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Bu ¢alismada, daha 6nceden tarafimizdan sentezlenmis olan bazi formazan molekiillerinin ve olast
tautomer formlarinin teorik hesaplamalari Gaussian 09 paket programinda DFT (B3LYP) metodu
kullanilarak yapilmistir. Molekiillerin kararli tautomer yapilari, olas1 geometrileri ve bazi spektroskopik
Ozellikleri hesaplanmistir. Hesaplanan veriler deneysel sonuglar ile karsilastirilip korelasyonlar
arastirilmistir,
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ABSTRACT

In this study, theoretical calculations for certain formazan derivates, synthesized previously by our
group, and their tautomer forms were done by Gaussian 09 software package program using DFT
(B3LYP) method. Stable tautomer structures, posssible geometries for the molecules and their
spestroscopic properties have been calculated. The calculated data has been compared with those
experimental values and the possible correlations were searched.
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1. GIRIS

Formazanlar, azohidrazon grubu igeren heterosiklik yapilardir. Azohidrazon grubunun iyi bir pi bag1
tasiyicisi olmasi ve azohidrazon konjuge ¢ift bag icermesi nedeniyle renkli bilesiklerdir. Bu bilesiklerin
ilk sentezlerinin bir yiizy1l 6nce yapilmasina ragmen hala giincelliklerini korumaktadir. Formazanlar
¢evre dostu boyar madde olarak (Sokolowska-Gajda vd. 1996), kompleks olusturucu ligand olarak,
redoks reaksiyonlarinda analitik reaktif olarak kullanilmaktadir (Katrizky vd., 1995; Szymczyk vd.,
1999; Edwards vd. 2004; ). Formazanlar biyolojik aktivite gosterirler (Bhosale vd., 2013, Mariappan
vd. 2010). Anti-viral (Pandey vd., 1999), anti-fungal, anti-fertility (Desai vd., 2006), anti-inflamatory
(Babu vd., 2011) ve anti-mikrobial (Samel vd., 2010, Desai vd., 2006) ve antioksidan etkiye sahiptir
(Bhosale vd. 2013). Anti-kanser ila¢ taramalarinda, tiimor hiicrelerinin aktivite tayininde (Plumb vd.
1989), mutajenite ¢aligmalarinda (Edwards vd. 2004), HIV ajan1 tarayicisi olarak da (Bhardwaj vd.
1997) kullanilmaktadir. Farkli heterosiklik sistemlerin sentezinde baslatici materyal olarak da kullanilir
(Buzykin, 2010).

Formazan tiirevlerinin yapi ve spektrumlart farkli alanlardaki nemleri nedeniyle bir¢ok bilim
adaminin ilgisini ¢ekmistir. Literatiirde formazan tiirevlerinin hidrojen bagi, cesitli spektroskopik
ozellikleri ve X-1ginlari ile ilgili galismalar mevcuttur (Renkema vd. 1979; Tezcan vd. 2008; Tiirkoglu
vd. 2015). Formazanlarin tautomerik dengesini ve proton transfer mekanizmasini anlamak i¢in bazi
deneysel ve teorik ¢aligmalar yapilmustir (Arslan vd. 2014; Sun vd, 2012; Tavakol 2012; Toy vd., 2015).

Son yillardaki bilgisayar yazilim ve donanimdaki gelismelerle birlikte birgok molekiiliin
fizikokimyasal ozellikleri teorik olarak hesaplanabilmektedir (Tirkoglu, vd. 2011; Sidir vd. 2015;
Kandemirli vd. 2009). Hatta bu hesaplamalar simdiye kadar elde edilmemis veya edilememis ve ger¢ek
kosullarda var olamayacak bilesikler i¢in kolayca uygulanabilmekte ve giizel sonuglar alinabilmektedir.
Teorik veri, deneysel calismay1 yonlendirici ve aydinlatici olabilmekte veya deneysel calisma ile
kiyaslamali olarak kullanilabilmektedir. Son yillarda, yogunluk fonksiyonlu teori (DFT) yontemi bu
amagcla kullanilmaktadir (Ebead 2011; Tavakol 2012; Sidir vd. 2015).

Bu ¢alismada, daha 6nceden tarafimizdan sentezlenmis olan bazi formazan molekiillerinin ve olasi
tautomer formlarinin (Tablo 1, Sekil 1) teorik hesaplamalar1 Gaussian 09 paket programi ile yapilmstir.
Molekiillerin kararli tautomer yapilari, olas1 geometrileri ve bazi spektroskopik verileri hesaplanmistir.
Hesaplanan veriler ile deneysel sonuglar karsilastirilip korelasyonlari arastirilmistir. Literatiirde bu
formazan tiirevleriyle ilgili herhangi bir ¢aligmaya rastlanamamustir.

