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Abstract

Binding energies of 1,3-bis(4-nitrophenyl)urea receptor 1 are in decreasing orders: CH,COO
>HCO, >CH,COO >NO, >H,PO, >NO, >HSO, for oxygen-containing anions and F > CI >
Br for halide ions. Binding energies of complexes between six cyclic amide receptors 2, 3, 4, 5, 6
and 7 and anions F, Cl, Br, CH,COO , HSO, and H,PO, and thermodynamic properties of these
complexations were obtained. The binding abilities of these six receptors are in decreasing orders: F
> CH,COO > Br > H,PO, > Cl > HSO, for receptor 2, F > Br > CH,COO > H,PO, > CI >
HSO, for receptors 3 and 4, F > H,PO, > CH,COO =~ Br > Cl > HSO, for receptor 5, F >
H,PO, = CH,COO =~ Br >Cl >HSO, for receptor 6 and F > H,PO, >Br >CH,COO ~>Cl
~ HSO, for receptor 7. Binding energies of Li+, Na' and K+/calix[4]arene (L, 8) complexes and
halide ions F , CI, Br, oxygen—containing anions HCO, , HSO, and CH,COO ions were obtained.
Binding energies and thermodynamic properties of complex receptors LiL", NaL" and KL" with these
anions were determined. Binding energies of receptors LiL’, NaL" and KL are in decreasing orders:
F >>CH,COO >HCO, >Br >HSO, >Cl,F >>CH,COO >HCO, >Br >Cl >HSO, and F
>> CH,COO > HCO, > Br > CI > HSO,. All the alkaline-metal receptors LiL, NaL’ and
KL'exhibit their abilities to selectively fluoride ion. The structures of 8,8-bis(3-
phenylthioureidomethyl)-2,2'-binaphthalene (9), 8,8'-bis(3-butylthioureidomethyl)-2,2'-binaphthalene
(10) and their complexes with anionic guests such as carboxylate ions (acetate, oxalate, malonate,
succinate, glutarate, adipate, pimelate, suberate, and azelate), inorganic oxygen-containing anions
(NO, , SO427, HCO, , HPO427 and H,PO, ), and halide ions were obtained. Four isomers of dipicolyl
urea were obtained and the intramolecular hydrogen-bonded structure was found to be the most stable
isomer. Energetics, thermodynamic properties, rate constants, and association constants of their
isomerizations were obtained. Complexes of all isomers of dipicolyl urea with formic acid, acetic
acid, benzoic acid, oxalic acid, and their deprotonated species were investigated. Energetics,
thermodynamic properties, and rate constants of their associations were obtained. Stabilities of all

complexes in terms of association constants of the most stable species were determined.

Keywords: Amide compound, binding energy, anion recognition, cation
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1. szvuasisznou dipicolyl urea derivative
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mMsfamlaseainvesasdseaeue ludiuin 6 siauazesyUseneuFideuinna
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a 9 o Y as Y [ &% dy
a1515enousegoulaen1sAuInA1878 DFT/B3LYP JAHaadniaail
Tnsaas19vesd1515znew dipicolyl urea derivative WU 4 Tasegildanaaslugail 1.1 (somers

a, b, c 18z ¢ 1ae38 B3LYP/6-311+G(d,p)

51U 1.1 m131/52n0ow dipicolyl urea derivative Haz 1n3331)¢14 o
1.1 wasniumsnlasunlasvealassgivesasilsznew Dipicolyl urea derivative

Tasegtvesa1ssznen dipicolyl urea derivative amnsanasunlasinsagilszninaiulag
W11 transition states ts_la_1b, ts_1b_lc 1ag ts_lc_1c' ﬁmaﬂﬂugﬂﬁ 1.2 WaINUFNIMT (Mg
keal/mol) ¥941A5431lA19) 118 transition states icoandoaiulafiin1318nm Tuanafiuaasly
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1.2 HAINUMITINMIVeI5UsznewB aFouuea Dipicolyl urea derivative NU 1M loodUTHA

A4 )

ﬂ'wwé’wmmiﬁmé’hmmmﬁﬂﬁzﬂam%q%’auﬁLﬁmzmwiﬂsqgﬂ@in 9 %93 dipicolyl urea
derivative N1 formic acid, formate ion, acetic acid, acetate ion, benzoic acid, benzoate ion, oxalic
acid 18 oxalate ion lAuaaalumsieii 1.1 sazmsinauedunsmiSsufodwaadlugld
1.4 drednlgnseimsinamsisznoudadousznitalngagias o veq dipicolyl urea derivative

1 formic acid lduaaalugid 1.5

M99 1.1 AU TINAIVBITs sz nouFadouiinasz it Iasegilaie q veq

dipicolyl urea derivative 111 carboxylic acids 118% carboxylate ions 1ae75 B3LYP/6-3 1+G(d,p)

Reaction AE | kcal/mol

Formic acid/formate ion

a + fma — a/fma -6.08
b + fma —  b/fma”’ -4.12
b + fma — b/fma -12.22
b + fma —  b/fma’ -1.39
c + fma — c/fma -15.30
c + fma — C'/fma -19.98
a +  fm” — [a/fm]” -26.67
Acetic acid/acetate ion

a + aca — alaca -3.79
b + aca — bfaca” -1.56
b + aca — b/aca -11.89
b + aca —  blaca’ -1.29
c + aca — claca -15.03
c' + aca — c'faca -17.97
a + ac — [a/ac] -28.15
Benzoic acid/benzoate ion

a + bza — albza -2.22
b + bza —  b/bza -12.25
b’ + bza —  b/bza’ -1.87
b" + bza —  b/bza” -0.31
c + bza — c/bza -15.34
c' + bza — ¢'/bza -18.59
a + bz — [a/bz]” -25.10
Oxalic acid/oxalate ion

a + oxa — aloxa -9.63
b + oxa — bloxa -14.39
b’ + oxa — bloxa’ -2.48
b + oxa —  b/oxa” -8.45
c + oxa — c/oxab -17.54
a +  ox* — [alox]* -16.47
2a  + ox* — [alox/a]* -51.48
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§ 1 o a 1 o a { a '
GI']iNﬁ 1.2 ﬂ"IWI’f)iIiJUlﬂLHiJﬂ (Y1128 kcal/mol) ﬂ"ﬁﬁ”JiJﬂ’JGlJ’EN’s’ﬂi‘]_]ﬁ%ﬂ@ﬂl%ﬂ%}ﬂuﬁlﬂﬂigﬁﬁﬁ
Tns 33 ang €] Y99 Dipicolyl urea derivative AL carboxylic acids L% carboxylate ions HaZAININ

auaa o gungil 298 K 538 11u1ma2835 BILYP/6-31+G(d,p)

Reaction AHgg AGygg Kaog
Formic acid/formate ion

a + fma — alfma -5.81 411 9.68 x 107
b + fma — b/fma” -3.72 5.57 8.27x10°°
b + fma — b/fma -12.16 -1.37 1.01 x 10*
b + fma —  b/fma’ -1.50 9.46 1.16 x 1077
c + fma — c/fma -15.36 -3.97 8.13 x 10?
c + fma — c'/ffma -20.52 -8.17 9.70 x 10°
a +  fmr — [affm] -26.61 -16.40 1.05 x 10*
Acetic acid/acetate ion

a + aca — alaca -3.50 7.21 5.15x 10°°
b + aca — blaca” -1.12 8.39 7.05x 107
b + aca — blaca -11.61 -1.08 6.15 x 10°
b + aca — blaca’ -1.20 9.83 6.21x10°°
c + aca — claca -14.88 -3.66 4.83 x 10?
c + aca — C'laca -18.47 -5.54 1.15 x 10*
a + ac — [a/ac] -27.93 -17.88 1.27 x 10*
Benzoic acid/benzoate ion

a + bza — albza -1.72 8.77 3.71x 107
b + bza — b/bza -11.88 -1.12 6.60 x 10°
b’ + bza — b/bza’ -1.65 9.60 9.12x10°®
b'  + bza — b/bza" 0.25 10.44 2.24x10°
c + bza — c/bza -15.06 -3.73 5.42 x 10?
c + bza — C'/bza -18.44 -6.63 7.20 x 10*
a + bz — [albz]” -24.76 -14.42 3.71x 10"
Oxalic acid/oxalate ion

a + oxa _ aloxa -8.85 2.45 1.61x 107
b + oxa —» bloxa -13.17 -2.73 9.96 x 10"
b+ oxa —» bloxa’ -2.96 7.88 1.67x10°®
b"  + oxa — bloxa" -7.53 3.62 2.22x10°
¢ + oxa — cloxa® -16.24 -5.01 4.73 x 10°
a + ox* — [alox]* -64.24 -56.50 2.65 x 10
2a + ox — [alox]” -23.34 -14.93 8.86 x 10"
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07 Yo |
H | 2N
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[1a/acetate]” i

Ic/acetic

1b'/acetic

1¢'/acetic

51 1.5 UgnsemainamsdszneuFedouszninalngagilag 9 ve dipicolyl urea derivative

1 acetic acid Ll acetate ion
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2. 52UVmMsUsEnoU tetraamide receptors

Tasea19a3Usenon tetraamide receptors 1 (n=0), 2 (n=1), 3 (n=2), 4, 5 Az 6 MUIUIAEID

B3LYP/6-31G(d) lanaaslugilii 2.1

310 2.1 Tassadeiiafos Ngauesa1slszno tetraamide receptors 1 (n=0), 2 (n=1), 3 (n=2), 4, 5

Uy 6

11



2.1 NAINUMISTINMVeIMsUsenouB atouszrinaa15Uszney tetraamide receptors NLIOHU

Tooouniinna q

AMNINUMITINAIVIANTY TN UIFIFoUNAATL1I19e15152nPY tetraamide receptors 1, 2,
3, 4,5, 182 6 NU uou'looou F, Cl, Br, AcO, HSO, , H,PO, 1duaaaluaisian 2.1 uazms

vnauedlunslaSenfeudaanslugili 2.2

Q19190 2.1 AWAINUMITTINAIV0IT 15U TN UITIFDUNAATEHINA1TUTENDY tetraamide
receptors 1, 2, 3, 4, 5, az 6 nuueu'lesou F, CI, Br, AcO, HSO,, H,P0, 1a83% B3LYP/6-

31G(d)

AE , kcal/mol
Complexes with anions
Receptor 1 Receptor 2 Receptor 3 Receptor 4 Receptor 5 Receptor 6

F -131.34 -135.33 -139.36 -127.57

Ccr —58.10 —66.73 —66.71 —64.98 —48.32 —55.87
Br —64.63 —74.79 —73.97 —71.10 —54.84 -61.84
AcO —67.65 —67.89 —73.02 -71.12 —53.88 -57.36
HSO, —46.77 -56.98 -59.42 -57.06 —40.01 -56.39
H,PO, —60.63 —66.88 —71.35 —73.79 -56.26 —64.00

12



-40 4

-50 4

, kcal/mol

binding

-70 -

AE,

-80 4

Receptor 5
Receptor |
Receptor 6
Receptor 2
Receptor 3
Receptor 4

U

Cl

Br

1,2,3, 4,5, uaz 6 nuueuloosu

AcO HSO, H,PO,

517 2.2 NEINUMITINAVeINTUTT N VIR UNIANTL I 19815UTENBY tetraamide receptors

v o a @ a { a ' 1
Aunes Iy launiinmssudivesamsszneuBadouinaszninalnsagiae 9 ¥ee tetraamide

receptors 1,2, 3,4, 5, 48% 6 1 F, CI, Br, AcO , HSO, , H,PO, ldusasluaisiai 2.2

{ U o a ] LY a 4 a 1
A15199 2.2 aunes 1u'lauiin (18 keal/mol) MITINAIVDIATYTLNOUTIFOUNAATLHIN

#135152n0U tetraamide receptors 1, 2, 3, 4, 5, Az 6 N F, Cl, Br, AcO , HSO, , H,PO, 1a875

B3LYP/6-31G(d)

Complexes Receptor 1 Receptor 2 Receptor 3 Receptor 4 Receptor 5 Receptor 6
withanions — AH,o.  AGyes AHas AGas AHg AGus AHas AGas AHg  AGag  AHy  AGogg
F 13249 -12256 -136.39 -127.02 -140.98 -128.80 -129.27  -116.19
Cl -58.62 -49.88 -67.14 -59.79 -67.65 5752 -66.21 5450 -49.58 -37.50 -57.10 -43.68
Br -65.19 5571 -76.24 -64.62 -7478 6461 -7229 -60.28 -55.92 4387 6242 5113
AcO -67.21 -56.75 -68.02 -55.72 -7342 -60.60 -71.23 -58.12 -54.06 -39.68 -56.98 -43.29
HSO{ -46.08 -3530 -56.36 -45.57 -59.14 4723 -57.56 4147 -40.11 -2444 5590 -41.19
HzPO[ -59.94 -48.90 -66.52 -54.14 -71.17 5754 -7445 5717 -56.87 -39.27 -63.79 -46.76

13
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3. szuuansdsznoue lud-mand 41034

° Y Ia J ot + + A |
fﬂﬁﬂ"I“Ll’JmﬁTTﬂi\iﬁ'iNﬂlfNﬁWiﬂi%ﬂ@‘ULﬂqMﬂaLLﬂL!ﬂ LiL, NaL. u#ag KL W® L 11l
4 a 4 =) a g A A 1 A 4 ldy [
ﬁ13ﬂ§$ﬂﬂULﬂuliJﬂ—ﬂ1ﬁﬂG]5[4]L’é)§u L!ﬁ$ﬁ15ﬂ3$ﬂf]‘]JL“ING]ffJ1!‘1/]Lﬂﬂi%W’JNLfJUbJﬂﬁLLﬂuﬂlﬁa1u Ny
o Y Y a 9 o 4 an

Lmu"laau uag ﬂﬁﬂWu’JﬂlﬂWWﬁ\‘l\ﬂuﬂTi‘i’Jllﬁ’J"U@\‘lﬁﬁﬂigﬂ’E)’]JL“]NG]S’E]HIﬂElﬂWiﬂWU’Jﬂ!ﬂ'JEJ’J‘ﬁ

[

Y o dou A
ONIOM(B3LYP/6-31G(d):AM1) I@dnadnseail
3.1 Tassasavesmsilsznoue luaaunua LiL", NaL' tag KL

Ia o [ { A
Taseadvesmsdsgnoue lusaunud LiL', NaL' uwaz KL dwaasluzln 3.1 Taedd

ONIOM(B3LYP/6-31G(d):AM1)

{ Jd Aa
51 3.1 Tnseadwvesmsisznoue luastia (a) LiL', (b) NaL' 18 (c) KL
a i A 1 A 4 [ a
Tassaduesdsznoumadounnaszrinue ludaunud LiL,, NaL' uay KL fv'lessusiia

1@'lag (F,Cl uaz Br) wazueu'lovou HCO, , HSO, ttag CH,COO ﬁmﬁm‘lugﬂﬁ 3.2,3.3 uay

34
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A Y A = A a 9 A a 1 A J_ .+
sUn 3.2 IﬂidﬁiN‘Vllﬁ’ﬂEJ'i‘VIE‘!ﬂ51]’EJQﬁﬁ‘]Ji$ﬂ@ﬂl%ﬂ%@umﬂﬂi%ﬂflﬁlﬂquﬂﬂuﬂuﬂ LiL N

U

looouwiiaglad (F, Cl uag Br) wazuey lossy HCO, , HSO, uag CH,COO
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A 9 A = = a 9 A a v Ia 4 + @
5UN 3.3 IﬂiﬂﬁiN‘Vlm'ﬂEJTVI?ﬁﬂﬂli’]ﬂﬁTi‘]Ji$ﬂi’)‘]JLGIf\1%’®‘L!ﬂlﬂﬂi%‘l’iflﬁlﬂllﬂﬂmlﬂUQ NaL nu

U

lovousiiaelad (F, Cl uag Br) wazueu lossy HCO, , HSO, uag CH,COO
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A Yy A A A A 9 A a ' Ja s + oo
TLJ'I/] 34 Iﬂi\‘l’ﬁi'N‘ﬂLﬁﬂﬁJi‘Wﬁ'ﬂ61]’8']\3’tff'lﬁ“lJi3ﬂ@'ULG]N%@uﬂlﬂﬂi%ﬂ?’]{llﬂ]’lﬂﬂﬁuﬂu@ KL ﬂ'U]lﬁ]'fJ'E]u

U q

a 4 _ — — — - —
wilaalaq F,Cl uaz Br uazuow loasu HCO, , HSO, 1Az CH,COO
U [y d. d
3.2 naanudamzveanerlessunuasszneue luaaunua LiL", NaL’ uay KL
[ = 1Y Ia 4 R + + 1 o
naanusamzvoweou lessusuasiszneue ludaunud LiL', NaL' tag KL~ a1mames 1y

1] v 4
lawniinvesmstamz masiiauaa uaz Adulsz@nmaaenawiz (selectivity coefficient,

K£) lauaasluasiei 3.1

17



A Y =< @ Ia s e+ + +
13N 3.1 ‘Wailx‘ﬂufJﬂ!ﬂ1$6U’EJ\1LLE]uUlE]’E]E]uﬂ1Jﬁ1T1J§$ﬂf]“]J!,E]thﬂml,ﬂuﬂ LiLL , NaL. tieg KL A1

4 a = v A A o A A
vmmmTullﬂumnmmmiﬂmmz ANNTUAD LIAS ndudszansmsaenanie

Host/guest complexes AE ? AHye ®  AGyg ® K Log K K& P
Receptor LiL":
LiL*/F -152.81  -15452  -141.69 2.44x10% 10.39 1.53 x 10°
LiL*/CI” -82.95 -84.07 -7266  2.12x10° 5.33 1.33x 10°
LiL*/Br -86.40 -87.43 -7656  4.10x10° 5.61 2.57 x 10°
LiL*/HCO5 -96.75 -97.30 -82.84  1.18x10° 6.07 7.41 x 10°
LiL*/HSO, -84.68 -84.50 -70.98  1.60x 10° 5.20 1.00 x 10°
LiL*/CH;COO™ -99.15 -99.96 8499  1.70x 10° 6.23 1.07 x 10*
Receptor NaL*:
NaL*/F~ -153.03  -154.40 -142.89 2.98x 10" 10.47 1.20 x 10°
NaL*/CI” -82.86 -83.65 -7307  2.27x10° 5.36 9.13 x 10°
NaL*/Br~ -86.29 -87.03 -76.65  4.16x 10° 5.62 1.67 x 10
NaL*/HCO3" -89.63 -90.13 -7517  3.24x10° 5.51 1.30 x 10
NaL*/HSO, -74.38 -7451 -59.97  2.49x 10 4.40 1.00 x 10°
NaL*/CH;CO0O™ -91.00 -91.44 -76.82  4.28x10° 5.63 1.72 x 10"
Receptor KL":
KL*/F~ -153.02 -154.71  -140.01 1.84x10% 10.26 5.33 x 10°
KL*/CI” -82.78 -83.78 -7127  1.68x10° 5.22 4.86 x 10°
KL*/Br -86.22 -87.73 -7264  212x10° 5.33 6.14 x 10°
KL*/HCO5 -89.74 -90.49 -7317  2.31x10° 5.36 6.71 x 10°
KL*/HSO, -76.00 -75.76 -61.90  3.45x10* 454 1.00 x 10°
KL*/CH;COO~ -91.03 -91.65 -7525  3.28x10° 5.52 9.52 x 10°
% In kcal/mol.

b Selectivity coefficient of guests with respect to Hso,” complex.

