085 2.939 3360
MNucleophilic index (g, 1/eV) 0345 0.205 0506 [IN (.340 (295
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Table 88. Theoretical electric dipole moment (p, Debye), static isotropic and anisotropic polarizability (& and Ao, x10™ esu), static first— and second—order hyperpolarizability
(b, %107 esu and v, %107 esu) for complexes 12-16.

Complex 12 Complex 13 Complex 14 Complex 15 Complex 16
- CAM- . CAM- . CAM- ) CAM- - CAM-
Parameter | wBYTXD BILYP mBYTXD BILYP mBYTXLD BILYP wBYTXD BILYP wBYTXD BILYP
6-311+G(dp) Lanl2D2 Lanl2DZ Lanl 2137 6-311+Gid,p)
BAT 729 5.87 597 12.25 1215 10.6% 1071 11.77 10.28
6.20 (pNA) [21] and 4.56 (Urea) [22
47.56 48.30 35.70 3550 3399 3388 3109 2978 4953 49.75
17 (pNAR[21]
2345 21.07 20008 5.70 435 25509 1013 12.44
13.66 1131 233 10.68 17.05 385 4.321
9.2 (pNA) [21], 032 {Urea) [22] and 0.13 {Urea) [23]
8571 06.93 207 2350 4846 47.55 .66 1532 176 3935
150 (pNA) [21] and 7 (Urea) [22]
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