Tablo 1. 5-siibstitiie fenil-3-(4-metoksifenil)-1-(2-(feniltiyo)fenil)formazan tiirevi bilesikleri (1-8) ve

P ¢
Heaas

B‘,l\fg‘k S“bs(gt)“e“t IUPAC isimleri
1 H 3-(4-metoksifenil)-5-fenil-1-(2-(feniltiyo)fenil)formazan
2 4-OCHjs 3,5-bis(4- metoksifenil)-1-(2-( feniltiyo)fenil)formazan
3 4-Cl 5-(4-klorofenil)-3-(4- metoksifenil)-1-(2-(feniltiyo)fenil)formazan
4 4-Br 5-(4-bromofenil)-3-(4- metoksifenil)-1-(2-(feniltiyo)fenil)formazan
5 4-F 5-(4-florofenil)-3-(4- metoksifenil)-1-(2-( feniltiyo)fenil)formazan
6 4-NO; 3-(4-metoksifenil)-5-(4-nitrophenyl)-1-(2-(feniltiyo)fenil)formazan
7 3,4-(CH3)> 5-(3,4-dimetilfenil)-3-(4- metoksifenil)-1-(2-(feniltiyo)fenil)formazan
8 2,4-(NOy), 5-(2,4-dinitrofenil)-3-(4- metoksifenil)-1-(2-(feniltiyo)fenil)formazan
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Sekil 1. 5-siibstitiie fenil-3-(4-metoksifenil)-1-(2-(feniltiyo)fenil)formazan tiirevi bilesiklerinin (1-
8) olas1 tautomer formlar1 ve geometrileri

2. HESAPLAMA YONTEMIi

Hesaplamalarda, CS ChemOffice Pro 12.0 for Microsoft Windows (CS ChemBioDraw Ultra 12.0,
2010) ve Gaussian 09 (Frisch vd., 2009) programlari ve 2 Adet 6 ¢ekirdekli Intel Core 17 980X islemci,
3.33GHz, L3 Cache 12 MB, LGA 1366 soket, X58 chipset is istasyonu kullanilmustir.

2.1. Yontem

Bu ¢alismada; molekiiller ChemDraw programinda ¢izilmistir. ChemDraw programinda ¢izilen her
bir molekiil Chem3D programina aktarilip minimize edilerek Gaussian verileri elde edilmistir. Her bir
molekiile ait hazirlanmis Gaussian verileri Gaussian programinda tek tek hesaplamalar1 yapilmstir.
Gaussian programindaki optimizasyon hesaplamalarinda kullanilan DFT (B3LYP) metot ve 6-31g
(rb3lyp/6-31g) temel seti, frekans hesaplamalarinda gaz fazi igin DFT (B3LYP) metot ve 6-31g temel
seti (freq rb3lyp/6-31g) ile hesaplamalart yapilmustir.

2.2. Enerji Hesaplamalar:

Molekiillerin enerjileri hesaplanirken frekans hesaplamalari i¢in DFT metodu ve 6-31g temel seti
kullanilmigtir. Molekiillerin kararliliklarinda bu yolla elde edilen enerji degerleri: Elektronik ve zero-
point enerji toplam1 (SEZPE), Elektronik ve termal enerji toplam1 (SETE), Elektronik ve termal entalpi
toplam1 (SETEN, H), Elektronik ve termal serbest enerji toplami (SETFE, G), Termal (E), Entropi (S)
ve Olusum 1s1s1 (HOF) olarak hesaplanmustir.

2.3. Verim Hesaplamalar:
Verim hesaplamalarinda serbest enerji degerleri kullanildi. Hesaplamalar asagidaki esitliklere gore
yapilmisgtir;

AG = Gy — Gy (kcal/mol) @
(U=Uriinler; R=Reaktantlar; AG: Serbest enerji degisimi)
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2.4. Tautomer Hesaplamalar

Tautomer hesaplamalarinda serbest enerji ve toplam enerji degerleri kullanilmistir. Hesaplamalar
asagidaki esitliklere gore yapilmistir:

AET = ET(a) — ET(b) (kCﬂl/mOl) (2)

AG = G, — G, (kcal/mol) (3)

a: tautomer formu, b: tautomer formu

3. SONUCLAR VE TARTISMA

3.1. Farkh Siibstitiientlere Sahip Formazan Molekiillerinin Kararlh Geometrilerinin
Hesaplanmasi

Sekil 1°de gosterilen molekiillerin geometrilerinin hesaplanmasinda formazan iskeletindeki en
kararli ve en kararsiz geometri hesaplanmistir (Sekil 2). Sekil 2°de gosterilen formazan iskeletindeki 12-
1-2-3 ve 3-4-6-18 dihedral agilarinin 0 ve 180 derecede 30 derecelik agilarla enerjileri hesaplanmustir.
Hesaplama sonunda en diisiikk enerjili molekiiliin ve en yiiksek enerjili molekiiliin geometrileri
belirlenmistir. Hesaplama sonuglar1 Tablo 2’de verilmistir. Tablo 2’deki en diisiik enerjili yani en kararl
molekiillerin degisen agilarin ve molekiillerin a tautomerlerinin grafigi Sekil 3’de b tautomer formunun

grafigi Sekil 4’de verilmistir.

25 23
2 2
N3N5 —_— 1 N3N
12N ITI18 121T1 “N18
H H
a b

Sekil 2. Formazan iskeleti ve tautomer formu.
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Tablo 2. Farkli siibstitiientlere sahip formazan molekiillerinin kararli geometrilerinin gaz fazinda hesaplanan enerji ve dihedral a¢1 degerleri.