% =< % da d
33 wmmuﬂmmzmmueu"l@aaunumiﬂiznama‘luﬂaunuﬂ

o Y = J 2+ a g A a
fﬂﬁﬂTu’JmﬁTTﬂiﬁﬁiNﬂlﬂﬁﬁTiﬂﬁ$ﬂ’é]°]_ll’€)llllﬂallﬂuﬂ MgL tazasdsznouyidtouing

1 Ia J 3 dy o J o [ v
igﬁ’JNL@lliJﬂﬁllﬂuﬂLWﬁWu ﬂUllﬂﬂTi‘]J’E)ﬂclﬂlﬁﬁ Lmu”laaau LAZNITATHIUNINAINIUNITIIUAD

4
%

voIe3liznouFIdeu 1aensfIuInd 1895 ONIOM(B3LYP/6-31G(d):AM1) laHadnsa il
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a { a 1 Ia J Y 4
TaseadevesassenouBadounnasenae ludaunud ML fu'lamsvensian teu

Tooou dwaaslugili 5 Tne3s ONIOM(B3LYP/6-31G(d):AM1)

A Y A = A a 9 A a J A 4 2+ @
?jﬂﬂ 3.5 Iﬂﬁﬂﬁﬁ'N‘VILﬁﬂEJTVIq@ﬂlﬂﬂﬁ”ﬁﬂﬁzﬂ@ﬂ!,GIN%@uﬂlﬂﬂigﬁﬂ'lﬂmvluﬂallﬂuﬂ MgL™ Nl (a)

adipate and (b) succinate ions.
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4. szuvmsUszneu 1,3-bis(4—nitrophenyl)urea

Y S ' @ o a a

Tﬂi\‘lﬁiN"U@Qﬁ1iﬂi$ﬂ@ﬂl%\1%ﬂﬂi$ﬂﬂﬂﬂ receptor 1 AU Lmu”laaau UAagNaANIUDFAITENITLINA
S an 4 A [ 1

f15UsenouiFeulaels  B3LYP/6-311+G(d,p) "lmmmiugﬂw 4.1 WANU LaEAUNNA

4 a a 9 1 =l 4 Y] 9 ~
Pﬂ’e’f@]iﬂlﬂ\iﬂ1ilﬂﬂﬁ'1§ﬂi$ﬂ’f]’]JL“]NG]f’EJu§$W’JN§L°11“]Jm®§ 1 ﬂuuaau”laaau 11@[!@'@\111JG]151\1‘V] 4.1
1 1 @ Ia v Y] a a 1
TIUMNANTUDBITUNA LUMO, HOMO HagWwaddnuuay GllE]\‘IfﬂiLﬂﬂf"f'ﬁﬂizﬂﬂﬂl‘lﬂﬁc}gﬂ)ﬂuigﬂ’ﬂ\‘]

J 1Y {
Sisihaos 1 funoou'looou Tauaaslumsian 4.2

{ Y IS ' Y 1%
ﬂﬁ 4.1 Llﬁﬂiiﬂﬁi’ﬁiNﬂlE]Qﬁﬁﬂi%ﬂﬁ]ﬂl%ﬁ“]fﬂuﬁgﬁ’ﬂ\i receptor 1 N1 uau”laaau UASNANTU

W]

aszmanaslsznouTadou

Q) e
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{ 1Y U o a a 9 1 o LY
GﬂiNﬁ 4.1 Wadu LLa%ﬂ'lquWﬁﬁTﬁ@]iGU'B\“If‘ﬂil,ﬂ@1’(?”iﬂigﬂﬂﬂl%ﬂcﬁ@uigﬂ’ﬂﬂgl%ﬂm’E'Ji 10U

ueeu leoou Tnsmssiuialaeds B3LYP/6-311+G(d,p)

Host/guest complexes AE? AH 3 ? AGy,° log K
UF -79.62 -80.42 -71.24 52.41
uer -52.21 -52.78 -44.05 32.41
uBr -47.02 -47.45 -38.92 28.63
1/NO, -54.76 -55.02 -43.30 31.86
1/NOs -48.67 -48.65 -38.33 28.20
1/HCO; -55.80 -55.92 -43.72 32.17
1/HSO, -45.24 -45.16 -33.37 24,55
1/H,PO, 5228 52,24 -40.40 29.72
1/CH,COO" -60.47 -60.60 -48.24 35.49
1/C¢HsCOO -55.68 -55.68 -43.34 31.89

% In kcal/mol

! 1 [ Ja o @ a
A1519% 4.2 LAAIMNANIURRI U LUMO, HOMO tagwadanuLny VoIMInNaaIsUsenou

a 9 1A 4 o
FFOUTE IS Isines 1 ﬂmmau"laaau

Host/guest ELumo ? Enomo 2 AEgp °
1 -3.020 -7.129 4.109
1/F -0.463 -3.701 3.238
1/CI” -0.626 -3.701 3.075
1/Br- -0.680 -3.347 2.667
1/NO,” -0.599 -3.320 2.721
1/NOs~ —-0.653 -4.136 3.483
1/HCOs™ -0.544 -3.918 3.374
1/HSO4 -0.680 -4.163 3.483
1/H,PO,~ -0.544 -3.973 3.429
1/CH;COO -0.463 -3.810 3.347
1/C¢HsCOO™ -0.544 -3.918 3.374
“IneV.
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5. szuvmsdsznen 8,8'dithioureido—-2,2'-binaphthalene

] Y
TassadavesensisznouFadouninaduseringansiszney 8,8 dithioureido—2,2'—
. o 4 a 4 a FY A 1 a
binaphthalene (1) AUMSVONFAALAz lamivendaa  lauaaslugli 51 dawmaia
a 9 o a 4 A Ax a 3 4 Y
msdsznouFadouiuueu lossuriiaelas  uazlessuriianioonsauilussnlsznonld
d' 1 [ [ YY) ~ o [ a
ueraalugdi 5.2 AwasnuTaaIveImlines 1 (host) o looou (guest) HAZWAINUMIINA
m3UszneuFadon Tae3s ONIOM (B3LYP/6-31G(d):AM1) lduaaaldluaisian 5.1
v Y
TaseadavesasdsenouBadountnaiussrieanslseney 8,8 bis(3-butylthioureido
. @ J a J a Y A 1
methyl)-2,2"-binaphthalene (2) NuUATUONFAALA: lanmsuongiaa Iduaaslugli 53 dauns
a a 9 o a 4 A As a I~ 4 Y
inamsszneuFadeunuueu lossuriiag laduas lossuriianiiosndaiusnlsznonla
d' 1 @ [ Y} &l 4 [ a
ueraalugdi 5.4 Amasnuiadivessislines 2 (host) noulooou (guest) HAZWAINUMIINA

mssenoudadou 1asas ONIOM (B3LYP/6-31G(d):AM1) lauaad1dluaisan 5.12
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5U7 5.1 uaasTassadnvesasdsznouFadouss niea1slsenou 8,8'dithiourcido—2,2'-

[ 4 a L4 a
binaphthalene (1) fuasvendaauta lamsvendan
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517 5.2 uaaslassadnvesassznoudadousz niea1slsenou 8,8'dithiourcido—2,2'-

@ a s a { a < J
binaphthalene (1) ey looouwiiaelad taz lossusianioongnuiussdi/sznou
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{ ' [ [ 4 @ a
AN 5.1 LAAIAMNAINIUIARIVETUIABS 1 (host) 1OU'1OBU (guest) LATWAINUMSINA

a3dsznouFadou Tasas ONIOM (B3LYP/6-31G(d):AM1)

Host Guest ol a .
Host:guest AEgsérga AH 208 @ AG 208 @ A Egru:;:g b AH 208 D AG 208 D A Epreorg. AEcomplex
1/acetate 11.66 10.43 13.71 1.85 1.30 2.89 1351 -80.65
1/oxalate 14.80 12.66 19.26 0.39 0.40 -0.02 15.19 -156.05
1/malonate 14.66 13.04 17.47 1.75 1.22 2.37 16.41 -144.93
1/succinate 12.43 10.76 15.87 456 3.52 6.14 16.99 -132.95
1/glutarate 12.34 10.68 15.63 1.79 0.74 3.79 14.13 -125.45
1/adipate 13.05 11.96 14.91 4.72 5.21 3.00 17.77 -118.29
1/pimelate 13.46 12.37 15.55 3.04 3.01 2.54 16.50 -114.62
1/suberate 13.30 12.30 14.92 712 7.06 6.57 20.42 -111.12
1/azelate 13.60 12.64 15.02 7.32 6.67 8.50 20.92 -109.13
1/NO5~ 5.72 4.56 7.98 0.37 0.37 -0.27 6.09 -61.34
1/S0,% 15.66 13.67 19.73 253 2.52 1.06 18.19 -146.99
1/HCO; 7.21 6.03 8.86 1.53 1.50 1.55 8.74 -70.27
1/H PO42’ 18.13 16.09 22.32 4.22 4.35 3.99 22.35 -162.34
1/H,PO,~ 6.73 5.47 8.43 3.14 2.98 3.31 9.87 -65.68
1/F 13.96 12.17 17.49 0.00 0.00 0.00 13.96 -147.01
1/CI” 8.08 6.99 9.56 0.00 0.00 0.00 8.08 -66.82
1/Br- 9.02 7.92 11.04 0.00 0.00 0.00 9.02 -69.97

* In kcal/mol, derived at the ONIOM (B3LYP/6-31G(d):AM1) level with ZPVE correction.

*In kcal/mol, derived at the B3LYP/6-31G(d) level with ZPVE correction.
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517 5.3 uaaslassadwvesmsisznouFedoussninedisilsznou 8,8-bis(3-butylthiourcido

methyl)-2,2"-binaphthalene (2) fumsvengaauas lamsvendian
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5U7 5.4 naaslassadwvesmssznouFedoussninedsilsznou 8,8-bis(3-butylthioureido
. @ a J A Aa a <3|
methyl)-2,2"-binaphthalene (2) ey looouwiiaie lad taz losausianioondouiu

RGIEERG
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AN 5.2 UEAAININEINUIAAIVDY 8,8'-bis(3-butylthioureido methyl)-2,2"-binaphthalene i1/

4 [ a a 9 an
19193 2 (host) uou'looou (guest) HATWAINUMSINATI5UTLNOUBIEON 1825 ONIOM

(B3LYP/6-31G(d):AM1)

Host Guest ol a .
Host:guest AEgsérga AH 208 @ AG 208 @ A Egru:;:g b AH 208 D AG 208 D A Epreorg. AEcomplex
2/acetate 10.44 10.13 11.80 1.52 0.97 2.56 11.96 -73.10
2/oxalate 13.39 12.34 14.05 1.09 1.08 0.71 14.48 -145.69
2/malonate 13.07 11.95 14.05 1.57 1.04 2.17 14.64 -133.75
2/succinate 11.21 10.01 13.03 2.62 1.57 438 13.83 -121.44
2/glutarate 2.57 3.75 -2.78 0.00 0.00 0.00 2.57 -105.17
2/adipate 11.92 11.35 11.52 4.30 4.80 2.48 16.22 -108.38
2/pimelate 12.34 11.77 12.31 2.70 2.10 3.95 15.04 -105.11
2/suberate 3.23 431 -2.07 2.48 3.50 0.09 5.71 -92.20
2/azelate 12.57 12.09 12.20 6.85 6.21 8.04 19.42 -99.94
2/NO3~ 7.54 7.44 5.18 0.31 0.30 -0.34 7.85 -61.15
2/S0,* 16.02 14.93 17.55 2.22 221 0.75 18.24 -138.70
2/HCO; 0.00 0.58 -2.17 0.00 0.00 0.00 0.00 -57.97
2/HPO,* 17.29 16.13 18.80 3.07 3.16 291 20.36 -155.32
2/H,PO,~ 2.57 3.75 2,77 0.00 0.00 0.00 257 -55.35
2/F 13.15 11.85 14.76 0.00 0.00 0.00 13.15 -139.46
2/CI” 7.79 7.08 8.36 0.00 0.00 0.00 7.79 -62.54
2/Br~ 7.09 6.39 7.68 0.00 0.00 0.00 7.09 -64.35

* In kcal/mol, derived at the ONIOM (B3LYP/6-31G(d):AM1) level with ZPVE correction.

*In kcal/mol, derived at the B3LYP/6-31G(d) level with ZPVE correction.
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The B3LYP/6-311+G(d,p) optimized structures of 1,3-bis(4-nitrophenyl)urea receptor (1) and its com-
plexes with halide ions F~, CI~, Br~, oxygen-containing anions NO,, NO;, HCO;, HSO,, H,PO,, CH;COO~
and CeHsCOO™ ions were obtained. Binding energies and thermodynamic properties of binding between
the receptor 1 and these anions were determined. Binding energies of receptor 1 are in decreasing orders:
CH5CO0~ > HCO3™ ~ CgHsCOO™ > NO, > H,PO, >NO; >HSO, for oxygen-containing anions and
F~ > Cl~ > Br for halide ions. It was found that the binding energies depend on their hydrogen-bond dis-
tances of their binding atoms. It was also found that the complexes of receptor 1 and the studied anions
are formed via two-point hydrogen-bonding interactions.
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1. Introduction

Anions play an important role in several fields such as biology
[1], the environment [2], catalysis [3] and potential medical appli-
cation [4]. Thus the design of molecular sensors for anion recogni-
tion and sensing are interesting of chemists for many years,
especially, in the research field of supramolecular chemistry [5].
The major need for designing is both sensitive and selective sen-
sors for anions [6,7]. Hosts containing a variety of donor (D)
groups, D-H, such as ureas [8-11], amines [12], amides [13,14]
and thioamides [15] have been widely investigated. Urea based
receptors have been used more extensively for anion detection
[16,17]. Receptors containing one or more urea subunits have been
designed and tested for anion recognition and sensing over the
past years [18]. Moreover, selectivity is also related to the energy
of the receptor-anion interaction; in this sense, strong H-bond
interactions are established with anions containing the most elec-
tronegative atoms. Recently, 1,3-bis(4-nitrophenyl)urea (1) com-
plexes with anions and its X-ray structure with acetate and
hydrogen carbonate have been obtained [19]. The complex of
receptor 1 with fluoride ion was found to be the most stable com-
plex. Molecular structures of pyrrole derivatives, their interactions
with halide ions [20-22] and azophenol thioureas, calix[4]arenes
and their complexations with dicarboxylate anions [23,24] were
studied by theoretical calculations [20-24].

* Corresponding author. Tel.: +66 2218 7644; fax: +66 2254 1309.
E-mail address: vithaya.r@chula.ac.th (V. Ruangpornvisuti).

0166-1280/$ - see front matter © 2009 Elsevier B.V. All rights reserved.
doi:10.1016/j.theochem.2009.02.010

Although the synthesis and anion binding ability of urea con-
taining nitrophenyl 1 have been developed, the theoretical studies
to gain clearer information i.e., geometrical structure, binding en-
ergy, molecular orbital and charge transfer, on the origin of molec-
ular recognition affinity have never been considered. In this work,
the binding energies and thermodynamic properties of the 1,3-
bis(4-nitrophenyl)urea complexes with anions F~, CI~, Br~, NO,,
NO5, HCO;, HSO,, H,PO,, CH3;COO™ and CgHsCOO™ have therefore
been theoretically investigated using the density functional theory
method.

2. Computational method

Density functional theory (DFT) has been employed to opti-
mize the structures of 1,3-bis(4-nitrophenyl)urea (1) and its
complexes with anions F~, Cl°, Br-, NO,, NO;, HCO;, HSO,,
H,PO,, CH3CO0™~ and C¢HsCOO™. The DFT calculations have been
performed using the Becke's three-parameter exchange func-
tional with the Lee-Yang-Parr correlation functional (B3LYP)
[25]. All calculations have been performed using the MO compu-
tations at the B3LYP/6-311+G(d,p) level of theory [26]. The vibra-
tional frequency computations have been carried out at 298.15 K
and 1 atm. Stationary points have been fully optimized and char-
acterized by vibrational frequency calculations, which also pro-
vided zero point vibrational energies (ZPVE) [27]. The standard
enthalpy AHS,, and Gibbs free energy changes AGo of the reac-
tions have been derived from the frequency calculations at the
B3LYP/6-311+G(d,p) level.
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The natural bond orbital (NBO) analysis implemented in Gauss-
ian 03 program [28] is applied through a series of intermolecular
interactions under the above system to evaluate the NBO charges.
All calculations were performed with the Gaussian 03 program
[28]. The MOLDEN 4.2 program [29] was utilized to display the
molecular structure, monitor the geometrical parameters and ob-
serve the molecular geometry convergence via the Gaussian output
file. The molecular graphics of all related species were generated
with the MOLEKEL 4.3 program [30].

3. Results and discussion
3.1. Molecular structures and energies

The B3LYP/6-311+G(d,p) optimized structures of the receptor 1
and its complexes with anions F~, Cl~, Br—, NO,, NO;, HCO;, HSO,,
H,PO,, CH3CO00~ and CgHsCOO™ and their binding free energies
are shown in Fig. 1. It was found that the molecular symmetries
of the receptor 1 and its complexes with F~, CI", Br-, NO,, NO;
and CgHsCOO~ ions are C,, point group but its complexes with
HCO5~, HSO,, H,PO, and CH3COO™ belong to C, Cs, C; and Cs sym-
metries, respectively. The selected geometrical parameters for the
receptor 1 and its complexes with anions are shown in Table 1.
Geometrical parameters of the B3LYP/6-311+G(d,p)-optimized
molecule for the complexes with HCO3~ and CH3COO™ ions were
found to be somewhat different from their corresponding X-ray
crystallographic data [19]. It was found that each of these struc-
tures of the complexes were formed via two-point hydrogen-
bonds.

Relation between the binding free energy (AG) of the receptor 1
with anionic guests and their hydrogen-bond distances is shown in
Fig. 2(a). It shows that trends on correlation between the binding
energies of the receptor 1 with these anions and their hydrogen-
bond distances are linearly related depending on anionic type;
the above and bottom lines in Fig. 2(a) are for the halide and oxy-
gen-containing anions, respectively. The linear relations for the ha-
lide and oxygen-containing anions can be confirmed with the

correlation coefficients of 0.992 (12, above line) and 0.887 (bottom
line), respectively. Due to the thermodynamic formula AG =—RT
log K, the negative binding free energy (—AG) has to correlate with
the log K of the association process and its correlation coefficient
must approach to unity. The plots of the negative binding free en-
ergy against the experimental values of log K [19] of the systems of
two halide ions (top) and of oxygen-containing anions (bottom) are
shown in Fig. 2(b) and the weak correlation between —AG and Log
K for the system of the oxygen-containing anions (1* = 0.518) was
obtained. Nevertheless, the system of the two halide ions could
not be concluded because only two data points were applied.