Molekiil Er Dihedral Agilar
No (kcal/mol)

C12-N1-N2-C3 | N1-N2-C3-N4 | N2-C3-N4-N5 | C3-N4-N5-C18 | N1-N2-C3-C6 | N5-N4-C3-C6 | N5-C18-C23-S25 | C18-C23-S25-C26

la | -1058547,361 -177,653 -1,448 0,500 -178,399 178,307 -179,245 -1,076 100,810
-1058509,711 -87,599 -3,924 0,188 166,633 177,144 179,078 -3,124 97,623

2a | -1129976,027 -170,576 -0,232 -1,106 -179,589 178,714 179,993 -1,098 101,058
-1129938,377 -80,575 -12,650 0,123 165,054 168,358 179,080 -5,232 94,435

3a | -1346495,937 -174,699 -0,974 -0,118 -178,821 178,435 -179,502 -1,231 102,454
-1346452,012 -84,697 -2,062 1,469 160,768 178,799 -179,427 -4,290 99,486

4a | -2670715,518 -173,408 2,577 -2,535 178,391 -178,374 178,454 -1,374 104,137
-2670671,593 -83,405 -13,993 -1,047 172,577 166,868 178,054 -3,191 99,106

5a | -1120557,207 -175,048 -1,037 -0,028 -178,722 178,415 -179,458 -1,220 102,373
-1120519,557 -85,046 -2,118 1,442 161,247 178,760 -179,469 -4,250 99,265

6a | -1186150,096 179,998 -1,425 1,093 -178,038 178,542 -178,872 -1,275 103,815
-1186112,446 -90,002 5,723 2,348 162,507 -173,504 -178,459 -3,938 82,906

7a | -1107517,695 179,998 -1,887 0,994 -178,042 178,142 -179,037 -1,001 99,968
-1107480,045 -90,000 1,596 1,226 155,222 -177,419 -179,791 -4,456 98,678

8a | -1313740,281 179,998 -2,620 1,214 -178,695 177,092 -178,485 -2,092 102,747
-1313696,356 -90,003 3,763 1,279 167,680 -174,424 179,347 -2,020 95,847
C12-N1-N2-C3 | N1-N2-C3-N4 | N2-C3-N4-N5 | C3-N4-N5-C18 | N1-N2-C3-C6 | N5-N4-C3-C6 | N5-C18-C23-S25 | C18-C23-S25-C26

1b | -1058534,811 173,951 -174,779 -28,386 178,650 1,778 154,600 2,594 -72,312
-1058522,261 -96,050 -176,790 -60,164 177,410 -5,297 126,829 -0,171 -69,822

2b | -1129963,477 163,962 -174,398 -26,847 178,676 2,799 155,585 2,855 -72,761
-1129950,927 -106,038 -175,743 -55,649 177,537 -3,125 130,500 0,209 -68,643

3b | -1346483,387 179,614 -174,761 -31,208 178,391 1,261 152,238 2,272 -72,626

GTOZ - (2) € J8|wnIg 308 - g - o Y2 a4 uijig “aluy) njopouy / [psa) “q 1 24 129424 "H
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-1346470,837 -0,386 178,635 -39,193 178,285 -6,253 144,751 1,609 -65,888
4b -2670702,968 175,721 -174,594 -30,356 178,444 1,699 152,856 2,427 -72,713
-2670690,418 -94,279 -177,094 -61,728 177,229 -5,927 125,507 -0,471 -70,623
5b -1120550,932 177,640 -174,797 -30,017 178,444 1,372 153,305 2,357 -73,025
-1120532,107 -92,360 -177,300 -61,736 177,196 -6,458 125,759 -0,498 -70,888
6b -1186143,821 -179,256 174,178 36,213 -177,980 -1,903 -147,174 0,093 179,845
-1186131,271 0,744 172,089 41,358 -178,384 -9,397 -137,459 0,135 178,405
7b -1107511,42 175,588 -174,964 -27,191 178,674 1,565 155,821 2,587 -72,889
-1107492,595 -94,412 -177,281 -60,513 177,394 -5,806 126,476 -0,284 -70,709
8b -1313715,181 -179,999 -172,880 -37,473 178,032 3,999 145,260 1,680 -67,694
-1313702,631 -89,999 -176,727 -61,357 177,181 -6,741 126,773 0,187 -64,144
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Dihedral ag1 m C12-N1-N2-C3
182 4
180 -
178 A
176
174
172 1
170
168
166
164 T T T T T T T T T T T T T T Molekiil
la 2a 3a 4a 5a 6a 7a 8a
(a)
Dihedral ag1 B N1-N2-C3-N4
3 -
3 4
2
2
14
l 7 I
Molekiil
la 2a 3a 4a 5a 6a 7a 8a
Dihedral ag1 B N2-C3-N4-N5
3 -
34
2
2
1
a
] -
0 T r i i T——— i i T Molekiil
la 2a 3a 4a 5a 6a Ta 8a
(c)
Dihedral ag1 B C3-N4-N6-C18
180 -
180
179 A
179
178
178
177 T T e T T — T Molekiil
la 2a 3a 4a 5a 6a 7a 8a

(d)
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Dihedral ag1 B N1-N2-C3-C6
179 4
179 A
178
178
177 4
177
176 — T — — — T Molekiil
la 2a 3a 4a 5a 6a 7a 8a
(e)
Dihedral ag1 B N5-N4-C3-C6
181 4
180 o
180
179
179
178 I l
178 - — — — — — — — Molekiil
la 2a 3a 4a 5a 6a 7a a
(f)
Dihedral ag1 B N5-C18-C23-S24
34
2
2
1
1A
0 - - - - - - - — T T T Molekiil
la 2a 3a 4a 5a 6a 7a 8a
Dihedral ag1 H C18-C23-S25-C26
105 4
104 4
103 A
102 4
101
100
99
98 1
97 T L L T T T T Molekiil
la 2a 3a 4a 5a 6a 7a 8a
(h)

Sekil 3. En diisiik enerjili formazan molekiillerinin a tautomer formunun dihedral agilari. (a) C12-N1-
N2-C3 grafigi. (b) N1-N2-C3-N4 grafigi. () N2-C3-N4-N5 grafigi. (d) C3-N4-N5-C18 grafigi. (e)
N1-N2-C3-C6 grafigi. (f) N5-N4-C3-C6 grafigi. (g) N5-C18-C23-S25 grafigi. (h) C18-C23-S25-C26
grafigi.
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Molekiillerdeki stibstitiientlerden an fazla etkilenen a tautomer formunun N1-N2-C3-N4 ve N2-
C3-N4-Nb5 ait dihedral agilar oldugu gozlenmistir.

Dihedral a¢1

200
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1b

Dihedral ag1

200
180
160
140
120
100
80
60
40
20

0
1b

Dihedral ag1
40
35
30
25
20
15
10
5

0
1b

Dihedral ag1

200
180
160
140
120

1b

2b

2b

2b

2b

3b

3b

3b

3b

B C12-N1-N2-C3

4b 5b 6b

(a)

mN1-N2-C3-N4

4b 5b 6b

(b)

B N2-C3-N4-N5

4b 5b 6b

(©)

B C3-N4-N5-C18

4b 5b 6b

(d)
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Dihedral ag1 mN1-N2-C3-C6
5 -
4 -
4
3
3 -
2
2
1-
1
0 - H = N =® = = Molekiil
1b 2b 3b 4b 5b 6b 7b b
(e)
Dihedral ag1 m N5-N4-C3-C6
180 1
160 -
140
120
100
80
60 -
40 4
20
0 42 = ® =® = = Molekiil
1b 2b 3b 4b 5b 6b 7b b
Dihedral ag1 B N5-C18-C23-S24
3
3 4
2
2
1
1-
0 R e e S B Molekiil
1b 2b 3b 4b 5b 6b 7b b
Dihedral ag1 m C18-C23-S25-C26
200 A
180
160 -
140
120
100
80 -
60 -
40
20
0 -5 = = = = = Molekiil
1b 2b 3b 4b 5b 6b 7b 8

(h)

Sekil 4. En diisiik enerjili formazan molekiillerinin b tautomer formunun dihedral agilar1. (a) C12-N1-
N2-C3 grafigi. (b) N1-N2-C3-N4 grafigi. () N2-C3-N4-N5 grafigi. (d) C3-N4-N5-C18 grafigi. (e)
N1-N2-C3-C6 grafigi. (f) N5-N4-C3-C6 grafigi. (g) N5-C18-C23-S25 grafigi. (h) C18-C23-S25-C26
grafigi.
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Molekiillerdeki siibstitiientlerden en fazla etkilenen b tautomer formunun N1-N2-C3-C6 ve N5-

C18-C23-S25 ait dihedral agilar oldugu ayrica C18-C23-S25-C26 dihedral agiya ait ise 6b molekiiliinde
en fazla sapma gosterdigi gozlenmistir.

3.2.Farkh Siibstitiientlere Sahip Formazan Molekiillerinin Kararhh Enerjilerinin
Hesaplanmasi

Formazan molekiillerinin Tablo 2°deki toplam enerjilerinden (Et) hangi molekiiliin ve hangi
tautomer formunun kararli oldugu Tablo 3’de verilmistir. Bu verilere ait grafikler ise Sekil 5°de

verilmistir.

Tablo 3. Formazan molekiillerinin a ve b tautomer formlarinin kararliliklari.

Molekiil Er Molekiil Er
No (kcal/mol) No (kcal/mol)

la -1058547,361 1b -1058534,811 | -12,550 | -H

2a -1129976,027 2b -1129963,477 | -12,550 | -OCH3

3a -1346495,937 3b -1346483,387 | -12,550 | -C|

4a -2670715,518 4b -2670702,968 | -12,550 | -Br

5a -1120557,207 5b -1120550,932 | -6,275 | -F

6a -1186150,096 6b -1186143,821 | -6,275|-NO,

7a  |-1107517,695| 7b |-1107511,420| -6,275|-(CHs),

8a -1313740,281 8b -1313715,181 | -25,100 | -(NO,),
*AET=ET(a)- ET(p)

AET? | Siibstitiient

¥
Q > (ﬁ)
O ¥ ¢ & &

\2\
07 Siibstitiient
500000 -
-1000000 -

&
(§D

-1500000 -
-2000000
-2500000

-3000000 -
Er

(a)

o ¥

Q
W ) v
¢ F oo ¢ OE&E

0 1 Siibstitiient
-500000
-1000000 -

-1500000

-2000000 -
-2500000

-3000000 -
Erw)

(b)
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Q¥
5 &P
¢ F o e ¢ & FE

0 1 Siibstitiient
5 -
-10 +
-15 4
-20 1
-25 1

-30 -
AE

(©)
Sekil 5. Formazan molekiillerinin a ve b tautomer formlarinin kararlhilik grafikleri. (a) a Tautomer
formunun kararliligi. (b) b Tautomer formunun kararliligi. (c) Iki tautomer formu arasindaki kararlilik.