The hydrogen-bond distances for the halide complexes are
within the range of 1.520-2.306 A and the oxoanionic complexes
are within the range of 1.697-2.269 A. Their hydrogen-bond char-
acteristics should be remarked by their complexation according to
the different binding ions. Hydrogen-bond characteristics of the
complexes with the halide ions and the oxygen-containing ions
are as NH---X, (X=F~, CI~ or Br7) and NH---O, respectively. It
was found that the calculated hydrogen-bond distances of the
complexes with HCOs;~and CH3COO™ ions are somewhat different
from their corresponding X-ray data [19]; the bond distances of
the HCOs;~and CH3COO~ are 1.729 and 1.697 A for computation
and 1.913 and 1.819 A for experiment, respectively. This may be
caused by the difference of their molecular strain, electrostatic
and polarity environments. Moreover, the counter ion such a tetra-
butyl ammonium ion which is included in the X-ray structure was
not included in the structure optimization. The binding energies,
enthalpies and Gibbs free energies of the complexations between
the receptor 1 and the anions obtained from the B3LYP/6-
311+G(d,p) calculations are listed in Table 2. In the halide system,
the 1/F~ is the most stable complex (AE = —79.62 kcal/mol) which
is in good agreement with the experiment as reported by Boiocchi
group [19]. It was concluded that the complexation abilities of
these complexes strongly depend on both intermolecular hydro-
gen-bond distance and the type of anion. For the system of oxoan-
ionic complex, relative stabilities are in decreasing order: 1/
CH5CO0~ > 1/HCO5;~ ~ 1/CgH5COO™ > 1/NO; > 1/H,PO, > 1/NO; >

Fig. 1. The B3LYP/6-311+G(d,p) optimized structures of the receptor 1 and its complexes with anionic guests. The hydrogen-bond distances and binding free energies (AG)

are in angstrom and kcal/mol, respectively.



B. Wanno et al./Journal of Molecular Structure: THEOCHEM 902 (2009) 33-40 35
Table 1
Geometrical data for receptor 1 and its complexes with anionic guests computed at the B3LYP/6-311+G(d,p)) level.
Parameter® 1 Complexes of the receptor 1
NO; NO3 HCOj HSO;, H,PO; CH;C00~ CsH5C00™ F alr- Br-
Calc Calc Calc Calc Exp® Calc Calc Calc Exp® Calc Calc Calc Calc
Bond distance (A)
C1—N1 1.403 1.384 1.387 1.384 1.397 1.389 1.388 1.383 1.387 1.384 1.371 1.380 1.382
N1—H1 1.009 1.042 1.035 1.044 0.902 1.029 1.036 1.050 0.927 1.046 1.069 1.039 1.036
N1—C2 1.391 1.387 1.387 1.388 1.361 1.387 1.387 1.387 1.366 1.387 1.388 1.387 1.387
C2—01 1.213 1.224 1.223 1.225 1.228 1.223 1.224 1.225 1.217 1.225 1.226 1.223 1.222
C2—N2 1.391 1.387 1.387 1.386 1.373 1.387 1.387 1.386 1.372 1.387 1.388 1.387 1.387
N2—H2 1.009 1.042 1.035 1.045 0.898 1.029 1.036 1.050 0.907 1.046 1.069 1.039 1.036
N2—C3 1.403 1.384 1.387 1.385 1.395 1.389 1.388 1.383 1.389 1.384 1.371 1.380 1.382
01—H3 2.198 2.176 2.173 2.161 2.269 2.162 2.156 2.163 2.207 2.162 2.209 2.206 2.202
01—H4 2.198 2.176 2.173 2.164 2.259 2.162 2.156 2.163 2.217 2.162 2.209 2.206 2.202
H1—02 - 1.768 1.778 1.729 1.897 1.821 1.782 1.697 1.847 1.719 - - -
H2—03 - 1.768 1.778 1.717 1.930 1.821 1.782 1.697 1.794 1.719 - - -
H5—02 - 2.402 2.390 2.357 2.574 2.324 2.270 2.342 2.614 2.354 - - -
H6—03 - 2.402 2.390 2.347 2.472 2.324 2.270 2.341 2.491 2.354 - - -
02—Y - 1.258 1.271 1.260 1.247 1.485 1.509 1.262 1.237 2.354 - = =
03—Y - 1.258 1.271 1.245 1.240 1.485 1.509 1.262 1.242 1.261 - - -
H1—X - - - - - - - - - - 1.520 2.119 2.306
H2—X - - - - - - - - - - 1.520 2.119 2.306
Bond angle (°)
C1—N1—C2 128.1 127.4 127.4 127.0 127.6 127.2 126.9 127.0 126.7 127.0 127.9 128.1 128.1
C1—N1—H1 1143 114.9 114.8 114.3 110.5 114.1 113.7 1144 1143 114.5 1194 116.6 116.2
N1—C2—01 124.0 124.5 1244 1241 123.6 1239 123.8 124.2 123.3 124.2 125.5 124.9 124.8
N1—C2—N2 112.0 111.1 111.3 111.7 112.5 112.1 112.4 111.5 113.1 111.6 109.0 110.2 110.5
C2—N2—C3 128.1 127.4 127.4 127.0 1279 127.2 126.9 127.0 126.6 127.0 127.9 128.1 128.1
C2—N2—H2 1143 117.7 114.8 118.7 116.8 118.7 1194 118.6 119.2 118.6 112.7 115.3 115.7
N1—H1—-02 - 171.9 1714 172.1 169.7 169.5 169.0 171.8 173.9 171.8 - - -
N2—H2—03 - 171.9 171.4 171.9 166.8 169.6 169.0 171.8 170.7 171.8 - - =
H1—-02—Y - 121.0 118.9 112.9 118.1 119.0 112.6 114.9 113.1 114.8 - - -
H2—03—Y - 121.0 118.9 113.7 166.8 119.1 112.6 1149 117.7 114.8 - - -
02—Y—03 - 115.3 118.2 128.2 126.1 110.8 119.6 125.0 123.5 125.3 = = =
N1—H1—X - - - - - - - - - - 156.8 162.5 164.0
N2—H2—X - - - - - - - - - - 156.8 162.5 164.0
H1—X—H2 - - - - - - - - - - 71.9 54.1 50.1
Dihedral angle (°)
C1—N1—C2—01 0.0 0.0 0.0 0.0 7.0 0.2 2.8 0.0 5.4 0.0 0.0 0.0 0.0
C1—N1—C2—N2 180.0 180.0 180.0 180.0 1741 179.7 177.2 180.0 173.7 180.0 180.0 180.0 180.0
N1—C2—N2—C3 180.0 180.0 180.0 180.0 175.4 179.7 177.2 180.0 176.3 180.0 180.0 180.0 180.0
01—C2—N1—H1 180.0 180.0 180.0 180.0 179.1 180.0 175.2 180.0 177.8 180.0 180.0 180.0 180.0
01—C2—N2—H2 180.0 180.0 180.0 180.0 175.8 179.9 175.2 180.0 177.3 180.0 180.0 180.0 180.0
01—C2—N2—C3 0.0 0.0 0.0 0.0 5.8 0.2 2.8 0.0 29 0.0 0.0 0.0 0.0
C1—N1—H1—-02 - 0.0 0.1 0.1 85.3 4.3 7.6 0.0 17.7 0.0 - - -
C3—N2—H2—03 - 0.1 0.1 0.0 45.9 4.4 7.6 0.2 56.1 0.0 - - -
N1—H1-02—Y - 180.0 180.0 180.0 99.3 178.9 173.6 179.9 139.3 180.0 - - -
N2—H2—-03—Y - 180.0 180.0 180.0 162.0 178.8 173.6 179.9 116.2 180.0 - - -
C1—N1—H1—X - - - - - - — = — = 180.0 180.0 180.0
C3—N2-H2—X - - - - - - - - - - 180.0 180.0 180.0
4 X=F, Cl” or Br, Y=N3, C4, S or P, atomic numbering is shown in Fig. 1.
b Taken from Ref. [19].
-30 80
a HSO, b
NO;- - ClI
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Fig. 2. Relation between (a) the binding free energy (AG) of the receptor 1 with anionic guests and their hydrogen-bond distance and (b) the negative binding free energy and

the experimental values of log K.
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Table 2
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Energetics and thermodynamic properties of complexations of receptor 1 and anions

computed at the B3LYP/6-311+G(d,p) level.

Host/guest complexes AE? AHS95? AGSgg? Log K°
1/F —79.62 —80.42 —-71.24 7.38
1/Cl” —52.21 —52.78 —44.05 4.55
1/Br~- —47.02 —47.45 —38.92 -
1/NO; —54.76 —55.02 —43.30 4.33
1/NO;3 —48.67 —48.65 —38.33 3.65
1/HCO3 —55.80 —55.92 —43.72 -
1/HSO, —45.24 —45.16 —33.37 4.26
1/H,PO, —52.28 -52.24 —40.40 5.37
1/CH3;CO0™ —60.47 —60.60 —48.24 6.61
1/CeH5CO0™ —55.68 —55.68 —43.34 6.42

¢ In kcal/mol.

> The experimental values in MeCN solution at 298.51 K, taken from Ref. [19].

1/HSO, while for the halide complexes, the relative stabilities are
in decreasing order: 1/F~ >1/Cl- >1/Br".

3.2. Frontier molecular orbital energies

The energies of the highest occupied molecular orbital
(HOMO) Euomo, the lowest unoccupied molecular orbital

Table 3

The orbital energies E;ymo, Enomo and frontier molecular orbital energy gap, AEyomo-
wmo of the receptor 1 and its complexes with anions computed at the B3LYP/6-
311+G(d,p) level.

Host/guest Erumo® Enomo® AEnomo-Lumo”
1 —3.020 —-7.129 4.109
1/F —0.463 —3.701 3.238
1/Cl™ —0.626 —3.701 3.075
1/Br— —0.680 —3.347 2.667
1/NO, —0.599 -3.320 2.721
1/NO; —0.653 —4.136 3.483
1/HCO; —0.544 —3.918 3.374
1/HSO, —0.680 —4.163 3.483
1/H,PO, —0.544 -3.973 3.429
1/CH;CO0 —0.463 —3.810 3.347
1/C¢H5CO0~ —0.544 —-3.918 3.374
¢ IneV.

(LUMO) Eiymo and the frontier molecular orbital energy gaps
(AEyomo-Lumo) of receptor 1 and its complexes computed at
the B3LYP/6-311+G(d,p) level are given in Table 3. Based on
the energy gaps, relative reactivities of all the complexes are
higher than the free receptor. The relative reactivities of the ha-
lide and oxoanionic complexes are in orders: 1/Br~ (2.667 eV) >

Fig. 3. Plots of the LUMOs (top) and HOMOs (bottom) orbitals at an isosurface value of 0.03 au of the free forms of the receptor 1 and its halide complexes.
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1/CI- (3.075eV)>1/F (3.238¢eV) and 1/NO, >1/CH3;CO0™ >1/
HCO;™ =~ 1/CcHsCOO™ > 1/H,PO, > 1/NO; =~ 1/HSO,, respectively.
The HOMOs and LUMOs for halide and oxoanionic complexes
are illustrated in Figs. 3 and 4, respectively. It was found that
the HOMO and LUMO of the free receptor 1 are very similar to
the 1/F~ complex (upper of Fig. 3) and the 1/Cl™ is also very sim-
ilar to the 1/Br~ complex. The similarity of HOMO and LUMO of

the free receptor 1 and the 1/F~ complex is due to the fluoride
electron easily transfers to the amide protons (Hy) of the recep-
tor 1; this process corresponds to the charge of the F~ ion
(—0.809e) which is smaller than those of the Cl~ ion (-0.831e)
and Br~ ion (—0.838e) as shown in Table 4. The HOMOs of the
1/CI- and 1/Br~ complexes (Fig. 3) show electron locations in
the CI~ and Br~ ions. For the oxoanionic complexes, the HOMOs

Fig. 4. Plots of the LUMOs (top) and HOMOs (bottom) orbitals at an isosurface value of 0.03 au of the oxoanionic complexes.
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Table 4
Selected NBO charges (in e) of atoms of the optimized structures of the receptor 1 and its complexes with anions computed at the B3LYP/6-311+G(d,p) level.
Host/guest? N1 N2 H1° H2° X< 02¢ 03¢
1 —0.61 —0.61 0.38 0.38 - - -
1/F —0.63 —0.63 0.46 0.46 —0.81 - -
1/Cl —0.64 —0.64 0.44 0.44 —0.83 - -
1/Br~ —0.65 —0.65 0.44 0.44 -0.84 - -
1/NO; —0.64 —0.64 0.44 0.44 - —0.56 (—0.58) —0.56 (—-0.59)
1/NO;3 —0.64 —0.64 0.44 0.44 - —0.57 (-0.56) —0.57 (-0.56)
1/HCO5 -0.63 -0.64 0.45 0.45 - —0.82 (-0.83) —0.78 (—0.80)
1/HSO, —0.63 —0.63 0.45 0.45 - —1.00 (-0.97) —1.00 (-0.97)
1/H,PO, —-0.63 —-0.63 0.46 0.46 - -1.17 (-1.13) -1.17 (-1.13)
1/CH5CO0~ -0.64 -0.64 0.45 0.45 - —0.79 (-0.81) —0.79 (-0.81)
1/C¢HsCO0~ —0.64 ~0.64 0.45 0.45 = ~0.78 (—0.78) ~0.78 (-0.78)
¢ Atomic numbering is shown in Fig. 1.
> The amide protons.
¢ Here X represents the F~, CI~ or Br™ ions.
d

NBO charges for 02 and O3 atoms of isolated anions are shown in parentheses.

Fig. 5. Plots of the molecular electrostatic potential (in au) presented over electronic isodensity, p of 0.05 eA=> of the receptor 1 and its halide complexes.

and LUMOs are very similar except the HOMO of the 1/NO, (see
Fig. 4) of which the energy gap is the smallest and smaller than
the second value by 0.626 eV. The HOMO of the 1/NO, complex
shows its electron is located in nitrite ion.

3.3. Electrostatic potential surface

The electrostatic potential surfaces of the receptor 1 and its
anionic complexes derived from the B3LYP/6-311+G(d,p) compu-
tations are shown in Figs. 5 and 6, respectively. The electrostatic
potential (in au) of the receptor 1 and its halide and oxoanionic
complexes are illustrated in Figs. 5 and 6, respectively for elec-
tronic isodensity values greater than p = 0.05 eA=>. The electronic
isodensity surface of the receptor 1 shows strongly positive
charge on both amide protons (Hy) with intense blue. All the
complexes show a decrease of the positive charges of their
amide protons as can be seen from the lowering of the intensity
of blue color.

4. Conclusions

Complexations of the 1,3-bis(4-nitrophenyl)urea complexes
with F~, CI~, Br~, NO,, NO;5, HCO;~, HSO,, H,PO,, CH;COO~ and
CsHsCOO™ ions were studied using the B3LYP/6-311+G(d,p) calcu-
lations. The calculated hydrogen-bond distances of the complexes
with HCOs;~ and CH5COO™ ions are somewhat different from their
corresponding X-ray data. The complexation abilities of these com-
plexes strongly depend on both intermolecular hydrogen-bond
distance and the type of anion; two types of the studied anions
were found as the halide and the oxygen-containing anionic types.
The relative stabilities for the systems of the halide and oxoanionic
complexes are in decreasing orders: 1/F~ >1/Cl~ >1/Br~ and 1/
CH5CO0™ > 1/HCO5;~ ~ 1/CgHsCOO™ > 1/NO; > 1/H,PO, > 1/NO; >
1/HSO,, respectively. The relative reactivities of the halide and
oxoanionic complexes are in orders: 1/Br~>1/Cl” >1/F and 1/
NO, >1/CH5CO0™ > 1/HCO5~ ~ 1/C¢HsCOO~ > 1/H,PO, > 1/NO; =~
1/HSO,, respectively. The receptor 1 association with F~ was found
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Fig. 6. Plots of the molecular electrostatic potential (in au) presented over electronic isodensity, p of 0.05 eA=> of the oxoanionic complexes.

to be the most stable complex for which the binding free energy is
a high value of —71.24 kcal/mol.
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Abstract The structures of 8,8'-bis(3-phenylthioureidom-
ethyl)-2,2'-binaphthalene (1), 8,8'-bis(3-butylthioureidom-
ethyl)-2,2'-binaphthalene (2) and their complexes with
anionic guests such as carboxylate ions (acetate, oxalate,
malonate, succinate, glutarate, adipate, pimelate, suberate,
and azelate), inorganic oxygen-containing anions (nitrate,
sulfate, bicarbonate, hydrogen phosphate, and dihydrogen
phosphate), and halide ions (fluoride, chloride, and bromide)
were obtained using the ONIOM approach. The binding
abilities of receptors 1 and 2 to anionic species in terms
of binding energy, thermodynamic properties, and selec-
tivity coefficient were obtained at the ONIOM(B3LYP/
6-31G(d):AM1) and BSSE-corrected B3LYP/6-31G(d)//
ONIOM(B3LYP/6-31G(d):AM1) levels of theory. The
multipoint hydrogen bonding between receptors (either the
receptor 1 or 2) and anionic guests were found. The hydrogen
phosphate is the most preferable ion to bind with either the
receptor 1 or 2.
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Introduction

The organic anion receptors which contain chromophore
part are basically used for chromogenic sensors for detection
of biological anions. An anion receptor such as thiourea-
based chromophores with p-nitrophenyl groups is found to
be an excellent chromogenic anion receptor for monocarb-
oxylate such as acetate [1]. Anion recognition of two bind-
ing-sites receptors lead to discovery of useful sensors not
only for dicarboxylates but also monocarboxylates. Chro-
mogenic azophenol-thiourea-based anion sensors developed
for the selective colorimetric detection of acetate and other
anions [2-4], chromogenic indoaniline-thiourea-based
receptors as fluoride detection sensors [5] and anthracene
urea, thiourea compounds and their effective chromogenic
anion sensors [6] were studied. And fluorescent and lumi-
nescent chemosensors for detection of anions have been
developed for dicarboxylate recognition [7]. Tripodal urea
receptors were synthesized and their binding properties with
large terephthalate and trimesylate anions in polar aprotic
solvents were investigated using NMR and luminescence
titration methods and their association constants were
reported [8]. The urea or thiourea groups incorporated
receptors as anion recognition were studied in system of
various solvents [9-11]. Previous theoretical work, the
binding energies and thermodynamic properties of the
1,3-bis(4-nitrophenyl)urea complexes with halide anions
and oxygen-containing anions were studied [12]. The rec-
ognition of carboxylate and dicarboxylates by azophenol-
thiourea derivatives were first investigated by the IMOMO
method and the oxalate is the most favorite ion to form
complexes with both receptors of azophenol-thiourea
derivatives [13]. Since determination of the binding and
complexation energies of the complexes of the p-tert-buty-
Isulfonylcalix[4]arene [14], p-tert-butylthiacalix[4]arene
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Scheme 1 Receptors 1 (8,8'-bis(3-phenylthioureidomethyl)-2,2'-binaph
thalene) and 2 (8,8'-bis(3-butylthioureidomethyl)-2,2-binaphthalene)

[15] and tetraamino-fert -butylthiacalix[4]arene [16] deriv-
atives with zinc(II) cation were theoretically carried out, the
complexes of these receptors with organic anions should be
therefore investigated, particularly the calix[4]arene deriv-
ative functionalized by amino group. The binding abilities
of the tetraamino-tert-butylthiacalix[4]arene derivatives
to zinc (II) cation [16, 17] and the tetraamino-tert-butyl-
thiacalix[4]arene and tetraamino-tert-butylcalix[4]arene
receptors binding to carboxylate and dicarboxylate guests
were studied [18].