Tablo 3 ve Sekil 5’den en kararli tautomer formunun a formu oldugu goriilmektedir. Tautomer
formlar1 arasindaki kararliliklarda molekiillerin ii¢ farkli grupta yer aldig1 goriilmektedir. Molekdil 8’in
en kararli oldugu, ikinci siradaki molekiillerin 1, 2, 3, 4 ve t¢lincii sirada 5, 6 ve 7 molekiiller oldugu
goriilmektedir.

Tablo 4 ve Tablo 5’de molekiillerin kararliliklarina ait siralama verilmistir.

Tablo 4. Formazan molekiillerinin a ve b tautomer formlarinin ayr1 ayri kararlilik siralamasi.

Molekiil Er Molekiil Er

No (kcal/mol) No (kcal/mol)

4a -2670715,518 4b -2670702,968
3a -1346495,937 3b -1346483,387
8a -1313740,281 8b -1313715,181
6a -1186150,096 6b -1186143,821
2a -1129976,027 2b -1129963,477
5a -1120557,207 5b -1120550,932
7a -1107517,695 7b -1107511,420
la -1058547,361 1b -1058534,811

Tablo 5. Formazan molekiillerinin a ve b tautomer formlarimin timiintin kararlilik siralamasi.

Molekiil No (kcaIIE/TmoI)
4a -2670715,518
4b -2670702,968
3a -1346495,937
3b -1346483,387
8a -1313740,281
8b -1313715,181
6a -1186150,096
6b -1186143,821
2a -1129976,027
2b -1129963,477
5a -1120557,207
5b -1120550,932
7a -1107517,695
7b -1107511,420
la -1058547,361
1b -1058534,811

Molekiillerin Tablo 4 ve Tablo 5’deki kararlilik siralamalarindan her iki tautomer formu (a ve b)
icin4 <3 <8<6<2<5<7<1 seklinde oldugu ve a formunun kararli form oldugu belirlenmistir.
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3.3. Farkh Siibstitiientlere Sahip Formazan Molekiillerinin Belirlenen Geometrilerdeki
Kararhhklarinin Hesaplanmasi

Formazan iskeletinin dort farkli olas1 geometrileri ve tautomer formlar1 Sekil 6’da molekiil 1
iizerinde gosterildi. Hesaplamada tiim molekiiller i¢in ayn1 geometri kullanilmistir. Bu geometriler

igerisinden hangi geometrinin en kararli oldugu hesaplanmistir. Hesaplama sonunda elde edilen enerji
degerleri Tablo 6’da verilmistir.

S Y 7 @

o Qe
SR 0

OCH; OCH;
lal la2 la3

H
OCH, OCH;

la4

; SSRE NS
| I Il
T QT Qa0 i,

1bl 1b2 1b3 1b4

Sekil 6. Formazan molekiilii 1 i¢in belirlenen geometrileri ve tautomer formlari.

Tablo 6°daki serbest enerjiler kullanilarak molekiillerin kararliliklar1 diisiik enerjiden yiiksek
enerjiye dogru siralanmistir ve Tablo 7’°de verilmistir.
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Tablo 6. Farkls siibstitiientlere sahip formazan molekiillerinin belirlenen geometrilerinin ve tautomer
formlarinin hesaplanan tiim enerji degerleri.

(SEZPE}* | (SETEpP (SETENY | (SETFE) = sf HOF®
Molekiil | (Hartree/ (Hartree/ (Hartree/ (Hartree/ Kcal/Mol Cal/ (atomik birim)

Particle) Particle) Particle) Particle Mol-Kelvin
lal -1677,848 |-1677,823 |-1677,822 |-1677,911 |304,964 188,037 -1678,309
1a2 -1677,836 |-1677,810 |-1677,809 |-1677,897 |304,759 185,078 -1678,296
1a3 -1677,833 |-1677,807 |-1677,806 |-1677,895 |304,601 186,254 -1678,292
lad -1677,848 |-1677,822 |-1677,821 |-1677,910 |304,939 185,318 -1678,308
2al -1791,064 |-1791,036 |-1791,035 |-1791,130 |328,479 200,990 -1791,559
2a2 -1791,051 |-1791,023 |-1791,022 |-1791,116 |328,258 197,986 -1791,546
2a3 -1791,048 |-1791,020 |-1791,019 |-1791,113 |328,104 199,370 -1791,542
2a4 -1791,064 |-1791,036 |-1791,035 |-1791,129 |328,453 198,306 -1791,559
3al -2134,574 |-2134,547 |-2134,546 |-2134,639 |299,405 195,226 -2135,024
3a2 -2134,561 |-2134,534 |-2134,533 |-2134,624 |299,203 191,412 -2135,011
3a3 -2134,564 |-2134,538 |-2134,537 |-2134,628 |299,166 192,384 -2135,014
3a4 -2134,573 |-2134,547 |-2134,546 |-2134,637 |299,370 192,586 -2135,024
4al -4237,339 |-4237,312 |-4237,311 |-4237,405 |299,474 197,479 -4237,789
4a2 -4237,326 |-4237,299 |-4237,298 |-4237,390 |299,272 193,799 -4237,776
4a3 -4237,323 |-4237,296 |-4237,295 |-4237,388 |299,112 195,645 -4237,773
4a4 -4237,338 |-4237,311 |-4237,310 |-4237,403 |299,445 194,858 -4237,789
5al -1776,180 |-1776,154 |-1776,153 |-1776,244 |300,190 192,283 -1776,632
5a2 -1776,167 |-1776,141 |-1776,140 |-1776,230 |299,972 189,191 -1776,619
5a3 -1776,164 |-1776,138 |-1776,137 |-1776,227 |299,823 190,487 -1776,616
5a4 -1776,180 |-1776,153 |-1776,152 |-1776,242 |300,165 189,608 -1776,632
6al -1880,145 |-1880,117 |-1880,116 |-1880,211 |307,669 201,313 -1880,607
6a2 -1880,131 |-1880,103 |-1880,102 |-1880,196 |307,482 196,551 -1880,593
6a3 -1880,129 |-1880,101 |-1880,100 |-1880,194 |307,314 199,082 -1880,591
6ad -1880,144 |-1880,116 |-1880,115 |-1880,209 |307,631 198,880 -1880,606
7al -1755,430 |-1755,401 |-1755,401 |-1755,497 |343,985 202,372 -1755,950
7a2 -1755,417 |-1755,389 |-1755,388 |-1755,482 |343,771 199,398 -1755,937
7a3 -1755,414 |-1755,385 |-1755,385 |-1755,480 |343,611 200,638 -1755,933
Ta4 -1755,430 |-1755,401 |-1755,400 |-1755,495 |343,960 199,646 -1755,949
8al -1918,922 |-1918,892 |-1918,891 |-1918,988 |326,763 203,730 -1919,413
8a2 -2082,423 |-2082,393 |-2082,392 |-2082,491 |310,149 208,600 -2082,887
8a3 -2082,420 |-2082,390 |-2082,389 |-2082,489 |309,967 210,639 -2082,884
8ad -2082,417 |-2082,387 |-2082,386 |-2082,485 |310,315 207,804 -2082,881

98



H. Berber ve U. D. Uysal / Anadolu Univ. Bilim ve Tek. Der. - B - Teorik Bilimler 3 (2) - 2015

1b1 -1677,854 |-1677,828 |-1677,827 |-1677,915 |305,364 183,506 -1678,315
1b2 -1677,848 |-1677,822 |-1677,822 |-1677,910 |305,088 186,467 -1678,309
1b3 -1677,833 |-1677,807 |-1677,806 |-1677,894 |304,537 184,048 -1678,293
1b4 -1677,831 |-1677,806 |-1677,805 |-1677,892 |304,680 182,238 -1678,291
2bl -1791,073 |-1791,045 |-1791,044 |-1791,137 |328,950 195,715 -1791,570
2h2 -1791,067 |-1791,039 |-1791,038 |-1791,133 |328,658 198,767 -1791,563
2b3 -1791,052 |-1791,024 |-1791,023 |-1791,116 |328,114 196,468 -1791,547
2b4 -1791,051 |-1791,022 |-1791,022 |-1791,114 |328,253 194,658 -1791,546
3bl -2134,577 |-2134,551 |-2134,550 |-2134,640 |299,731 190,877 -2135,028
3b2 -2134,572 | -2134,545 |-2134,544 |-2134,636 |299,451 193,710 -2135,022
3b3 -2134,557 |-2134,530 |-2134,530 |-2134,620 |298,909 191,156 -2135,007
3b4 2134,556 |-2134,529 |-2134,528 |-2134,618 |299,039 189,422 -2135,006
4bl -4237,342 | -4237,316 |-4237,315 |-4237,407 |299,788 193,103 -4237,794
4b2 -4237,337 |-4237,310 |-4237,309 |-4237,402 |299,509 195,980 -4237,787
4b3 -4237,322 | -4237,295 |-4237,294 |-4237,386 |298,969 193,477 -4237,772
4b4 -4237,321 |-4237,294 |-4237,293 |-4237,384 |299,101 191,727 -4237,771
5b1 -1776,186 |-1776,160 |-1776,159 |-1776,248 |300,579 187,888 -1776,639
5b2 -1776,180 |-1776,154 |-1776,153 |-1776,243 |300,301 190,595 -1776,632
5b3 -1776,165 |-1776,139 |-1776,138 |-1776,228 |299,756 188,128 -1776,617
5b4 -1776,164 |-1776,138 |-1776,137 |-1776,225 |299,890 186,386 -1776,615
6bl -1880,142 |-1880,114 |-1880,113 |-1880,207 |307,844 197,580 -1880,604
6b2 -1880,136 |-1880,108 |-1880,107 |-1880,203 |307,562 202,574 -1880,598
6b3 -1880,123 |-1880,095 |-1880,094 |-1880,188 |307,037 197,731 -1880,584
6b4 -1880,121 |-1880,093 |-1880,092 |-1880,185 |307,137 196,173 -1880,582
7bl -1755,437 |-1755,408 |-1755,407 |-1755,501 |344,408 197,584 -1755,957
b2 -1755,431 |-1755,402 |-1755,401 |-1755,497 |344,116 200,713 -1755,951
7b3 -1755,416 |-1755,387 |-1755,386 |-1755,480 |343,566 198,326 -1755,934
b4 -1755,414 |-1755,386 |-1755,385 |-1755,478 |343,732 196,344 -1755,934
8bl -2082,408 |-2082,378 |-2082,377 |-2082,476 |309,951 208,581 -2082,872
8h2 -2082,408 |-2082,377 |-2082,376 |-2082,476 |309,927 210,840 -2082,871
8h3 -2082,396 |-2082,366 |-2082,365 |-2082,464 |309,393 208,157 -2082,859
8b4 -2082,392 |-2082,361 |-2082,360 |-2082,458 |309,432 205,429 -2082,854
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Tablo 7. Formazan molekiillerinin a ve b tautomer formlarmin timiintn kararlilik siralamasi.