As organic anions such as acetate, oxalate, malonate,
and succinate are important biological anions, detection of
these species is very useful data for medical and biological
topics. Since 8,8'-dithioureido-2,2'-binaphthalene deriva-
tives [19, 20] were synthesized and their anion recognition
were studied using UV-Vis spectroscopic method, the
binding properties of many interesting anionic guests on
these receptors should therefore be investigated using
molecular modeling as the efficient tool. To better under-
standing of binding properties of 8,8'-dithioureido-2,2'-
binaphthalene derivatives, their interaction with various
anionic guests have been theoretically investigated. In this
work, 8,8-bis(3-phenylthioureidomethyl)-2,2’-binaphtha-
lene (1), 8,8'-bis(3-butylthioureidomethyl)-2,2’-binaphtha-
lene (2) shown in Scheme 1 and anionic guests such as
acetate, oxalate, malonate, succinate, glutarate, adipate,
pimelate, suberate, azelate, nitrate, sulfate, bicarbonate,
hydrogen phosphate, dihydrogen phosphate, fluoride,
chloride, and bromide have therefore been investigated.

Computational details

Geometries of the host—guest complexes and their host and
guest components were optimized using the hybrid density
functional B3LYP [21, 22] method and the two-layered
ONIOM(MO:MO) approach [23, 24] using B3LYP/

@ Springer

6-31G(d) as high level and semiempirical AM1 [25] and
PM3 [26] as low level. The real and model systems used in
the two-layer ONIOM(MO:MO) calculations for the hosts
and host—guest interaction models are shown in Fig. 1. The
reliability of the two-layer ONIOM calculations at the inte-
grated level, ONIOM(B3LYP/6-31G(d):AM1) and ONI-
OM(B3LYP/6-31G(d):PM3) approaches was well examined
[16—18,27] and discussed in references [28, 29]. In this work,
the reliability of the ONIOM(B3LYP/6-31G(d):AM1) and
ONIOM(B3LYP/6-31G(d):PM3) was examined by geome-
try optimizations of the complexes of receptors 1 and 2 with
oxalate guest compared with their target geometry optimized
at the B3LYP/6-31G(d) level. Geometries of 1/oxalate and
2/oxalate as the host—guest complexes were calculated
at the AM1, ONIOM(B3LYP/6-31G(d):AM1) and ONI-
OM(B3LYP/6-31G(d):PM3) levels and compared with the
target B3LYP/6-31G(d) geometry as shown in Fig. 2 and
Tables 1 and 2. The ONIOM(B3LYP/6-31G(d):AM1) cal-
culation of the system examined provides reasonable results
at a relatively low cost for the present host—guest interac-
tions. The two-layer ONIOM(B3LYP/6-31G(d):AM1) was
therefore used for geometry optimization throughout this
work. All calculations were performed using the GAUSS-
IAN 03 program [30] and their structures were visualized
using the MOLEKEL 4.3 program [31].

Binding energy between guest and host (AEyinging),

preorganization energies of host (AE‘;fgérg) guest

Fig. 1 The two-layer ONIOM model for the 1/oxalate complex. The
atoms in shade area of the complex structure are treated as the high-
level layer using at the B3ALYP/6-31G(d) level while the rest of the
molecular cluster is treated as the low-level layer using at the semi-
empirical levels (AM1 or PM3). Atomic numbering for the 1/oxalate
complex defined as a representative complex structure
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Fig. 2 The optimized structures of the 1/oxalate complex at the
a AMI1, b ONIOM(B3LYP/6-31G(d):AM1), ¢ ONIOM(B3LYP/
6-31G(d):PM3), d B3LYP/6-31G(d), 2/oxalate at the e AMI,

(AEg“‘“‘St ) and complexation energy of host—guest com-

preorg.
plex (AEcomplex) based on the ONIOM(B3LYP/

6-31G(d):AM1) approach are defined as following formulae:

fONIOM(B3LYP/6-31G(d):AM1), g ONIOM(B3LYP/6-31G(d):PM3)
and h B3LYP/6-31G(d). The bond lengths are in A

and complexation (AE?OS;ESeX). The total Sreorganization

energy with BSSE correction (AEE}EEF% is therefore
obtained by Eq. 7.

AEpinging = E[ONIOM(B3LYP/6-31G(d):AM1)](host—guest complex)
— E[ONIOM (B3LYP/6-31G(d):AM1)](isolated host)

— E[B3LYP/6-31G(d)](isolated guest) (1)
AEB?:(‘)rg' = E[ONIOM(B3LYP/6-31G(d):AM1)](complexed host)

— E[ONIOM (B3LYP/6-31G(d):AM1)](isolated host) (2)
AES S, = E[B3LYP/6-31G(d)](complexed guest) — E[B3LYP/6-31G(d)](isolated guest) (3)
AE ompiex = E[ONIOM(B3LYP/6-31G(d):AM1)](host—guest complex)

— E[ONIOM (B3LYP/6-31G(d):AM1)](complexed host)

— E[B3LYP/6-31G(d)](complexed guest) 4)
AEbinding = AEg?ffct)rg + AE%?;S;g. + AECOIHPIGX (5) AEgrSegfg = AEgliiﬁlg - AEchriglex (7)
AEpinding = AE;‘;;%rg, + AE omplex (6) The enthalpy AH?>® and Gibbs free energy changes

To estimate the basis set superposition error (BSSE)
for the energies of host—guest complex formation at the
B3LYP/6-31G(d)//ONIOM(B3LYP/6-31G(d):AM1) level,
counterpoise (CP) calculations were performed using the
Boys—Bernardi’s CP scheme [32-37]. The BSSE energies
of the host—guest complex formation were used to com-

pute the energies of BSSE corrected binding (AE&ﬁﬁE}g)

AG*? of all complexation reactions have been derived
from the frequency computations at ONIOM(B3LYP/
6-31G(d):AM1) level of theory. The equilibrium constant,
K of binding process at 298.15 and 1 atmosphere was
computed using thermodynamic relation of AG?*® =
—RT In K.

The binding selectivity of 8,8'-dithioureido-2,2’-
binaphthalene receptor to guest B with respect to guest A

@ Springer
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Table 1 Geometrical data for

the 1/oxalate complex Parameter® AMI (6]—333 lL CS}{(E; AMI) (6]—333 lL C:{(g;'PM.%) ]63—33];2{}1()(4)
optimized at the AMI, . .
MO EaLY o
ONIOM(B3LYP/ Bond distance (A)
6-31G(d):PM3), and B3LYP/ C1-C10 1.465 1.469 1.473 1.496
6-31G(d) levels of theory C1-C2 1.379 1.379 1372 1.385
C2-C3 1.425 1.426 1.424 1.430
C3-C4 1.427 1.429 1.428 1.436
C4-C5 1.510 1.507 1.500 1.523
C2-H1 1.103 1.105 1.103 1.085
C5-H2 1.128 1.129 1.113 1.095
C5-N1 1.431 1.447 1.489 1.449
NI1-H3 1.016 1.080 1.095 1.061
N1-C6 1.382 1.354 1.349 1.347
C6-S1 1.629 1.729 1.752 1.720
C6-N2 1.383 1.374 1.369 1.372
N2-H4 1.035 1.072 1.066 1.055
N2-C7 1.401 1.412 1.446 1.396
C7-C8 1.424 1.422 1.403 1.414
C8-H5 1.111 1.107 1.100 1.087
Bond angle (°)
C1-C2-C3 121.081 120.797 120.585 121.461
C1-C2-H1 119.429 119.959 121.091 118.865
C2-C3-C4 123.126 122.832 122.160 123.647
C3-C4-C5 122.254 121.610 121.087 123.077
C4-C5-N1 115.687 114.243 112.324 113.786
C5-N1-H3 117.370 116.837 117.905 113.440
C5-N1-C6 122.694 121.428 121.609 125.666
N1-C6-N2 115.312 111.774 112.315 111.182
C6-N2-H4 117.436 118.694 118.055 114.006
N2-C6-S1 124.341 126.041 125.028 125.777
N2-C7-C8 117.110 127.469 117.411 115.523
Dihedral angle (°)
C2-C1-C10-C11 61.991 97.830 85.665 66.308
C3-C4-C5-N1 —107.011 —88.085 —104.896 —105.115
C4-C5-N1-C6 —94.968 —117.347 —105.721 —115.062
C5-N1-C6-N2 —178.426 —177.409 —168.353 —163.940
N1-C6-N2-C7 169.141 —177.995 —172.605 —168.603
C6-N2-C7-C8 —153.824 —177.142 176.897 —169.959
Guest
Bond distance (A)
C19-01 1.279 1.266 1.270 1.267
C19-02 1.272 1.263 1.261 1.263
C19-C20 1.517 1.560 1.554 1.554
Bond angle (°)
01-C19-02 118.227 126.370 126.100 126.077
Dihedral angle (°)
01-C19-C20-03 75.387 38.395 52.005 41.365
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Table 1 continued Parameter® AMI (B3LYP/ (B3LYP/ B3LYP/
6-31G(d):AM1) 6-31G(d):PM3) 6-31G(d)
Host/Guest
Bond distance (A)
H3---01° 1.949 1.576 1.545 1.618
H4---02° 1.998 1.690 1.737 1.713
H5---02° 2.236 2.446 2.842 2.405
Bond angle (°)
N1-H3---01 151.512 176.190 176.981 166.664
N2-H4---02 146.032 174.543 175.017 173.266
? Atomic labeling is shown in Dihedral angle (*)
Fig. 1 N1-H3---01-C19 —93.365 133.777 113.864 115.230
N2-H4---02-C19 —150.295 —174.421 —110.381 —144.518

® Hydrogen bond

has been derived from the selectivity coefficient (Kj) [38]
which is defined as an equilibrium constant of ion
exchange between ions A and B. Since exchange is a
chemical reaction as Eq. 8, it can be treated like any other
mass action expression.

AX+B=BX+A (8)

Therefore, the selectivity coefficient can be defined as

Ky = Ei;%[[g{. If the complexations of BX and AX are

observed, their stability constants based on Eqgs. 9 and 10

can be expressed as Kp = % and Kg = %.

X+B =BX 9)

X+A=AX (10)
The selectivity coefficient can be therefore written as

Kf = 2. 1f the value of the selectivity coefficient Kj is

larger than one, this implies that B is preferred over A and
if K is smaller than one, then A is preferred over B.

Results and discussion

To examine the reliability of the two-layer ONI-
OMMO:MO) method, the geometries of the 1/oxalate
complex were optimized at four different levels of theory.
Its geometries optimized at the AM1, B3LYP/6-31G(d),
ONIOM(B3LYP/6-31G(d):AM1), and ONIOM(B3LYP/6-
31G(d):PM3) levels of theory are shown in Fig. 3 and their
corresponding geometrical data are tabulated in Table 1.
As the hydrogen bonds of the four different levels of theory
for the 1/oxalate and 2/oxalate complexes have been
compared, its ONIOM(B3LYP/6-31G(d):AM1)-optimized
hydrogen-bond distances are in good agreement with the
B3LYP/6-31G(d)-optimized geometrical data, as shown

in Tables 1 and 2, respectively. The ONIOM(B3LYP/
6-31G(d):AM1)-optimized geometry of the 1/oxalate
complex is very similar to the target B3LYP/6-31G(d)-
optimized geometry (Fig. 3) and its geometrical data are
correspondingly confirmed, see Table 1. As the reliability
test of the ONIOM(MO:MO) approach for this host—guest
system, the ONIOM(B3LYP/6-31G(d):AM1) is therefore
to be the most reliable one with respect to the full B3LYP/
6-31G(d) level of theory.

Complexation of 8,8'-bis(3-phenylthioureidomethyl)-
2,2'-binaphthalene (receptor 1)

The receptor 1 can form stable complexes with all anionic
guests. The relative stabilities of the receptor 1 complexes
with carboxylates, inorganic oxygen-containing anions,
and halide ions are in decreasing orders: oxalate > mal-
onate > succinate > glutarate > adipate > pimelate >
suberate > azelate >acetate, HPO42_ > SO42_ > HCO;™ >
H,PO,~ = NO;~ and F~ > CI” ~ Br, respectively.
The ONIOM(B3LYP/6-31G(d):AM1)-optimized structures
of the complexes of receptor 1 with carboxylate and inor-
ganic anions are show in Figs. 4 and 5, respectively. The
multipoint hydrogen bonding between the receptor 1 and
anionic guests were found; for carboxylate and dicarbox-
ylate ions and for inorganic and halide anions are shown in
Figs. 4 and 5, respectively. The selectivity coefficients of
the receptor 1 toward anions with respect to hydrogen
phosphate (the most stable complex with 1) in Table 3
indicate that the receptor 1 is able to well recognize the
hydrogen phosphate among all anionic species. The order
of the relative stabilities of the receptor 1 complexes with
F~ and CI” (F~ > Cl") is in agreement with the experi-
ment [20], see Table 3. For the system of carboxylate
anionic species, the total preorganization energy due to the
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Table 2 Geometrical data for the 2/oxalate complex optimized at the AMI1, ONIOM(B3LYP/6-31G(d):AM1), ONIOM(B3LYP/
6-31G(d):PM3), and B3LYP/6-31G(d) levels of theory

Parameter® AM1 (B3LYP/6-31G(d):AM1) (B3LYP/6-31G(d):PM3) B3LYP/6-31G(d)

Host

Bond distance (A)
C1-C10 1.465 1.469 1.473 1.492
Cl1-C2 1.379 1.380 1.372 1.384
C2-C3 1.425 1.426 1.423 1.424
C3-C4 1.427 1.429 1.428 1.437
C4-C5 1.511 1.508 1.500 1.526
C2-H1 1.103 1.106 1.103 1.083
C5-H2 1.128 1.129 1.113 1.096
C5-N1 1.429 1.445 1.486 1.450
N1-H3 1.015 1.079 1.075 1.055
N1-C6 1.382 1.356 1.357 1.352
C6-S1 1.639 1.736 1.740 1.733
C6-N2 1.370 1.359 1.353 1.351
N2-H4 1.025 1.056 1.066 1.053
N2-C7 1.436 1.447 1.487 1.447
C7-C8 1.539 1.539 1.535 1.545
C9-H6 1.125 1.122 1.125 1.094

Bond angle (°)
C1-C2-C3 121.096 120.817 120.606 121.754
C1-C2-H1 119.473 119.882 121.137 118.027
C2-C3-C4 123.126 122.866 122.121 122.997
C3-C4-C5 122.394 121.737 121.120 122.292
C4-C5-N1 115.830 114.578 112.579 113.452
C5-N1-H3 117.812 117.036 118.894 116.104
C5-N1-C6 122.677 121.471 121.884 124.984
N1-C6-N2 116.766 113.501 112.574 113.583
C6-N2-H4 120.160 120.874 120.913 117.807
N2-C6-S1 121.875 123.513 123.483 123.004
N2-C7-C8 113.039 113.919 110.288 113.865

Dihedral angle (°)
C2-C1-C10-C11 59.975 101.242 88.368 117.044
C3-C4-C5-N1 —106.927 —86.288 —104.283 —84.110
C4-C5-N1-C6 —-92.233 —111.174 —102.737 —95.207
C5-N1-C6-N2 —178.243 —179.193 —169.144 172.337
N1-C6-N2-C7 175.570 —175.846 —171.516 —179.641
C6-N2-C7-C8 158.529 121.739 138.478 90.710

Guest

Bond distance (A)
C19-01 1.278 1.267 1.265 1.267
C19-02 1.273 1.261 1.268 1.265
C19-C20 1.519 1.571 1.556 1.551

Bond angle (°)
01-C19-02 118.468 126.557 126.302 126.134

Dihedral angle (°)
01-C19-C20-03 80.458 25.829 52.352 —65.241
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Table 2 continued

Parameter® AM1 (B3LYP/6-31G(d):AM1) (B3LYP/6-31G(d):PM3) B3LYP/6-31G(d)
Host/Guest
Bond distance (A)
H3---01° 1.960 1.573 1.622 1.690
H4---02° 2.007 1.774 1.791 1.714
H6---02° 2.158 2.237 1.827 2.505
Bond angle (°)
N1-H3---0O1 150.673 176.100 178.848 172.746
N2-H4---02 148.261 178.457 175.186 172.812
Dihedral angle (°)
N1-H3---01-C19 —98.203 162.954 —95.108 —155.659
N2-H4---02-C19 —138.861 —137.754 —112.127 141.476

* Atomic labeling is shown in Fig. 1
® Hydrogen bond

Fig. 3 B3LYP/6-31G(d)-
optimized geometries of free
forms of the anionic guests

a acetate, b oxalate, ¢ malonate,
d succinate, e glutarate,

f adipate, g pimelate, h suberate,
i azelate, j nitrate, k sulphate,

1 hydrogen carbonate,

m hydrogen phosphate,

n dihydrogen phosphate and the
ONIOM(B3LYP/
6-31G(d):AM1)-optimized
structures of o the receptor 1,
and p receptor 2

complexation (AE}D‘;grg' = 13.51 kcal/mol) of the recep-

tor 1 and the acetate anion of which the preorganization

energies are, respectively, AE;‘;;‘?;;‘"” = 11.66 kcal/mol

and AE;CRS = 1.85 keal/mol is the smallest value as

listed in Table 4. Plot of the preorganization energies of the
receptor 1 and carboxylate anionic species against sizes of
carboxylate ionic guests, obtained at the ONIOM(B3LYP/
6-31G(d):AM1) level of theory are shown in Fig. 6a.
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Fig. 4 The ONIOM(B3LYP/6-31G(d):AM1)-optimized structures of
receptor 1 complexes with carboxylate and dicarboxylate guests.
Binding energies, AEPSSE computed at the B3LYP/6-31G(d)/

Binding energies with and without BSSE correction,
BSSE corrected preorganization energies of complex-
ations of the receptor 1 with the various anionic species
derived at the B3LYP/6-31G(d)//ONIOM(B3LYP/
6-31G(d):AM1) level of theory are shown in Table 5. It
shows that the BSSE corrected binding energy of the
1/HPO,>~ complex is the most stable species. The rela-
tive stabilities of complexes of the receptor 1 obtained at
the  B3LYP/6-31G(d)//ONIOM(B3LYP/6-31G(d):AM1)
calculations either with or without BSSE correction are in
the same orders: oxalate > malonate > succinate > glut-
arate > adipate > pimelate > suberate > azelate > ace-
tate for carboxylates, HPO42_ > SO42_ > HCO;™ >
H,PO,~ ~ NO;~ for inorganic oxygen-containing
anions and F~ > ClI” ~ Br~ for halide ions. The bind-
ing energies of the receptor 1 with all anionic species
obtained form the BSSE-corrected B3LYP/6-31G(d)/
ONIOM(B3LYP/6-31G(d):AM1) calculation are more
accurate than the energies computed at the ONIOM
(B3LYP/6-31G(d):AM1) level by 13.3-38.1%.
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ONIOM(B3LYP/6—31G(d):AI\/[Ol with BSSE correction are in kcal/
mol. The bond lengths are in A

Complexation of 8,8'-bis(3-butylthioureidomethyl)-
2,2’-binaphthalene (receptor 2)

The relative stabilities of complexes of the receptor 2 with
carboxylates, inorganic oxygen-containing anions, and
halide ions are in the same order as the receptor 1 system,
namely: oxalate > malonate > succinate > glutarate >
adipate > pimelate > suberate > azelate > acetate, HPO,*~
>S0,>” > HCO;~ >NO;~ ~ H,PO,~ and F >
Br~ =~ CI7, respectively. The ONIOM(B3LYP/6-31G(d):
AM1)-optimized structures of the receptor 2 complexes
with carboxylate and inorganic anionic species are show in
Figs. 7 and 8, respectively. The multipoint hydrogen
bonding between the receptor 2 and anionic guests were
found; for carboxylate and dicarboxylate ions and for
inorganic and halide anions are shown in Figs. 7 and 8,
respectively.