Molekiil © Molekiil c
(kcal/mol) (kcal/mol)

4al -2658984,350 4bl -2658985,605
4a4 -2658983,095 4b2 -2658982,467
4a2 -2658974,937 4b3 -2658972,427
4a3 -2658973,682 4b4 -2658971,172
3al -1339492,376 3bl -1339493,004
3ad -1339491,121 3b2 -1339490,494
3a3 -1339485,474 3b3 -1339480,454
3a2 -1339482,964 3b4 -1339479,199
8a2 -1306769,350 | 8bl -1306759,937
8a3 -1306768,095| 8b2 -1306759,937
8a4 -1306765,585| 8b3 -1306752,407
8al -1204170,727 8b4 -1306748,642
6al -1179838,043| 6bl -1179835,533
6ad -1179836,788| 6b2 -1179833,023
6a2 -1179828,631| 6b3 -1179823,611
6a3 -1179827,376 6b4 -1179821,728
2al -1123939,448 2bl -1123943,841
2a4 -1123938,821 2b2 -1123941,331
2a2 -1123930,663| 2b3 -1123930,663
2a3 -1123928,781 2b4 -1123929,408
5al -1114598,439 5bl -1114600,949
5a4 -1114597,184 5b2 -1114597,811
5a2 -1114589,654 5b3 -1114588,399
5a3 -1114587,771 5b4 -1114586,516
7al -1101579,634 7bl -1101582,144
Tad -1101578,379 7b2 -1101579,634
7a2 -1101570,221 7b3 -1101568,966
7a3 -1101568,966 7b4 -1101567,711
lal -1052894,186 1bl -1052896,696
lad -1052893,559 | 1b2 -1052893,559
la2 -1052885,401| 1b3 -1052883,519
1a3 -1052884,146 1b4 -1052882,264
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Tablo 8’den a tautomer formuna ait molekiillerin kararlilik siralamas1 diisiik enerjiden yiiksek
enerjiye dogru 4 <3 <8< 6 <2 <5 <7 <1 seklin de siralandig1, molekiillerin geometrilerine gére her
bir geometrilerin kararlilik siralamasi ise diisiik enerjiden yiiksek enerjiye dogru siralamada farkli
siralama gosterdigi gozlendi. Molekiil 3 ve 8’de farkli siralama gdstermesine ragmen diger molekiillerde
al < a4 < a2 < a3 seklinde siralandig1 gézlenmistir.

Tablo 8. Formazan molekiillerinin a tautomer formlarimn kararlilik siralamasi ve geometrilere gore siralanist.

Molekiil 4 3 8 6 2 5 7 1
al al a2 al al al al al
al4 al4 a3 EL EL EL EL a4
a2 a3 a4 a2 a2 a2 a2 a2
a3 a2 al a3 a3 a3 a3 a3

Geometri

b Tautomer formuna ait molekiillerin kararlilik siralamasi a tautomer formunda oldugu gibi dogru
4 <3 <8<6<2<5<7<1 seklin de siralandigi, molekiillerin geometrilerine gore her bir geometrilerin
kararlilik siralamasi ise diisilk enerjiden yiiksek enerjiye dogru 1 < 2 < 3< 4 seklinde oldugu
gbzlenmistir.

a-b Tautomer formlarinin kararliliklar1 hesaplandi ve Tablo 9’da verildi. Bu duruma iligkin grafik

ise Sekil 7°de verilmistir.

Tablo 9. Formazan molekiillerinin tiim tautomer geometrilerinin kararlilig1.