Table 6 also shows that the receptor 2 complex with
hydrogen phosphate ion is the most stable complex.
The order of the relative stabilities of the receptor 2
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Fig. 5 The ONIOM(B3LYP/6-31G(d):AM1)-optimized structures of
receptor 1 complexes with halide ions, carbonate, nitrate, phosphate,
and sulfate ions. Binding energies, AEBSSE computed at the B3LYP/

Table 3 Binding energies, enthalpies and free energies of complex-
ation of the receptor 1 with various anionic guests

Guest  AEpinging® AH™  AG™3*  gicewed Kogs®
Acetate —67.14 —67.06 —54.81 1.80 x 10® 1.17 x 10°
Oxalate  —140.87 —14040 —128.53 2.00 x 10%* -
Malonate —128.51 —128.73 —114.22 6.46 x 10°' -
Succinate —115.95 —116.24 —101.10 1.55 x 10 -
Glutarate —111.32 —111.46 —96.85 1.19 x 10* —

Adipate  —100.52 —99.72 —87.17 9.64 x 10" -
Pimelate — —98.12 —97.83 —83.65 2.50 x 10* -
Suberate  —90.70 —89.76 —78.00 1.82 x 10 -

Azelate —8820 —87.79 —7433 3.71 x 10> -

NO;~ —5525 —54.84 —4446 4.67 x 10° -

Ne¥em —128.80 —128.69 —116.46 2.83 x 103 —

HCO;~ —61.54 —61.22 —50.77 199 x 10° -
HPO,~ —139.98 —139.88 —126.16 3.68 x 10% —
H,PO,~ —5581 —5574 —4355 1.00 x 10° -

F~ —133.05 —133.66 —125.15 6.70 x 10 1.42 x 10°
Cl™ —5874 —58.67 —5332 145 x 10’ 231 x 10°
Br~ —60.94 —60.86 —54.76 1.65 x 10°® -

% In kcal/mol, derived from the ONIOM(B3LYP/6-31G(d):AM1)
energies with ZPVE correction

P Selectivity coefficient of guests with respect to dihydrogen
phosphate

¢ In MeCN determined by UV—-vis spectroscopy, taken from Ref. [20]

6-31G(d)//ONIOM(B3LYP/6-31G(d):AM1 with BSSE correction are
in kcal/mol. The bond lengths are in A

complexes with F~ and CI™ (F~ > Cl7) is in agreement
with the experiment [20], see Table 6. For the system of
carboxylate anionic species, the total preorganization
energy due to the complexation AE;‘;g‘grg‘ =2.57

kcal/mol) of the receptor 2 and the glutarate anion of
which the preorganization energies are, respectively,
AERDOr2 = 2.57 keal/mol and AEERE® ~ 0 kcal /mol
is the smallest value as listed in Table 7. This informs
that the glutarate structure has no change or has hardly
changed during association with the receptor 2. Plot of the
preorganization energies of the receptor 2 and carboxylate
anionic species against sizes of carboxylate ionic guests,
obtained at the ONIOM(B3LYP/6-31G(d):AM1) level of
theory are shown in Fig. 6b.

Binding energies with and without BSSE correction,
BSSE corrected preorganization energies of complexations
of the receptor 2 with the various anionic species derived at
the  B3LYP/6-31G(d)//ONIOM(B3LYP/6-31G(d):AM1)
level of theory are shown in Table 8. It shows that the
BSSE corrected binding energy of the 2/HPO,*~ complex
is the most stable species. The relative stabilities of com-
plexes of the receptor 2 obtained at the B3LYP/6-31G(d)//
ONIOM(B3LYP/6-31G(d):AM1) calculations either with
or without BSSE correction are in the same order:
oxalate > malonate > succinate > glutarate > adipate >
pimelate > suberate > azelate > acetate. For the stabilities
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Table 4 Preorganization energies of the receptor 1 (host), carboxylates (guest) and their complexes, complexation energies and their corre-
sponding thermodynamics derived from the ONIOM (B3LYP/6-31G(d):AM1) calculations

Host:guest Host Guest AE;‘;E‘grg.a AE omplex”
AERSS * AH?8 AG?™? AEge ® AH?8® AG¥S®
1/acetate 11.66 10.43 13.71 1.85 1.30 2.89 13.51 —80.65
1/oxalate 14.80 12.66 19.26 0.39 0.40 —0.02 15.19 —156.05
1/malonate 14.66 13.04 17.47 1.75 1.22 2.37 16.41 —144.93
1/succinate 12.43 10.76 15.87 4.56 3.52 6.14 16.99 —132.95
1/glutarate 12.34 10.68 15.63 1.79 0.74 3.79 14.13 —125.45
1/adipate 13.05 11.96 1491 4.72 5.21 3.00 17.77 —118.29
1/pimelate 13.46 12.37 15.55 3.04 3.01 2.54 16.50 —114.62
1/suberate 13.30 12.30 14.92 7.12 7.06 6.57 20.42 —111.12
1/azelate 13.60 12.64 15.02 7.32 6.67 8.50 20.92 —109.13
1/NO5y~ 5.72 4.56 7.98 0.37 0.37 —0.27 6.09 —61.34
1/S0,*~ 15.66 13.67 19.73 2.53 2.52 1.06 18.19 —146.99
1/HCO;™ 7.21 6.03 8.86 1.53 1.50 1.55 8.74 —70.27
1/HPO42_ 18.13 16.09 22.32 4.22 4.35 3.99 22.35 —162.34
1/H,PO4~ 6.73 5.47 8.43 3.14 2.98 3.31 9.87 —65.68
1/~ 13.96 12.17 17.49 0.00 0.00 0.00 13.96 —147.01
1/C1™ 8.08 6.99 9.56 0.00 0.00 0.00 8.08 —66.82
1/Br— 9.02 7.92 11.04 0.00 0.00 0.00 9.02 —69.97

# In kcal/mol, derived at the ONIOM (B3LYP/6-31G(d):AM1) level with ZPVE correction
® In kcal/mol, derived at the B3LYP/6-31G(d) level with ZPVE correction

(a) so (b)s0
hos hos
AEp;)es;rg. AEpl?:;rg.
0- _'__\_/;\;____i_...-i . 0 "‘______ M . M = 1
_ AEESS, AESSS,
=)
g -50 4 50
§ . AEbinging A AEyinging
— v —r
—a —
3 1004 s -100 —
ik y—v—Y /A/‘ v—v
v_/v-"" / v-/'_..-v--“'
/:/V/ Mcomplex v AEcompIex
-150 1 \— 1504 /v/
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ace oxa mal suc glu adi pim sub aze

ace oxa mal suc glu adi pim sub aze

Fig. 6 Plots of binding, complexation and preorganization energies of complex systems of a the receptor 1 and b receptor 2, against the size of
the carboxylate ions, based on the ONIOM(B3LYP/6-31G(d):AM1) method

of the receptor 2 complexes with inorganic oxygen-con-
taining and halide anions are in orders: HPO,*~ > -
SO,>~ > HCO;~ > H,PO,~ ~ NO;~ and F > CI”
> Br™, respectively. The binding energies of the receptor 2
with all anionic species obtained form the BSSE-corrected
B3LYP/6-31G(d)//ONIOM(B3LYP/6-31G(d):AM1) cal-
culation are more accurate than the energies computed at
the ONIOM(B3LYP/6-31G(d):AM1) level by 15.7-33.1%.
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Conclusions

The binding energies of the receptors 1 and 2 with car-
boxylate guests (acetate, oxalate, malonate, succinate,
glutarate, adipate, pimelate, suberate, azelate), inorganic
oxygen-containing anions (nitrate, sulfate, bicarbonate,
hydrogen phosphate, dihydrogen phosphate), and halide
ions (fluoride, chloride and bromide), preorganization and
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Table 5 Binding energies of complexation of the receptor 1 with various anionic species and their BSSE corrected values

Host:guest AEpinding” AE omplex” BSSE" AE e AESE AERS: ©
1/acetate —67.14 —80.65 16.20 —50.94 —131.59 80.65
1/oxalate —140.87 —156.05 30.61 —110.26 —266.31 156.05
1/malonate —128.51 —144.93 25.20 —103.31 —248.24 144.93
1/succinate —115.95 —132.95 24.75 —91.20 —224.15 132.95
1/glutarate —111.32 —125.45 21.88 —89.44 —214.89 125.45
1/adipate —100.52 —118.29 18.50 —82.02 —200.31 118.29
1/pimelate —98.12 —114.62 17.78 —80.34 —194.96 114.62
1/suberate —90.70 —111.12 17.06 —73.64 —184.76 111.12
1/azelate —88.20 —109.13 16.87 —71.33 —180.46 109.13
1/NO5;~ —55.25 —61.34 13.61 —41.64 —102.98 61.34
1/SO4*~ —128.80 —146.99 23.32 —105.48 —252.47 146.99
1/HCO3™ —61.54 —70.27 14.07 —47.47 —117.74 70.27
1/HPO,>~ —139.98 —162.34 26.15 —113.83 —276.17 162.34
1/H,PO4~ —55.81 —65.68 14.12 —41.69 —107.37 65.68
1/F~ —133.05 —147.01 50.63 —82.42 —229.43 147.01
1/C1~ —58.74 —66.82 7.83 —50.91 —-117.73 66.82
1/Br~ —60.94 —69.97 16.45 —44.49 —114.46 69.97

* The energies at the ONIOM(B3LYP/6-31G(d):AM1) level
° The BSSE energies at the B3LYP/6-31G(d)//ONIOM(B3LYP/6-31G(d):AM1) level

¢ The BSSE corrected energies at the B3LYP/6-31G(d)//ONIOM(B3LYP/6-31G(d):AM1) level

Fig. 7 The ONIOM(B3LYP/6-31G(d):AM1)-optimized structures of
receptor 2 complexes with carboxylate and dicarboxylate guests.
Binding energies, AEPSSE computed at the B3LYP/6-31G(d)//

ONIOM(B3LYP/6-31G(d):AM1 “O/ith BSSE correction are in

kcal/mol. The bond lengths are in A
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Fig. 8 The ONIOM(B3LYP/6-31G(d):AM1)-optimized structures of
receptor 2 complexes with halide ions, carbonate, nitrate, phosphate,
and sulfate ions. Binding energies, AEPSSE computed at the B3LYP/

Table 6 Binding energies, enthalpies, and free energies of com-
plexation of the receptor 2 with various anionic species

Guest  AEpinging” AH™S  AG¥S* Kieetet g
Acetate  —61.14  —60.58 —48.95 2.62 x 10* 121 x 10°
Oxalate —131.21 —130.83 —119.48 1.32 x 10°° —
Malonate —119.10 —118.83 —106.65 5.16 x 10 -
Succinate —107.61 —107.41 —9430 4.62 x 10>’ -
Glutarate —102.60 —102.25 —90.20 4.52 x 10* -

Adipate  —92.17  —90.86 —80.69 4.86 x 10*7 —
Pimelate  —90.07 —89.29 —77.20 134 x 10® -
Suberate  -86.50  -85.07 -75.49 7.45 x 10 -

Azelate -80.52  -79.65 —68.29 3.89 x 10" —

NO;~ —5331 —5241 —4535 599 x 10" -

SO~ —12047 —119.98 —109.37 5.15 x 10*® —

HCO;~  —58.00 —57.24 —48.16 692 x 10° -

HPO,>~ —13496 —134.44 —12290 4.24 x 10%® -

H,PO,~ —5278 —51.89 —4293 1.00 x 10° -

F~ —126.32 —126.35 —120.80 1.23 x 10°7 3.81 x 10°
cl- —5475  —5427 —50.05 1.67 x 10° 3.60 x 10°
Br~ —5726 —56.67 —52.80 1.72 x 10’ —

% In kcal/mol, derived from the ONIOM(B3LYP/6-31G(d):AM1)
energies with ZPVE corrections

P Selectivity coefficient of guests with respect to dihydrogen
phosphate

¢ In MeCN determined by UV—-vis spectroscopy, taken from Ref. [20]
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6—31G(d)//ONIOM(B3LYP/6—3lG(d):/ﬁle with BSSE correction are
in kcal/mol. The bond lengths are in A

complexation energies of their complexes were obtained
using the ONIOM(B3LYP/6-31G(d):AM1) and BSSE-
corrected B3LYP/6-31G(d)//ONIOM calculations. The
ONIOM(B3LYP/6-31G(d):AM1) thermodynamic quanti-
ties, preorganization energies, complexation energies of
these complexes, and anion binding abilities of their
receptors in terms of selectivity coefficient were obtained.
The relative stabilities of the complexes of either receptor 1
or 2 with carboxylate guests are in the same order:
oxalate > malonate > succinate > glutarate > adipate >
pimelate > suberate > azelate > acetate. The relative sta-
bilities of complexes of the receptor 1 with inorganic
oxygen-containing anions and halide ions are, respectively,
in  orders:  HPO,”” > S0, > HCO; > NO;~ =~
H,PO,~ and F~ > Br~ =~ Cl” at the ONIOM(B3LYP/
6-31G(d):AM1) level and in orders: HPO,>” >
S0,>~ > HCO;~ > H,PO,” ~ NO;~ and F~ > Cl” ~
Br~ at the BSSE-corrected B3LYP/6-31G(d)//ONIOM
(B3LYP/6-31G(d):AM1) level. For the relative stabilities
of complexes of the receptor 2 with inorganic oxygen-
containing anions and halide ions are, respectively, in
orders: HPO,>~ > SO, > HCO;~ > NO;~ ~ H,PO,~
and F~ > Br~ =~ CI™ at the ONIOM(B3LYP/6-31G(d):
AM]1) level and in orders: HPO,>~ > SO,°~ > HCO;~
> H,PO,~ =~ NO3;~ and F~ > Cl” > Br at the BSSE-
corrected  B3LYP/6-31G(d)//ONIOM(B3LYP/6-31G(d):
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Table 7 Preorganization energies of the receptor 2 (host), carboxylates (guest) and their complexes, complexation energies and their corre-
sponding thermodynamics derived from the ONIOM (B3LYP/6-31G(d):AM1) calculations

Host:guest Host Guest AE;‘;g‘grg.a AE omplex”
AERSS * AH?8 AG?™? AEge ® AH?8® AG¥S®
2/acetate 10.44 10.13 11.80 1.52 0.97 2.56 11.96 —73.10
2/oxalate 13.39 12.34 14.05 1.09 1.08 0.71 14.48 —145.69
2/malonate 13.07 11.95 14.05 1.57 1.04 2.17 14.64 —133.75
2/succinate 11.21 10.01 13.03 2.62 1.57 4.38 13.83 —121.44
2/glutarate 2.57 3.75 —2.78 0.00 0.00 0.00 2.57 —105.17
2/adipate 11.92 11.35 11.52 4.30 4.80 2.48 16.22 —108.38
2/pimelate 12.34 11.77 12.31 2.70 2.10 3.95 15.04 —105.11
2/suberate 323 431 —-2.07 2.48 3.50 0.09 5.71 -92.20
2/azelate 12.57 12.09 12.20 6.85 6.21 8.04 19.42 —99.94
2/NOz;~ 7.54 7.44 5.18 0.31 0.30 —0.34 7.85 —61.15
2/S0,*~ 16.02 14.93 17.55 222 2.21 0.75 18.24 —138.70
2/HCO;~ 0.00 0.58 —-2.17 0.00 0.00 0.00 0.00 —-57.97
2/HPO,*~ 17.29 16.13 18.80 3.07 3.16 291 20.36 —155.32
2/H,PO,~ 2.57 3.75 —=2.77 0.00 0.00 0.00 2.57 —55.35
2/F~ 13.15 11.85 14.76 0.00 0.00 0.00 13.15 —139.46
2/C1™ 7.79 7.08 8.36 0.00 0.00 0.00 7.79 —62.54
2/Br~ 7.09 6.39 7.68 0.00 0.00 0.00 7.09 —64.35
# In kcal/mol, derived at the ONIOM (B3LYP/6-31G(d):AM1) level with ZPVE correction
® In kcal/mol, derived at the B3LYP/6-31G(d) level with ZPVE correction
Table 8 Binding energies of complexation of the receptor 2 with various anionic guests and their BSSE corrected values
Host:guest AEpinding” AEcomplex” BSSE® AESE S AESSE.C AERSE
2/acetate —61.14 —73.10 16.85 —44.29 —117.39 73.10
2/oxalate —131.21 —145.69 31.95 -99.26 —244.95 145.69
2/malonate —119.10 —133.75 26.01 -93.09 —226.84 133.75
2/succinate —107.61 —121.44 2543 —82.18 —203.62 121.44
2/glutarate —102.60 —105.17 22.71 —79.89 —185.06 105.17
2/adipate —-92.17 —108.38 19.07 —73.10 —181.48 108.38
2/pimelate —-90.07 —105.11 18.35 =71.72 —176.83 105.11
2/suberate —86.50 —-92.20 18.38 —68.12 —160.32 92.20
2/azelate —80.52 —99.94 17.36 —63.16 —163.10 99.94
2/NO;3;~ —53.31 —61.15 14.38 —38.93 —100.08 61.15
2/S04*~ —120.47 —138.70 25.39 —95.08 —233.78 138.70
2/HCO;~ —58.00 —57.97 14.75 —43.25 —101.22 57.97
2/HPO,*~ —134.96 —155.32 25.87 —109.09 —264.41 155.32
2/H,PO,~ —52.78 —55.35 13.25 —39.53 —94.88 55.35
2/F~ —126.32 —139.46 53.05 —73.27 —212.73 139.46
2/C1™ —54.75 —62.54 8.58 —46.17 —108.71 62.54
2/Br~ —57.26 —64.35 18.95 —38.31 —102.66 64.35

* The energies at the ONIOM(B3LYP/6-31G(d):AM1) level

® The BSSE energies at the B3LYP/6-31G(d)//ONIOM(B3LYP/6-31G(d):AM1) level
¢ The BSSE corrected energies at the B3LYP/6-31G(d)//ONIOM(B3LYP/6-31G(d):AM1) level

@ Springer
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AMI1) level. The multipoint hydrogen bonding between
receptors (either the receptor 1 or 2) and anionic guests
were found.
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A DFT study of structures of dipicolyl urea
isomers and their recognition with carboxylic
acids and their carboxylate anions

Boosayarat Tomapatanaget® and Vithaya Ruangpornvisuti®*

OJ

Four isomers of dipicolyl urea were obtained and the intramolecular hydrogen-bonded structure was found to be the
most stable isomer. Energetics, thermodynamic properties, rate constants, and association constants of their

correlation  functional,/'® B3LYP

isomerizations computed using the B3LYP/6-31+G(p,d) method were obtained. Complexes of all isomers of dipicolyl
urea with formic acid, acetic acid, benzoic acid, oxalic acid, and their deprotonated species were investigated.
Energetics, thermodynamic properties, and rate constants of their associations were obtained. Stabilities of all
complexes in terms of association constants of the most stable species were determined. Copyright © 2010 John Wiley
& Sons, Ltd.
Supporting information may be found in the online version of this paper.
Keywords: DFT; dipicolyl urea compound; molecular structure; recognition; selectivity

INTRODUCTION with the Lee-Yang-Parr

Review articles for the supramolecular compounds containing
amide functional groups as anion receptors!"! and amide-based
ligands for anion coordination® were summarized. Fluorescence
switch-on sensor for copper (ll) by an amide linked lower rim
1,3-bis(2-picolyl)amine derivative of calix[4larene in aqueous

methanol®™ and phenanthroline complexes bearing diami-
de-anion™ were studied. Many theoretical studies of anion
receptors namely  1,3-bis(4-nitrophenyl)urea  derivative,”

3,4-dichloro-2,5-diamido-substituted pyrrole,”® 3,4-dichloro-2,5-
diamido-substituted  pyrrole derivatives,”!  3,4-dichloro-2,5-
diamidopyrrole,® non-rigid bis-(2,5-diamidopyrrole),”® azophe-
nol-thiourea derivatives,'” 8,8"-dithioureido-2,2-binaphthalene
derivatives,""! tetraamino-tert-butylthiacalix[4]arene, and tetra-
amino-tert-butylcalix4larene’® were done. N-nitrophenyl
benzamide derivatives for cyanide colorimetric detection!™!
and synthesis and anion-binding properties of new disulfona-
mide-based receptors!™ were studied.