Molekiil G Molekiil G Reaksiyon AG?
(kcal/mol) (kcal/mol) (kcal/mol)
lal -1052894,186 1b1l -1052896,696 | 141 < 1p1 -2,510
1a2 -1052885,401 1b2 -1052893,559 | 152 < 1p?2 -8,158
1a3 -1052884,146 1b3 -1052883,519 | 153~ 1p3 0,628
la4 -1052893,559 1b4 -1052882,264 | 1a4~~"— 1p4 11,295
2al -1123939,448 2b1 -1123943,841 | 241 <" 2p1 -4,393
2a2 -1123930,663 2b2 -1123941,331 | 252 <" 2p2 -10,668
2a3 -1123928,781 2b3 -1123930,663 | 253 <" 2p3 -1,883
2a4 -1123938,821 2b4 -1123929,408 | 254 ~"—2p4 9,413
3al -1339492,376 3bl -1339493,004 | 351 <~ 3p1 -0,628
3a2 -1339482,964 3b2 -1339490,494 | 350 < 3p2 -7,530
3a3 -1339485,474 3b3 -1339480,454 | 353~ 3p3 5,020
3a4 -1339491,121 3b4 -1339479,199 | 354~ 3p4 11,923
4al -2658984,350 4b1 -2658985,605 | 441 < 4b1 -1,255
4a2 -2658974,937 4h2 -2658982,467 | 4g2 < 4b?2 -7,530
4a3 -2658973,682 4h3 -2658972,427 | 433~ 4b3 1,255
4a4 -2658983,095 4b4 -2658971,172 | 4q4~<~"—4b4 11,923
5al -1114598,439 5b1 -1114600,949 | 551 <~"5p1 -2,510
5a2 -1114589,654 5b2 -1114597,811 | 552 <"—5p?2 -8,158
5a3 -1114587,771 5b3 -1114588,399 | 553 << 15p3 -0,628
5a4 -1114597,184 5b4 -1114586,516 | 5a4 < 5p4 10,668
6al -1179838,043 6b1 -1179835,533 | ga1 <~ 6bl 2,510
6a2 -1179828,631 6b2 -1179833,023 | ga2 <~ 6b?2 -4,393
6a3 -1179827,376 6b3 -1179823,611 | ga3 <~ 6b3 3,765
6ad -1179836,788 6b4 -1179821,728 | gada <~ 6b4 15,060
7al -1101579,634 7b1 -1101582,144 | 741 ~~"—7p1 -2,510
7a2 -1101570,221 7b2 -1101579,634 | 752 < 7p2 -9,413
7a3 -1101568,966 7b3 -1101568,966 | 753 < 7b3 0,000
7ad -1101578,379 7b4 -1101567,711 | 754~ 7p4 10,668
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8al -1204170,727 | 8bl -1306759,937 | ga1 ~—=gp1 | -102589,210
8a2 -1306769,350 | 8h2 -1306759,937 | ga2 ~—=gp2 -9,413
8a3 -1306768,095 |  8h3 -1306752,407 | ga3~<~—=gp3 -15,688
8a4 -1306765,585 |  8b4 -1306748,642 | gas4 <<= gp4 -16,943
AAG=Gp-Ga
AG
15 4
10
5A
O =g g T WH LN W I . E W Reaksiyon
A N MO & 4 AN MO & 4N O &§ 4N MO 8§ 9N MO 8§ NN OO M 85 a0 o s
o0 0 0O 0 0 0 0 0 00 00 0 0 0 0 0090 9000 0000 000000
bolind SaEEnE BAd § A EEAd A4 S § A 4 i
5 T Y E SN RN RS YRS I YRR ERRR
T H = AN N NN OOMOMST <& TS IO WLWW O O O© O NM~MSIDMNSMIDPMS OO o
-10 1
-15
-20 -

Sekil 7. Formazan molekiillerinin tiim tautomer kararliliina ait AG-reaksiyon grafigi.

Sekil 7°den goriildigii gibi negatif degerlere sahip sonuglarda a formu, pozitif degerlere

sonuclarda b formunun kararhdir.

Tablo 10’da ise a tautomer formuna ait molekiillerin kararliliklarinin siibstitiientten ne kadar
etkilendigine iliskin hesaplamalar yapildi. Siibstitlient igermeyen molekiil 1 model madde olarak alindi
ve siibstitiient igeren diger molekiiller arasindaki enerji farkindan siibstitiientin kararliligi degistirme

miktar1 belirlendi (Tablo 10). Bu duruma iliskin grafik ise Sekil 8’de verilmistir.

Tablo 10. Formazan molekiillerinin tautomer kararlilig.

Molekiil | i | Ouibsiticnts ACT Siistitiient
(kcal/mol) (kcal/mol) (kcal/mol)

lal-2al | -1052894,186 | -1123939,448 -71045,262 | -OCH3

1lal-3al | -1052894,186 | -1339492,376 | -286598,190 | -ClI

lal-4al | -1052894,186 | -2658984,350 | -1606090,163 | -Br

lal-5al | -1052894,186 | -1114598,439 -61704,252 | -F

lal-6al | -1052894,186 | -1179838,043 | -126943,857 | -NO,

lal-7al | -1052894,186 | -1101579,634 -48685,448 | -(CH3)2

lal-8al | -1052894,186 | -1204170,727 | -151276,541 | -(NO3);

a —
AG=G sﬁbstin’ientli'G siibstitiientsiz
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2 3 ‘ 4 5 6 7 8
OCH3 Cl Br F NO2 | (CH3)2| (NO2)2
0 p— - — Siibstitiient

-200000 -
-400000
-600000 -
-800000 -
-1000000 -
-1200000 -
-1400000 -
-1600000 |

-1800000 -
AG

Sekil 8. Formazan molekiillerinin AG-siibstitiient grafigi.

Sekil 8’de siibstitliientten en fazla etkilenen molekiiliin —Br siibstitiientini igeren molekiil 4 oldugu
goriilmektedir. Bu durum —Br siibstitlientinin molekiiliin kararliligini en fazla arttirdig1 sdylenebilir.
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