In this work, the dipicolyl urea isomers, their energetics,
thermodynamic properties, rate constants, and association
constants of their isomerization have been determined using
the B3LYP/6-31+G(p,d) level. Association energies, thermodyn-
amic properties, rate and association constants of their
complexes with formic acid, acetic acid, benzoic acid, oxalic
acid, and their deprotonated ions have been obtained.

COMPUTATIONAL DETAILS

Structures of dipicolyl urea isomers, formic acid, formate ion,
acetic acid, acetate ion, benzoic acid, benzoate ion, oxalic acid,
oxalate ions, and related species were optimized using density
functional theory (DFT) method. DFT calculations have been
performed with the Becke's three parameter hybrid functional'™!

method"” with 6-314+G(d,p) basis set.'®' All structures and
their reactions were studied in gas phase unless otherwise
specified. The optimization of structures of dipicolyl urea isomers
in aqueous solution, the solvent effect using the conductor-like
polarizable continuum model (CPCM)2°?" with UAKS cavity
model?? as employed in the previous work,?>?* was carried out.
All calculations were performed with the Gaussian 03 program.??!
The molecular graphics for all species were generated with the
MOLEKEL 4.3 program.'>*!

The standard enthalpy AH,; and Gibbs free energy changes
AGSgg0f isomerization of dipicolyl urea isomers, association of
their complexes, and their conversion reactions have been
derived from the frequency calculations at the B3LYP/
6-314+G(d,p) level of theory. The vibrational frequency scale
factor and zero-point vibrational energies (ZPVE) were scaled by
the empirical factors 0.9627 and 0.9857,%' respectively. The rate
constant k(T), based on transition state theory, was computed
from the activation energy, A*E using Eqn (1).2”

_AYE _A¥E
Xp (—RT ) = kAexp <—RT > (1)

where kg is the Boltzmann’s constant, h is Plank’s constant, T is
the absolute temperature, and R is the gas constant. Qrs and Qgea

ksT Qrs
k(T)=k— ——¢
(1) =« h  Qgea

|
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Figure 1. Isomerization of the receptor 1 via three transition states. Reaction free energies are in kcal/mol

are the partition functions of the transition state and the reactant
of dipicolyl urea isomer, respectively. These partition functions
are defined as the product of the translational, rotational,
vibrational, and electronic partition functions. These partition

functions were obtained from their frequency calculations using
the GAUSSIAN 03 program.?? The tunneling coefficient («) can
be computed with the Wigner method®*3% 3
k=14 1/24(hv;/kgT)> where v; is the imaginary frequency

computed vibration modes and their energy gaps

Table 1. Selected vibration frequencies of isomers of receptor 1 involved with their binding atoms of the B3LYP/6-31+G(d,p)

9NH bond does not form intramolecular hydrogen bond.
¢NH bond forms intramolecular hydrogen bond.

Species IR frequency® IR Intensityb Energy gap©
1a Sc_n_n = 150440, in plane 1147.98 0.27
V=04 dc__N_t + dc_n_n = 1696.58 205.86
vn_p(@sym) =3461.37 11.18
Un_n(sym) = 3475.34 62.36
1b V=0 + Nt + dcn_n = 1692.92 531.50 0.22
Ny =3463.91¢ 53.76
Yy = 3479.11¢ 72.64
1c V=04 SNt + dc_n_n = 1695.18 52935 0.33
Un_y = 3254.81° 473.82
Vn_p = 3499.467 55.11
1 Sc_o_n=1169.51 197.53 0.14
VN = 3178.69° 398.39
Vo =3624.84 96.40
2In cm ™, the computed /R vibration frequencies were scaled by 0.9627.12%
®In kg/mol.
“In eV.

www.interscience.wiley.com/journal/poc
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Table 2. Reaction energies, thermodynamic properties, rate constants and association constants of isomerizations of receptor 1,
computed at the B3LYP/6-31+G(d,p) level of theory

Reaction AP kyog® AF? AH,o° N Kaos

In gas phase
la—ts_1a_1b—1b 9.16 (6.07) 230 x 10° (3.47 x 10) 3.09 3.05 297 6.65x 1073
1b—ts_1b_1c—1c 3.54 (9.12) 408 x 10° (7.14 x 10°) —558 —5.67 —5.16 6.04 x 10°
Tc—ts_1c_1c¢ —1c’ 37.34 (22.96) 8.11x 107" (274 x 1074 14.38 1433 1435 3.01 x 107"

In aqueous®
la—1b — — 462 5.15 2.96 678 x 1073
1b— 1c — — —3.27 —3.96 —2.89 131 x 10°
1c—1c — — 16.58 16.58 18.40 324 x 107"

Energy with ZPVE corrections scaled by the empirical factor 0.9857, in kcal/mol.
b Activation energies for forward and backward (in parenthesis) reactions.
Forward and backward (in parenthesis) rate constants, in s~ .
4In kcal/mol.

€In aqueous solution, derived from the CPCM calculations (¢ = 78.37) at the B3LYP/6-314-G(d,p) level.

that accounts for the vibration motion along the reaction path. The binding selectivity of receptor 1 to guest B with respect to
The pre-exponential factor (A) is defined as A = kgT/h Qrs/Qrea. guest A has been derived from the selectivity coefficient (KQ)B”
The association constant K at 298.15K (Kygg) and 1atm is which is defined as an equilibrium constant of ion exchange
computed using a thermodynamic equation AG® = —RTInK. between ions A and B. Since exchange is a chemical reaction as

Figure 2. Association mechanism of complexes of 1 with formic acid, their transformations and protonation of formate ion. The free energy of reaction is
in kcal/mol

J. Phys. Org. Chem. (2010) Copyright © 2010 John Wiley & Sons, Ltd. www.interscience.wiley.com/journal/poc
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Figure 3. Association mechanism of complexes of 1 with acetic acid, their transformations and protonation of acetate ion. The free energy of reaction is

in kcal/mol

Egn (1), it can be treated
expression.

like any other mass action

AX+B—=BX+A M

Therefore, the selectivity coefficient can be defined as
K& = [BX][A]/[AX][B]. If the complexations of BX and AX are
observed, their stability constants based on Eqns (2) and (3) can
be expressed as Kx = [AX]/[X][A] and Kz = [BX]/[X][B].

X+B < BX (2)
X+A < AX (3)

The selectivity coefficient can be therefore written as
K& = Kg/Ka. If the value of the selectivity coefficient K5 is larger
than 1, this implies that B is preferred over A and if K} is smaller
than 1 then A is preferred over B.

RESULTS AND DISCUSSION

Isomers of dipicolyl urea

The B3LYP/6-31+G(d,p) optimized structures of isomers of
receptor 1 as 1a, 1b, 1¢, and 1c’ including atomic numbering
scheme are shown in Fig. 1. It shows that the isomerization occurs
via three transition states, ts_1a_1b, ts_1b_1¢c, and ts_1c_1c/,
sequentially. The rotational transition states, ts_1a_1b and

ts_1b_1c describe the interconversion of their corresponding
reactant and product through rotation around the N3—C5 and
C2—N3 bonds, respectively. The single imaginary frequencies for
the transition states ts_1a_1b and ts_1b_1c are respectively
—5895 and —45.73 cm~' which are low frequencies but
ts_1c_1c’ is the proton-transfer transition state of which
imaginary frequency is high (—1834.48 cm™"). All the isomers
are planar structure except for the isomer 1b. 1c is the most
stable isomer which is stabilized by its intermolecular hydro-
gen-bond, N1- - -H8 but the 1c’ is the least stable isomer because
its N3 atom prefers to bond with H4 as amide nitrogen rather
than imine form. The standard Gibbs free energy for the 1b to 1¢
transformation exhibits its spontaneous reaction.

The potential energy profile of the transformation of receptor
1, in terms of relative energy, is shown in Fig. S1, Supporting
Information. The relative stabilities of these isomers are in orders:
1c>1a>1b>1c in gas phase and 1a>1c>1b>1c" in
aqueous solution. Nevertheless, energy difference between 1a
and 1c is small (2.49 kcal/mol in gas phase and 1.36 kcal/mol in
aqueous solution). Selected B3LYP/6-31+4G(d,p)-computed
vibration modes of isomers of the receptor 1 namely their
acceptor (Hyy) and donor (O¢) atoms are shown in Table 1. The
C=0 stretch vibrations for 1a, 1b, and 1¢, combined with
C—H—N bending modes, are 1696.58, 1692.92, and
1695.18cm ™', respectively. Table 1 shows that frequencies of
stretching vibration of N—H bond which does not form

intramolecular hydrogen bond, such as wvy_y (asym)=

www.interscience.wiley.com/journal/poc
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Figure 4. Association mechanism of complexes of 1 with benzoic acid, their transformations and protonation of benzoate ion. The free energy of

reaction is in kcal/mol

346137cm ™", vn_n (sym)=347534cm ' of 1a, vy =
346391 cm™", vn_p=3479.11cm™ " of 1b, vy_p=3499.46
cm ™! of 1¢, are higher than frequencies of stretching vibration
of N—H bond which form intramolecular hydrogen bond such as
UN—p = 3254.81 cm™ " of 1c and vy_p =3178.69cm ™' of 1c’. As
the chemical reactivity of compound is the inverse of its energy
gap as given in Table 1, the reactivities of these isomers in gas
phase are therefore in orders: 1¢’ >> 1b > 1a >> 1c. This means
that trend for 1a forming complex with some guest is more
preferable than 1c but is not much different.

Reaction energies, thermodynamic properties, rate constants,
and association constants of isomerizations of the receptor 1,
computed at the B3LYP/6-31+G(d,p) level of theory, are shown in
Table 2. It shows that 1b to 1c transformation is the
thermodynamically preferred reaction with Kyeg=6.04 x 10°
which corresponds to its forward and backward rate constants
of ki%, = 4.08 x 10° and k5% = 7.14 x 10°s™ ", respectively. Due to
the 1c— 1c’ reaction step, its forward and backward rate
constants are very small and its reaction is non-spontaneous
process.

The selected geometrical parameters and NBO charges for
isomers of the receptor 1 are shown in Table S1, Supporting
Information. It shows that the 1c isomer corresponds to the X-ray
structure®? and its geometric parameters exhibit good agree-

ment with the X-ray data. The NBO charges of nitrogen and
oxygen atoms of these isomers are kept as high negative
values.

Dipicolyl urea complexes with carboxylic acid/carboxylate
anion

The B3LYP/6-31+G(d,p) optimized structures of isomers of 1
complexes with formic acid (fma), acetic acid (ace), benzoic acid
(bza), and oxalic acid (oxa) are shown in Figs 2-5, respectively. The
relative energies of complexes are shown in Table S2, Supporting
Information. The relative stabilities for the complexes with formic,
acetic, benzoic, and oxalic acids are in orders: 1c/fma> 1b/
fma > 1c/fma’ > 1a/fma > 1b/fma” > 1b/fma’, 1c/aca > 1b/
aca > 1c/aca’ > 1a/aca > 1b/aca” > 1b/aca’, 1¢/bza > 1b/bza > 1¢/
bza’ > 1a/bza > 1b/bza’ > 1b/bza”, and 1c/oxa > 1b/oxa > 1a/
oxa > 1b/oxa” > 1b/oxa’, respectively. The most stable com-
plexes with fma, ace, bza, and oxa are the complexes of the
isomer 1c. The association energies, thermodynamic properties,
rate constants, and equilibrium constants of 1 complexes with
fma, ace, bza, oxa, and their anions, computed at the B3LYP/
6-31+ G(d,p) level are shown in Table 3. Magnitudes of the
equilibrium constant of complexations of isomers 1a, 1b, 1b/,
1b”, 1¢, and 1c¢’ with the carboxylic acids are in orders: 1a/
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Figure 5. Association mechanism of complexes of 1 with oxalic acid, their transformations and protonation of oxalate ion. The free energy of reaction is
in kcal/mol

Table 3. Reaction energies, thermodynamic properties and association constants of 1 complexes with carboxylic acids and
carboxylate ions, computed at the B3LYP/6-31+G(d,p) level of theory
Reaction AFP AHags? AGyog® Kaos
Formic acid/Formate ion:
1a +fma — 1a/fma —6.09 —5.81 411 968 x10*
1b +fma — 1b/fma —12.24 —12.16 —1.37 1.01 x 10'
1b’ +fma — 1b/fma’ —1.40 —1.50 9.46 1.16 x 1077
1b” + fma — 1b/fma” —4.13 —3.72 5.57 827 x10°
1c+fma — 1c¢/fma —15.33 —15.36 —3.97 8.13x 102
1c¢’ +fma — 1c¢/fma’c —19.97 —20.52 —8.17 9.70 x 10°
1a+fm~ —[1a/fm]~¢ —26.68 —26.61 —16.40 1.05 x 10'?
[1a/fm]” +H" — 1a/fma —319.01 —318.55 —319.13 -
Acetic acid/Acetate ion:
1a +aca — 1a/aca —3.80 —3.50 7.21 515x10°°
1b +aca — 1b/aca —11.90 —11.61 —1.08 6.15 x 10°
(Continues)
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Table 3. (Continued)

Reaction AEP AHaos? AGags? Ksog
1b’ + aca — 1b/aca’ -1.30 -1.20 9.83 6.21x1078
1b” + aca — 1b/aca” —1.57 -1.12 8.39 7.05x 1077
1c+aca— 1c/aca —15.05 —14.88 —3.66 483 x 102
1¢’ +aca— 1c/aca’® —17.97 —18.47 —5.54 1.15 x 10*
la+ac” —[1a/ac] @ —28.15 —27.93 —17.88 1.27 x 10"
[1a/ac]” +H' — 1a/aca —320.04 —319.76 —318.72 —

Benzoic acid/Benzoate ion:
1a+bza — 1a/bza —2.23 —1.72 8.77 371 x 1077
1b + bza — 1b/bza —12.27 —11.88 —-1.12 6.60 x 10°
1b’ + bza — 1b/bza’ —1.87 —1.65 9.60 9.12x 1078
1b” 4 bza — 1b/bza” —0.32 0.25 10.44 224x1078
1c+ bza — 1c/bza —15.36 —15.06 —3.73 5.42 x 10%
1c¢’ +bza — 1¢/bza’c —18.59 —18.44 —6.63 7.20 x 10*
1a+ bz~ —[1a/bz] @ —25.10 —2476 —14.42 3.71x 10"
[1a/bz]” +H" — 1a/bza —314.74 —314.34 —314.33 —

Oxalic acid/Oxalate ion:
1a + oxa — 1a/oxa —9.62 —885 245 161 x 1072
1b + oxa — 1b/oxa —13.98 —13.17 —2.73 9.96 x 10"
1b’ + oxa — 1b/oxa’ —3.66 —2.96 7.88 1.67 x 107°
1b” 4 oxa — 1b/oxa” —8.35 —7.53 3.62 222x1073
1c+ oxa — 1c/oxa® —16.92 —16.24 —5.01 473 x10°
1¢’ + oxa — 1c/oxa’f — — — —
la+ox>” —[1a/ox]* ¢ —65.34 —64.21 —56.50 2.65 x 10"
1a+ox~ —[1a/ox] ¢ —24.34 —23.34 —14.93 8.86 x 10'°
[1 a/ox]27 +H"—=[1a/ox]™ —398.30 —398.08 —398.23 —¢
[1a/ox]” +H' — 1a/ox —312.11 —311.99 —311.34 —e

@Energy with ZPVE corrections scaled by the empirical factor 0.9857, in kcal/mol.

®In keal/mol.

“The most stable species of complex with acidic form.

4The most stable species of complex with anionic form.

€Very large values.

fUnstable complex.

9The most stable species of complex with anionic form which is

formed via proton transfer process.

oxa >> 1a/fma >> 1a/aca > 1a/bza, 1b/oxa > 1b/fma> 1b/
bza > 1b/aca, 1b/oxa” > 1b/fma” > 1b/oxa’ > 1b/aca” > 1b/
fma’ > 1b/bza’, 1b/aca’ > 1b/bza”’, 1c/fma’ > 1c/bza’ > 1c/
aca > 1c/oxa > 1c/fma > 1c/bza > 1c/aca, respectively. It was
found that the complex 1c/oxa’ is not stable because the
hydroxyl proton of 1c¢’ is preferably transferred to carbonyl
oxygen of the oxalic acid and its carboxylic proton is
simultaneously transferred to amide nitrogen and stabilized as
the 1c/oxa complex. It was also found that complexations of 1a,
1¢, and 1c’ with four carboxylic acids are thermodynamically
preferred reaction steps. The magnitudes of equilibrium
constants of complexations between 1a and monoanionic
species of the carboxylic acids are very large and in order:
[1a/ac]” > [1a/fm]™ >[1a/ox]” >[1a/bz] .

Selectivity coefficients of 1 complexes with carboxylic acids
based on their most stable species are listed in Table S3 which
shows that the relative selectivities of the receptor 1c are in order:
oxa > fma > bza > aca. As the receptor 1c mainly prefers to form
complex with oxalic acid, this can be complied that receptor 1
selectively recognizes the oxalic acid (Fig. 6). Throughout the
paper, anionic form of the formic acid (fma), acetic acid (ace),

12.00

10.00
8.00 4
Qm 6.00 -
400

2.00 4

0.00 4

fma aca bza oxa

Figure 6. Relation of selectivity coefficient of complexes 1 and car-
boxylic acid guests
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Table 4. Reaction energies, thermodynamic properties, rate constants and equilibrium constants of 1 complexes with carboxylic

acids, computed at the B3LYP/6-31+G(d,p) level of theory.
Reaction Ag2P Kaos® AE?P AHoog8° AGoog® Kaos
Complexes with formic acid:
1a/fma — ts_1a/fma _1b/fma” — 1b/fma” 9.23 3.06 x 10° 5.05 5.14 443 568 x10*
1b/fma — ts_1b/fma_1b/fma’ — 1b/fma’ 8.95 1.14 x 10° 10.85 10.65 10.83 1.15%x 1078
1c/fma — ts_1c/fma_1c/fma’ — 1c/fma’ 10.59 339 x 10* 9.74 9.17 10.16 359%10°8
Complexes with acetic acid:
1a/aca — ts_1a/aca_1b/aca” — 1b/aca” 9.48 1.26 x 10° 532 5.44 4.15 9.11x107*
1b/aca — ts_1b/aca_1b/aca’ — 1b/aca’ 8.80 348 x 10° 10.61 10.41 10.91 1.01x 1078
1c/aca — ts_1c/aca_1c/aca’ — 1c/aca’ 9.51 8.16 x 10" 11.46 10.74 1248 7.14x107'°
Complexes with benzoic acid:
1a/bza — ts_1a/bza_1b/bza” — 1b/bza" 9.40 1.27 x 10° 5.00 5.02 463 401x10°*
1b/bza — ts_1b/bza_1b/bza’ — 1b/bza’ 8.99 1.22 x 10° 10.40 10.23 10.72 3.15x 1078
1c/bza — ts_1c¢/bza_1¢/bza’ — 1c/bza’ 9.46 1.74 x 10° 11.15 10.95 11.46 400x107°
Complexes with oxalic acid:
1a/oxa — ts_1a/oxa_1b/oxa” — 1b/oxa” 8.93 441 %x10° 436 437 414 9.16 x 107*
1b/oxa — ts_1b/oxa_1b/oxa’ — 1b/oxa’ 12.03 1.80 x 10° 10.32 10.21 10.61 168 x 1078
1c/oxa — ts_1c/oxa_1c/oxa’ — 1c/oxa’® 8.18 3.01 x 108 12.87 9.66 10.46 2.15%x 1078
Complexes with oxalate ion:
[1a/ox]*~ —ts_[1a/ox]*"_[1a/ox]*~ — [1a/ox]*® 5.18 1.96 x 107 0.00 0.00 0.00 1.00 x 10°
[1a/ox]™ — ts_[1a/ox]™_[1a/ox]” — [1a/ox]® 28.47 294 %1078 0.00 0.00 0.00 1.00 x 10°
@Energy with ZPVE corrections scaled by the empirical factor 0.9857, in kcal/mol.
®In kcal/mol.
“Ins .
4 Unstable complex.
€ Autoconversion reaction.

benzoic acid (bza), and oxalic acid (oxa), respectively, denoted as
fm~,ac”, bz", and (ox~ and ox*") are used as shown in Table 3. As
the most stable species of 1 complexes with these anions are in
the form of 1a isomer, the protonation of complexes in the form
of 1a isomer is therefore investigated. Proton affinities of
monoprotonated complexes of these carboxylic acids are in
order: [1a/fm]” >[1a/ac]” >[1a/bz]” >[1a/ox]” which corre-
sponds to their free energies as shown in Table S4. Association
energies of these complexes are very high and their complexa-
tions are spontaneous reaction. Reaction energies, thermodyn-
amic properties, rate constants, and equilibrium constants of
transformation of 1 complexes with carboxylic acids,
computed at the B3LYP/6-31+4G(d,p) level of theory, are shown
in Table 4.

Association mechanisms of 1 complexes with formic acid,
acetic acid, benzoic acid, oxalic acid, and their interconversions
are shown in Figs 2-5, respectively. The plot of selectivity
coefficient against carboxylic acid guests is shown in Fig. 6. It
shows that the receptor 1 in the form of isomer 1c could
selectively recognize the oxalic acid in a mixture of carboxylic
acids. The relative energies of conversion reactions of formic acid
and its deprotonated species, in terms of energy profile, are
shown in Fig. 7. It also shows autoconversions of anionic complex
species [1a/ox]~ and [1a/ox]*~ via the transition states ts_[1a/
ox] _[1a/ox]” and ts_[1a/ox]* _[1a/ox]*", respectively; also
refer to Table 4. Rate constants of the [la/ox]*” —ts_[1a/
ox]>"_[1a/ox]*~ — [1a/ox]*~ are much more higher than that of
the [1a/ox]™ — ts_[1a/ox] _[1a/ox]” — [1a/ox]”; their values are
1.96 x 107 and 2.94 x 107857, respectively.

Figure 7. Relative energies for change of oxalic acid/oxalate ions and
their complexes with receptor 1

www.interscience.wiley.com/journal/poc
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CONCLUSIONS

Four isomers dipicolyl urea, 1a, 1b, 1¢, and 1c’, were found to be
transformed via three transition states, ts_1a_1b, ts_1b_1¢, and
ts_1c_1c’. The relative stabilities of these isomers are in orders:
1c>1a>1b>1c’ in gas phase and 1a>1c>1b>1c" in
aqueous solution. Transformation of 1b to 1c is the thermo-
dynamically preferred reaction with Kags=6.04 x 10° which
corresponds to its forward and backward rate constants of
Kby, =4.08 x 10° and kb =7.14 x 10%s™, respectively. Structure
of the most stable isomer, 1¢, is in good agreement with the X-ray
data.

The relative stabilities for the complexes with formic, acetic,
benzoic, and oxalic acids are in orders: 1c/fma > 1b/fma > 1c/
fma’ > 1a/fma > 1b/fma” > 1b/fma’, 1c/aca > 1b/aca > 1c/aca’ >
1a/aca > 1b/aca” > 1b/acad’, 1¢/bza > 1b/bza > 1¢/bza’ > 1a/
bza > 1b/bza’ > 1b/bza”, and 1c/oxa > 1b/oxa > 1a/oxa > 1b/
oxa” > 1b/oxa’, respectively. The most stable complexes with
fma, ace, bza, and oxa are the complexes of the isomer 1c. The
relative  selectivities of the receptor 1c¢ are in order:
oxa > fma > bza > aca. The proton affinities of monoprotonated
complexes of these carboxylic acids with 1a are in order:
[1a/fm]” >[1a/ac]” >[1a/bz]” >[1a/ox]”. Autoconversions of
anionic complex species [1a/ox]~ and [1a/ox]*~ were found and
their rate constants are 1.96 x 10” and 2.94 x 1085, respectively.
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Abstract

Binding energies of complexes between six cyclic amide receptors and monovalent anions
F~, CI, Br, CH3COO", HSO; and H,PO, and thermodynamic properties of these
complexations were obtained at the B3LYP/6—-31G(d) level. The binding abilities of these
six receptors are in decreasing orders: F~ > CH3;COO™ > Br > H,PO4 > CI” > HSO,4 for
receptor 1, F > Br > CH3;COO™ > H,PO, > CI" > HSO, for receptors 2 and 3, F~ >
H,PO, > CH3COO™ ~ Br > CI" > HSO, for receptor 4, F > H,PO4 ~ CH3;COO™ ~ Br >
ClI" > HSO,4 for receptor 5 and F~ > H,PO, > Br- > CH3COO™ ~ > CI" = HSO,4 for

receptor 6.

Keywords cyclic amide receptors, molecular structure, selectivity, recognition; DFT



1. Introduction

Review articles for the supramolecular compounds containing amide functional groups
as anion receptors [1] and amide-based ligands for anion coordination [2] were
summarized. Fluorescence switch—on sensor for copper (I1) by an amide linked lower rim
1,3-bis(2—picolyl)amine derivative of calix[4]arene in aqueous methanol [3] and
phenanthroline complexes bearing diamide—anion [4] were studied. Many theoretical
studies of anion receptors namely 1,3-bis(4-nitrophenyl)urea derivative[5], non-rigid bis—
(2,5-diamidopyrrole) [6], 3,4-dichloro-2,5-diamidopyrrole [7], 3,4—dichloro-2,5-
diamido-substituted pyrrole derivatives [8], 3,4—dichloro-2,5—-diamido—substituted pyrrole
[9], azophenol-thiourea derivatives [10], 8,8'—dithioureido—2,2'-binaphthalene derivatives
[11], tetraamino—tert—butylthiacalix[4]arene and tetraamino—tert—butylcalix[4]arene [12]
were studied. N-nitrophenyl benzamide derivatives for cyanide colorimetric detection [13]
and synthesis and anion-binding properties of new disulfonamide—based receptors [14]
were studied.

In this work, the cyclic amide receptors, their energies, thermodynamic properties, rate
constants and association constants of their isomerization have been determined using the
B3LYP/6-31G(p) level. Association energies, thermodynamic properties, rate and
association constants of their complexes with monovalent anions F~, CI-, Br-, CH3;COO",
HSO, and H,PO,™ have been obtained.

2. Computational details

Structures of cyclic amide receptors, formic acid, formate ion, acetic acid, acetate ion,
benzoic acid, benzoate ion, oxalic acid, oxalate ions and related species were optimized
using density functional theory (DFT) method. DFT calculations have been performed
with the Becke's three parameter hybrid functional [15] with the Lee—Yang—Parr
correlation functional [16], B3LYP method [17] with 6—31(d) basis set [18,19]. All
structures and their reactions were studied in gas phase unless otherwise specified. All
calculations were performed with the Gaussian 03 program [20]. The molecular graphics
for all species were generated with the MOLEKEL 4.3 program [21].

(o]

The standard enthalpy AH,,, and Gibbs free energy changes AG,,, of isomerization of

cyclic amide receptors, association of their complexes and their conversion reactions have



been derived from the frequency calculations at the B3LYP/6—31G(d) level of theory. The
association constant K at 298.15 K (Kzgg) and 1 atm is computed using a thermodynamic

equation AG°=—-RT In K.

The binding selectivity of receptor 1 to guest B with respect to guest A has been
derived from the selectivity coefficient (KQ) [22] which is defined as an equilibrium
constant of ion exchange between ions A and B. Since exchange is a chemical reaction as

eg. (1), it can be treated like any other mass action expression.
AX+B — BX+A Q)

[BXI][A]
[AX][B]

Therefore, the selectivity coefficient can be defined as K2 = . If the complexations

of BX and AX are observed, their stability constants based on egs. (2) and (3) can be

expressed as K, = X and K, =18,
[XI[A] [XIB]
X+B — BX ?)
X+A — AX 3)

The selectivity coefficient can be therefore written as K2 —%. If the value of the
A

selectivity coefficient K/ is larger than one, this implies that B is preferred over A and if

K2 is smaller than one then A is preferred over B.

3. Results and discussion

The B3LYP/6-31G(d) optimized structures of cyclic amide receptors are shown in Fig.
1 and their complexes with the monovalent anions F~, CI", Br, CH;COO", HSO, and
H,PO,  are shown in Figs. 2 to 6. Binding energies and thermodynamic properties of
binding between these receptors and anions were determined. Binding energies of
receptors are in decreasing orders: F~ >> CH;COO™ > Br > H,PO, > CI" > HSO, for
receptor 1, F~ >> Br™ > CH3COO™ > H,PO, > CI” > HSO, for receptors 2 and 3, F >>
H,PO, > CH3COO™ ~ Br > CI" > HSO,4 for receptor 4, F >> H,PO, ~ CH3;COO™ ~ Br~
> CI” > HSO,™ for receptor 5 and F~ >> H,PO,~ > Br > CH3;COO™ = > CI" » HSO,~ for

receptor 6.



Selectivity coefficients of receptors to monovalent anions relative to sulfate ion are
listed in Table 1 which shows that the relative selectivities of the receptors are in
decreasing order: F~ >> CH3;COO™ > Br™ > CI" > H,PO,~ > HSO, for receptor 1, F >>
Br~ > CI" > CH;COO™ > H,PO, > HSO, for receptor 2, F >> Br- > CH3COO™ > H,PO,~
> CI" > HSO, for receptors 3, 4, and 5 and F >> Br >H,PO, > CI” > CH3COO™ >
HSO,4~ for receptor 6. It can be concluded that receptor 1 electively recognizes acetate
anion but receptors 2, 3, 4, 5 and 6 recognize bromine ion as shown in Table 1.

4. Conclusions

Binding energies of receptors are in decreasing orders: F~ >> CH;COO™ > Br™ >
H,PO, > CI" > HSO, for receptor 1, F >> Br > CH;COO™ > H,PO,” > CI” > HSO,™ for
receptors 2 and 3, F >> H,PO,” > CH3COO™ ~ Br” > CI" > HSO,™ for receptor 4, F >>
H,PO, ~ CH3;COO™ ~ Br > CI" > HSO, for receptor 5 and F~ >> H,PO,” > Br >
CH3COO™ ~ > CI" » HSO, for receptor 6. It can be concluded that receptor 1 electively
recognizes acetate anion but receptors 2, 3, 4, 5 and 6 recognize bromine ion as shown in
Table 1.
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Table 1.

Reaction energies, thermodynamic properties and association constants of complexes of

receptors and monovalent anions, computed at the B3LYP/6-31G(d) level of theory

Reaction AE? AH g, ° AG,q, " K yo log K "°:

Receptor 1/anions:

1 + F — UF -131.34 -132.49 -122.56 7.08 x 10*° 63.97
1 + CI — 1/cr -58.10 -58.62 -49.88 3.71x10* 10.69
1 + Br —  1/Br -64.63 —-65.19 -55.71 6.97 x 10% 14.97
1 + AcOO — 1/AcO -67.65 -67.21 -56.75 4.02 x 10" 15.73
1 + HSO, — 1/ HSO,< —46.77 -46.08 -35.30 7.53x10%® 0.00
1 + H,PO, — 1 H,PO,S -60.63 -59.94 -48.90 7.03x10%* 9.97
Receptor 2/anions:

2 + F — 2IF -135.33 -136.39 -127.02 1.30x10% 59.71
2 + CI — 2/cI —-66.73 —-67.14 -59.79 6.78 x 10® 10.43
2 + Br —  2/Br —74.79 —76.24 -64.62 2.36 x 10 13.97
2 + AcO — 2/AcO” -67.89 -68.02 -55.72 7.06 x 10 7.44
2 + HSO, — 2/HSO, -56.98 -56.36 4557 2.54x10% 0.00
2 + H,PO,” — 2/H,PO,S -66.88 —-66.52 -54.14 4.86 x 10% 6.28
Receptor 3/anions:

3 + F —  3IF -139.36 -140.98 -128.80 2.66 x 10™ 59.80
3 + CI — 3/cI —-66.71 —-67.65 -57.52 1.46 x 10 7.54
3 + Br —  3/Br -73.97 —74.78 -64.61 2.33x10% 12.75
3 + AcOC — 3/AcO” -73.02 —73.42 —-60.60 2.66 x 10 9.80
3 + HSO, — 3/HSO, -59.42 -59.14 —47.23 4.18x10* 0.00
3 + H,PO, — 3/H,PO, -71.35 -71.17 -57.54 1.51 x 10 7.56
Receptor 4/anions:

4 + F —  4F -139.49 -143.91 -130.66 6.07 x 10% 65.38
4 + CI — 4/cr -64.98 -66.21 -5450 8.90 x 10* 9.55
4 + Br —  4/Br -71.10 -72.29 -60.28 1.56 x 10" 13.79
4 + AcOT — 4/AcO” -71.12 -71.23 -58.12 4.02 x 10 12.20
4 + HSO, — 4/HSO, -57.06 -57.56 —4147 254 x10% 0.00
4 + H,PO, — 4/H,PO, -73.79 —74.45 -57.17 8.17 x 10* 11.51
Receptor 5/anions:

5 + F — B5IF -127.57 -129.27 -116.19 1.51x10%® 67.26
5 + CI — 5/CI” -48.32 -49.58 -3750 3.09 x 107’ 9.58
5 + Br —  5/Br -54.84 -55.92 —43.87 1.44 x 10%* 14.24
5 + AcOT — 5/AcO” -53.88 -54.06 -39.68 1.22 x10% 11.17
5 + HSO, — 5/HSO, -40.01 -40.11 —24.44 8.23 x 10 0.00
5 + H,PO,” — 5/H,PO, -56.26 -56.87 -39.27 6.10 x 10 10.87
Receptor 6/anions:

6 + F -  BIF - - . - -

6 + CI — 6/CI” -55.87 -57.10 -43.68 1.05x10% 1.83
6 + Br —  B/Br -61.84 —-62.42 -51.13 3.01 x 10% 7.28
6 + AcOT — 6/AcO” -57.36 -56.98 —43.29 5.40x 10* 1.54
6 + HSO, — 6/HSO, -56.39 -55.90 -41.19 157 x 10% 0.00
6 + H,PO,” — 6/H,PO, —-64.00 -63.79 —46.76 1.89x 10* 4.08

% Energy with ZPVE corrections scaled by the empirical factor 0.9857, in kcal/mol.

b 1n kcal/mol.

° Frequency calculation has been not achieved.



Table 2.

Hydrogen bond lengths between anions and donor atoms of receptors

Receptor/anion F Ccr Br AcO™ HSO,4~ H,PO,
Receptor 1 (01,02) (01,02) (01, 02)
N1H--A 1.85012 2.47166 2.44423 1.88406 (01) 1.96946 (0O1) 1.87769 (01)
N2H--A 1.85136 2.46904 2.38962 1.87717 (02) 1.96425 (02) 1.90499 (02)
N3H--A 1.85122 2.34145 2.33575 1.86463 (02) 1.97410 (02) 1.90437 (02)
N4H-A 1.85140 2.34523 2.39000 1.87240 (O1) 1.97798 (O1) 1.90398 (O1)
CIH--A 1.87909 2.83228 2.15180 3.03571 (O1), - -

3.00487 (02)
C2H--A 2.10650 2.59052 2.10071 2.87587 (01), - -
2.84836 (02)
C3H--A - - - - 2.68537 (O1) 2.73732 (O1)
C4H--A - - - - 2.70068 (02) 2.68531 (02)

Receptor 2 (01,02,03) (01,02) (01,04)
N1H--A 1.93462 2.45276 2.09424 2.02719 (01) 2.11092 (01) 1.90362 (01)
N2H--A 1.95733 2.44237 2.09192 2.02711 (02) 2.89293 (01) 2.77838 (0O1)

1.97206 (03)
N3H--A 1.93365 2.44757 2.09341 2.02718 (02) 2.69272 (01) 2.92110 (01),
2.06033 (04)

N4H--A 1.95805 2.44483 2.09310 2.02726 (01) 1.95294 (01) 1.92648 O1)

C1lH---A 1.88711 2.62869 2.51496 2.25244 (01) 2.29321 (01) -

C2H--A 1.88691 2.62774 2.51494 2.25263 (02) 2.30446 (01) -

C3H-A - - - 2.63068 (O1), - -
2.63200 (02)

CAH--A - - - 2.62398 (01), 2.42978 (02) 2.54753 (02)
2.62528 (02)

Receptor 3 (01,02) (01,02)
N1H:-A 1.92270 2.36081 2.58060 2.06752 (O1) 2.13694 (O1) 2.06037 (O1)
N2H-A 1.89974 2.47481 2.46676 2.06859 (O1) 2.17150 (O1) 2.22519 (O1)
N3H--A 1.92427 2.35959 2.57922 2.06665 (02) 2.17496 (02) 2.06201 (02)
N4H--A 1.89924 247677 2.46807 2.06897 (02) 2.14123 (02) 2.21657 (02)
CIH--A 1.86566 2.58137 2.68641 2.31116 (O1) 2.33762 (O1) 2.23528 (O1)
C2H--A 1.86422 2.57799 2.69043 2.31112 (02) 2.34619 (02) 2.23403 (02)
Receptor 4 (01,02) (01,02)
N1H:-A 1.88679 2.31226 2.38962 1.99313 (01) 2.09860 (O1) 2.03674 (O1)
N2H-A 1.84264 2.36048 2.49580 2.12819 (O1) 2.23095 (O1) 2.04714 (O1)
N3H--A 1.88727 2.31119 2.38812 2.07134 (02) 2.11090 (02) 1.99010 (02)
N4H:-A 1.84259 2.36150 2.49599 2.04153 (02) 2.19990 (02) 1.98311 (02)
CIH--A 1.88077 2.62024 2.76440 2.23124 (01) 2.25697 (O1) 2.13530 (O1)
C2H--A 1.88036 2.61592 2.76631 2.22351 (02) 2.24508 (02) 2.17760 (02)
Receptor 5 (01,02) (01,02)
N1H--A 1.70077 2.25449 2.37152 1.93803 (O1) 2.03003 (O1) 1.94126 (O1)
N2H:-A 1.72998 2.33735 2.49437 1.98515 (O1) 2.09297 (O1) 1.91416 (O1)
N3H-A 1.70077 2.25512 2.37209 2.00954 (02) 2.02908 (02) 1.87036 (O2)
N4H---A 1.72998 2.33625 2.49362 1.95026 (02) 2.08262 (02) 1.91124 (02)
Receptor 6 (01,02) (01,02)
N1H-A 1.72568 2.45118 2.59853 2.09489 (O1) 2.34874 (O1) 2.16966 (O1)
N2H--A 1.72567 2.45991 2.59937 2.01713 (01) 2.39500 (0O1) 2.20023 (01)
N3H--A 1.66535 2.37273 2.50406 2.05535 (02) 2.37822 (02) 2.16985 (02)
N4H:-A 1.66523 2.36497 2.50455 2.22820 (02) 2.33703 (02) 2.19970 (02)




Table 3.
Reaction energies of complexes of receptors and monovalent anions, computed at the
B3LYP/6-31+G(d,p)//B3LYP/6-31G(d) level

Reaction AE?

Receptor 1/anions:

1 + F —  1UF -95.63
1 + CI — 1/CI -65.71
1 + Br — 1/Br -72.54
1 + AcOO — 1/AcO -71.04
1 + HSO, — 1/HSO, -56.14
1 + H,PO, — 1/H,PO, -66.20
Receptor 2/anions:

2 + F —  2IF -85.61
2 + CI — 2/CI” -60.31
2 + Br —  2/Br -67.52
2 + AcOO —  2/AcO” -58.05
2 + HSO, — 2/HSO, -50.91
2 + H;PO, —  2/H,PO, -57.04
Receptor 3/anions:

3 + F —  3/F -87.61
3 + CI — 3/CI” -60.12
3 + Br —  3/Br -68.20
3 + AcOO —  3/AcO” -63.58
3 + HSO, — 3/HSO, -54.15
3 + H2P04_ — 3/ H2PO4_ '6145
Receptor 4/anions:

4 + F —  4AF -89.01
4 + CI’ — 4/CI” -58.18
4 + Br —  4/Br -65.97
4 + AcOO —  4/AcO” -61.20
4 + HSO, — 4/HSO, -51.25
4 + HPO,S —  4/H,PO, -63.64
Receptor 5/anions:

5 + F — 5/F -74.47
5 + CI’ — 5/CI” -41.82
5 + Br —  5/Br -48.91
5 + AcOO — 5/AcO” -43.62
5 + HSO,, — 5/HSO, -34.79
5 + H;PO,7 — 5/H,PO, -46.20
Receptor 6/anions:

6 + F —  6/F -80.16
6 + CI —  6/CI” -50.74
6 + Br —  6/Br -57.16
6 + AcOO — 6/AcO” -48.45
6 + HSO, — 6/HSO, -50.41
6 + H;PO, — 6/H,PO, -54.60

% Energy without ZPVE corrections scaled by the empirical factor 1, in kcal/mol.



Captions for the illustrations

Fig. 1. Optimized structures of cyclic amide receptors, Top and bottom are side and top

views, respectively.

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

2.

Optimized structures of complexes between 1 and anions.

3. Optimized structures of complexes between 2 and anions.
4. Optimized structures of complexes between 3 and anions.
5. Optimized structures of complexes between 4 and anions.
6.
7
8
9

Optimized structures of complexes between 5 and anions.

. Optimized structures of complexes between 6 and anions.
. Gibbs free energy changes for association of receptors with alkaline ions.

. Gibbs free energy changes for association of receptors with oxygenated ions.
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Fig. 6.
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Abstract

The ONIOM(B3LYP/6-31G(d):AM1) optimized structures of complexes of calix[4]arene
receptor (L) with alkaline metals Li*, Na" and K" and their complexes with halide ions F~, CI",
Br~, oxygen—containing anions HCO3;~, HSO,  and CH3COO™ ions were obtained. Binding
energies and thermodynamic properties of complex receptors LiL*, NaL" and KL with these
anions were determined. Binding energies of receptors LiL", NaL" and KL" are in decreasing
orders: F~ >> CH3;COO™ > HCO3 > Br > HSO, > CI', F >> CH3COO™ > HCO3 > Br >CI™ >
HSO, and F~ >> CH3COO™ > HCO3;™ > Br > CI" > HSO,4 . All the alkaline—-metal receptors
LiL*, NaL* and KL" exhibit their abilities to selectively fluoride ion.

Keywords: calix[4]arenes; alkaline metal; halide; oxygen—containing anion; binding energy;
ONIOM



1. Introduction

Anions play an important role in several fields such as biology [1], the environment [2],
catalysis [3] and potential medical application [4]. Thus the design of molecular sensors for
anion recognition and sensing are interesting of chemists for many years, especially, in the
research field of supramolecular chemistry [5]. The major need for designing is both sensitive
and selective sensors for anions [6, 7]. Hosts containing a variety of donor (D) groups, D-H,
such as ureas [8-11], amines [12], amides [13,14] and thioamides [15] have been widely
investigated. Anion recognition of two binding-sites receptors lead to discovery of useful
sensors not only for dicarboxylates but also monocarboxylates. Chromogenic azophenol-
thiourea based anion sensors were developed for the selective colorimetric detection of acetate
and other anions [16-18]. Furthermore chromogenic indoaniline-thiourea—based receptors were
studied for fluoride detection sensors [19]. Anthracen urea and thiourea compounds were
synthesized  and investigated for their effective chromogenic anion sensors [20]. For
fluorescent and luminescent chemosensors for detection of anions have been developed for
dicarboxylate recognition [21]. Tripodal urea derivative such as aromatic carboxylate receptor
was investigated for its association constant by NMR titration method [22]. The urea or thiourea
groups incorporated receptors as anion recognition were studied in system of various solvents
[23-25].  Previous theoretical work, the recognition of carboxylate and dicarboxylates by
azophenol-thiourea derivatives were first investigated by the integrated MO:MO method and
the oxalate is the most favorite ion to form complexes with both receptors of azophenol-thiourea
derivatives [26]. Since determination of the binding and complexation energies of the complexes
of the p—tert-butylsulfonylcalix[4]arene [27], p—tert-butylthiacalix[4]arene [28] and tetraamino-
tert —butylthiacalix[4]arene [29] derivatives with zinc(ll) cation were theoretically carried out,
the complexes of these receptors with organic anions should be therefore investigated,
particularly the calix[4]arene derivative functionalized by amino group.

As amino nitrogen atoms of the tetraamino-tert—butylthiacalix[4]arene derivatives have
ability to bind to the zinc (Il) cation [29, 30], their amino protons have to be able to bind with
anion. As the complex formation of tetraamino—tert—butylthiacalix[4]arene derivatives with

anions is expected and their anion recognition leads to development of anion sensors, binding



interactions between detected anions and their receptors are therefore very important information
for discovering colorimetric and other detecting sensors.

In this work, binding interaction complexes of calix[4]arene receptor (L) with alkaline metals
Li*, Na" and K" and their complexes with halide ions F~, CI", Br~, oxygen—containing anions
HCOj3;", HSO, and CH3COOQO™ ions have been investigated.

2. Computational method

Geometries of the tested host—guest complexes and its host, guest components were optimized
using the hybrid density functional B3LYP [31, 32] methods and the two-layered
ONIOM(MO:MO) approach (ONIOM) [33, 34] using B3LYP/6-31G(d) as high model and
semiempirical AM1 [35], PM3 [36] and MNDO [37] as low models. The reliability of the
ONIOM calculations at the integrated level [38], ONIOM(B3LYP/6-31G(d):AM1),
ONIOM(B3LYP/6-31G(d):PM3) and ONIOM(B3LYP/6-31G(d):MNDQ) approaches were
examined by being employed in the geometrical optimizations of the tetraamino-tert—
butylthiacalix[4]arene receptor and its complex with oxalate. Their geometrical data were
compared to the data of the target geometry optimized at B3LYP/6-31G(d) level of theory [39].
Energies and geometries of oxalate/tatctb4a system as the examined host—guest complex carried
out using the ONIOM(B3LYP/6-31G(d):AM1), ONIOM(B3LYP/6-31G(d):PM3) and
ONIOM(B3LYP/6-31G(d):MNDO) methods were also compared with the target B3LYP/6-
31G(d) geometry. The ONIOM(B3LYP/6-31G(d):AM1) calculation of the examined system
provides reasonable result with relatively lower cost for the present host—guest interaction. The
two-layered ONIOM(B3LYP/6-31G(d):AM1) for geometry optimization of the present host—
guest investigation was therefore employed through out this work. The reliability of the
ONIOM(B3LYP/6-31G(d):AM1) of the similar system was discussed in references [40,41].
The real and model systems used in the two—layer ONIOM(MO:MO) calculations for the hosts
and host—guest interaction models are shown in Fig. 1. The geometrical structures of carboxylate
guests and their total energies were optimized and computed at the B3LYP/6-31G(d) level of
theory. All calculations were performed using the GAUSSIAN 03 program [42] and their
structures were visualized using the MOLEKEL 4.3 program [43].



Energies of binding (AEpinding) Of guest on host of the ONIOM calculations of the present

system are evaluated using the following equation:

AEpinding [(B3LYP/6-31G(d):AM1)](host/guest) =
E [(B3LYP/6-31G(d):AM1)] (host/guest)
- E[(B3LYP/6-31G(d):AM1)] (host)
— E[(B3LYP/6-31G(d))] (guest) (1)

To estimate the basis set superposition error (BSSE) for the energies of host/guest complex
formation at the B3LYP/6-31G(d)/ONIOM(B3LYP/6-31G(d):AM1) level, counterpoise (CP)
calculations were performed using the Boys—Bernardi's CP scheme [44-49]. The BSSE energies

of the host/guest complex formation were used to compute the energies of BSSE corrected
binding (AEg 5).

The enthalpy AH **and Gibbs free energy changes AG*®of all complexation reactions have
been derived from the frequency computations at ONIOM(B3LYP/6-31G(d):AM1) level of
theory. The equilibrium constant, K of binding process at 298.15 and 1 atmosphere was

computed using thermodynamic relation of AG**=—-RT In K.
The binding selectivity of calix[4]arene receptor to guest B with respect to guest A has been
derived from the selectivity coefficient (K2) [50] which is defined as an equilibrium constant of

ion exchange between ions A and B. Since exchange is a chemical reaction as eq. (2), it can be

treated like any other mass action expression.

AX+B = BX+A 2)
Therefore, the selectivity coefficient can be defined as KQ=M. If the complexations of
[AX][B]
BX and AX are observed, their stability constants due to egs. (3) and (4) can be expressed as
_ [AX] _ [BX]
*IXIA] °IXIBl
X+B = BX 3)

X+A = AX (4)



The selectivity coefficient can be therefore written as K :K—B. If the value of the selectivity
A

coefficient K; is larger than one, this implies that B is preferred over A and if KQ is smaller

than one then A is preferred over B.
3. Results and discussion
3.1 Complexes of receptor L with alkaline metals

The ONIOM(B3LYP/6-31G(d):AM1) optimized structures of complexes of calix[4]arene
receptor (L) with alkaline metals Li*, Na" and K" are shown in Fig. 2. Their binding energies are
listed in Table 1.

3.2 Formation of alkaline—-metal receptors with anions

The ONIOM(B3LYP/6-31G(d):AM1) optimized structures of alkaline-metal receptors LiL",
NaL* and KL with halide ions F, CI~, Br, oxygen—containing anions HCOs~, HSO, and
CH3COQO™ ions are sown in Figs. 3, 4 and 5. Their binding energies and thermodynamic
properties of their formation are shown in Table 2. All formations between anions and alkaline—
metal receptors LiL*, NaL"™ and KL" are exothermic and spontaneous reactions. Bindings of
these anions on the receptor NaL™ are thermodynamically more stable than the receptors LiL"
and KL", except the HSO,™ ion. Binding energies of receptors LiL*, NaL" and KL" are in
decreasing orders: F~ >> CH;COO™ > HCO3;™ > Br" > HSO, > CI, F >> CH;COO™ > HCO3™ >
Br- > ClI" > HSO, and F >> CH3COO™ > HCO3 > Br > CI" > HSO,". Selectivity coefficients
for these anions of the receptors are in orders: F~ >> CH3;COO™ > HCO3 > Br> CI™> HSO,™ for
LiL", F~ >> CH3COO™ = Br- > HCO3™ > CI” >> HSO4 for NaL" and F~ >> CH3COO™ > HCO;”
> Br~ > CI” > HSO,4 for KL".

Plots of the binding free energy of the receptors with (a) halide anions and (b) oxygen—
containing anions against the radius of alkaline metals of the receptors are shown in Fig. 6. It
shows that the alkaline metals Li*, Na* and K" hardly ever affect the stability of the halide



complexes of calix[4]arene receptor (L) with alkaline metals but affect the stability of
CH3COQO~, HCO3 and HSO4™ as shown in Fig. 6(b).

It can be concluded that all alkaline-metal receptors LiL*, NaL* and KL" exhibit their
abilities to selectively fluoride ion. These alkaline metals Li*, Na* and K* hardly ever have an

influence on the fluoride recognition of the alkaline—-metal receptors LiL*, NaL* and KL".

4. Conclusions

Binding energies and thermodynamic properties of formation between complexes of
calix[4]arene (L) with alkaline metals Li*, Na" and K* formed as LiL", NaL" and KL" and halide
ions F-, CI7, Br, oxygen—containing anions HCO3, HSO,  and CH3COO™ ions these anions
were determined. Binding energies of receptors LiL", NaL" and KL* are in decreasing orders:
F~>> CH3COO™ > HCO3™ > Br > HSO4 > CI, F >> CH3COO™ > HCO3™ > Br > CI” > HSO,~
and F >> CH3COO™ > HCO3;™ > Br > CI" > HSO,~. All formations between anions and
alkaline—-metal receptors LiL", NaL* and KL" are exothermic and spontaneous reactions. All
alkaline—metal receptors LiL", NaL" and KL" exhibit their abilities to selectively fluoride ion.
These alkaline metals Li*, Na* and K* hardly ever have an influence on the fluoride recognition

of the alkaline—metal receptors LiL*, NaL* and KL".
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Table 1
Energetics and thermodynamic properties of formations between calix[4]arene and alkaline
metals, computed at the ONIOM (B3LYP/6-31G(d):AM1) level

. 0 0 Ab
Host/guest formation AE*® AH5gq AG,gq K Log K Kg

L+ LIt > LiL*
L+ Na* —» NaL’
L+ K - KL*

2 In kcal/mol.

® Selectivity coefficient of guests with respect to A complex.



Table 2
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Energetics and thermodynamic properties of formations between alkaline—-metal receptors and

anions, computed at the ONIOM(B3LYP/6-31G(d):AM1) level

Host/guest complexes AE* AHye ®  AGg * K Log K K ®
Receptor LiL":
LiL*/F -152.81 -154.52 -141.69  2.44x10Y 10.39 1.53x 10°
LiL*/CI- -82.95 -84.07 —72.66 2.12x10° 5.33 1.33x 10°
LiL*/Br -86.40 -87.43 -76.56 4.10x10° 5.61 2.57 x 10°
LiL*/HCO5 -96.75 -97.30 -82.84 1.18 x 10° 6.07 7.41x10°
LiL*/HSO,~ -84.68 -84.50 —70.98 1.60 x 10° 5.20 1.00 x 10°
LiL*/CH;COO™ —99.15 -99.96 -84.99 1.70 x 10° 6.23 1.07 x 10
Receptor NaL":
NaL*/F~ -153.03 -154.40 -142.89  2.98x10% 10.47 1.20 x 10°
NaL*/CI- -82.86 -83.65 -73.07 2.27x10° 5.36 9.13x10°
NaL*/Br -86.29 -87.03 —76.65 416 x10° 5.62 1.67 x 10
NaL*/HCO; -89.63 -90.13 —75.17 3.24x10° 551 1.30 x 10
NaL*/HSO,” —74.38 -74.51 -59.97 2.49 x 10 4.40 1.00 x 10°
NaL*/CH;COO~ -91.00 -91.44 —76.82 428 x 10° 5.63 1.72x 10"
Receptor KL*:
KL*/F -153.02 -154.71 -140.01 1.84 x 10" 10.26 5.33 x 10°
KL*/CI” -82.78 -83.78 -71.27 1.68 x 10° 5.22 4.86 x 10°
KL*/Br -86.22 -87.73 -72.64 2.12x10° 5.33 6.14 x 10°
KL*/HCO5 -89.74 -90.49 -73.17 2.31x10° 5.36 6.71 x 10°
KL*/HSO, -76.00 —75.76 -61.90 3.45 x 10 454 1.00 x 10°
KL*/CH;COO~ -91.03 -91.65 —75.25 3.28x10° 5.52 9.52 x 10°
% In kcal/mol.

® Selectivity coefficient of guests with respect to HSO,~ complex.
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Captions for the illustrations

Fig. 1

Fig. 2

Fig. 3

Fig. 4

Fig. 5

Fig. 6

Molecule of guest (ball) and ball atoms of receptor are treated as high level of theory and
other rest part is treated as low level in which have been used in the ONIOM(MO:MO)
calculation.

The ONIOM(B3LYP/6-31G(d):AM1) level optimized structures of the receptors LiL",
NaL" and KL".

The ONIOM(B3LYP/6-31G(d):AM1) level optimized structures of the complexes of

LiL" with anionic guests. The hydrogen—bond distances and binding free energies (AG; )
are in angstrom and kcal/mol, respectively.

The ONIOM(B3LYP/6-31G(d):AM1) level optimized structures of the complexes of

NaL® with anionic guests. The hydrogen-bond distances and binding free energies
(AG,q ) are in angstrom and kcal/mol, respectively.

The ONIOM(B3LYP/6-31G(d):AM1) level optimized structures of the complexes of
KL" with anionic guests. The hydrogen-bond distances and binding free energies (AGg; )
are in angstrom and kcal/mol, respectively.

Plots of the binding free energy of the receptors with (a) halide anions and (b) oxygen—

containing anions against the radius of alkaline metals of the receptors.
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