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1. azophenol-thiourea (receptor 1)

2. azophenol-thiourea (receptor 2)
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tetraamino-tert-butylthiacalix[4]arene (tatbtc4a)

4. tetraamino-tert—butylca]ix[tl]a:ene (tatbcda)
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MINATOUANUYNABIVBINISA N Tau3T ONIOMMO:MO) TaunmisufSvifivuniiu
019WUBE (bond length) 31 (angle) UDY Yu'1ATAsOD (dihedral angle) HATWAIITUNITIIUATD
seninluanalaadiuinad Tnoifuniinaaeuszninamsduinlasit ONIOM2(B3LYP/6-
31G(d):AM1), ONIOM2(B3LYP/6-31G(d):PM3) uaz ONIOM2 (B3LYP/6-31G(d):MNDO) 1ay
wssmnsududsidmuoAeds BILYP/6-31G(d) dmsulassadsvesmisilsznomFedeu

v . = o - ar b d
s Ieasysenou azophenoi-thiourea uagasisznsumans[4)ieSuNy oxalate Tanaaalily

3UN 3 uaz 4 awdidu

5193 Tnssadrvssaisvesasilszneudidouseninasdsznoulsad 1 AU oxalate Tao
EmsAuluNIzAUNQY) (@ AMI, (b) ONIOM(B3LYP/6-31G(d):PM3), (c)
ONIOM(B3LYP/6-31G(d):AM1) ag (d) B3LYP/6-31G(d)

(a) (®) © (d)

ilhi 4 TnssadveeamisvesmisdsznouiFadoussninasdszneulsad 1 fu oxalae Inv
FBNMUIKNITAUNGYE] (a) B3LYP/6-31G, (b) ONIOM(B3LYP/6-31G(d):AM1), (c)
ONIOM(B3LYP/6-31G(d):PM3) 1oz (d) ONIOM(B3LYP/6-31G(d):MNDO
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ace/tatbtcda, AE = -43.32 oxa/tatbicda, AE = -103.77  malitatbtcda, AE =-117.60

P Y LA

suc/tatbicda, AE = -86.91 glutaibtcda, AE = -75 06 adi/tatbtcda, AE = 4.93

pim/tatbicda, AE = -58 98

Py v o
3% 7 asdssneuidsdouszniamsidszneulsad tetraamino-tert-

butylthiacalix[4]arene (tatbtcda) ﬁmﬂﬂﬁ

. ! . ke
acc/lalbcda, AE = -13 60 oxa‘lalbeda, AF = -67 6} mal‘tstbcda, AE = -64 .09

S 3

. [
aditatbcda, AE = 25.78

suc/athcdn, AR = -49.77

pim/tatbeda, AE = -26.72
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3Uh 8 misUseneudsgouszn naasysenoulaasn tetraamino-tert-butylcalix[4]arene

(tatbcda) HUNAFH
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TAauN1sAMUIUIVY ZPVE (Zero-Point vibration energy correction) 1ad35 ONIOM(B3LYP/6-

31G(d):AM1) wasnudinanlauaasluasian i, 2,3 ez 4

P ar @ ? o ar o3 t o = o =
A13790 1 HTAINAIIUNITIINAD AudUYiall Andu Insl uaz wavudass vesaisdszneu 1

a o
A INTA
Guest AEbinding a AHO b AGO, b ASD, N

acetate -60.88 -61.73 -46.61 -50.71
oxalate -134.11 -134.52 -119.56 -50.18
malonate -125.84 -126.21 -111.46 49.47
succinate -108.20 -108.45 -93.64 -49.68
glutarate -103.75 -104.00 -88.54 -51.85
adipate -95.80 -95.54 -79.88 -52.52
pimelate -90.75 91.17 -74.60 -55.54
suberate -86.51 -87.00 -70.34 -55.89
azelate -80.71 -80.89 -65.19 -52.14

* In kcal/mol, derived from the ONIOM (B3LYP/6-31G(d):AM1) energies of frequency corrections,

at 298.15 K.

® In keal/mol, at 298.15 K.
‘ In cal/mol K, at 298.15 K.

o ar [ ] - 4 o o8 L] [~ 4 - o o
AN 2 LETAINAINTUNITIAD AnBuNall AuouInst uaz nassudase veaarsusznev 2

ar o
Ny TR
Guest AEbinding 3 AHO. b AGO, b ASO, ¢

acetate -54.29 -58.49 -30.78 -92.95
oxalated -171.71 -171.71 -157.21 48.61
malonate -137.39 -138.49 -119.54 -63.54
succinate -118.69 -119.61 -101.52 -60.67
glutarate -113.96 -114.32 -98.07 -54.50
adipate -105.50 -105.32 -88.82 -55.36
pimelate -101.21 -101.74 -84.15 -59.00
suberate -96.75 -97.33 -79.67 -59.23
azelate -90.67 -90.86 -74.99 -53.24

* In kcal/mol, derived from the ONIOM (B3LYP/6-31G(d):AM1) energies of frequency corrections,
at 298.15 K. ° In kcal/mol, at 298.15 K. © In cal/mol K, at 298.15 K. * In the form of proton-

transferred complex, [(2 )(oxalate )]
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A5 3 UARINAIIIUNITIIUAI AuDUNAL AuouInsd waz wasnudase vesaisiszneu

ar o
tatbtc4a NU NTRA

Guest AEpinding® AH»#" AG®® AS»* © Koo d
acetate -43.32 -43.61 -28.03 -52.26 1.00 x 10
oxalate -103.77 -104.26 -80.92 -78.29 8.12x10*

malonate -117.60 -41.35 -84.99 146.38 8.04 x 10Y

succinate -86.91 -87.71 -68.80 -63.41 9.83 x 10

glutarate -75.06 -75.64 -58.19 -58.54 1.54 x 10%
adipate -4.93 -5.00 13.18° 6098 .

pimelate -58.98 -60.26 -42.38 -59.95 3.62x 10"

*In kcal mol derived from the ONIOM (B3LYP/6 31G(d): AMI) gnergles with zero-point
vibrational energy corrections (ZPVE) *Inkcalmol’.® Incalmol K . Selectivity coefficient of
guests with respect to acetate. - Non spontaneous process.

P ar ar [ o a2 ’ o =1 o =
A15197 4 LTAINDIIIUNTIINAD andunal Aaudu Insi Loz wasudase vesaisisznow

ar o
tatbcda NV NTA

Guest AEbinding a AH 298 b Angg b Aszgg c K;r:emre d
acetate -13.60 -8.28 -1.73 -1.86 1.00 x 10
oxalate -67.61 -62.58 -54.28 -27.86 1.76 x 10™

malonate -64.09 3.78 -57.05 204.04 1.93 x 107
succinate -49.77 4456 -42 66 -6.36 5.00 x 0%

glutarate 43.71 -39.01 -36.58 -8.14 1.69 x 107’
adipate 25.78° 31.05 33.32 -7.59 I

pimelate -26.72 -22.79 -18.41 -14.68 7.27x 10

*In kecal mol', derived from the ONIOM (B3LYP/6 31G(d): AMI) gnergles with zero-point
vibrational energy corrections (ZPVE) ® In kcal mol . In cal mol” K. Selectivity coefficient of
guests with respect to acetate. * Non spontaneous process.
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Recognition of carboxylate and dicarboxylates by azophenol—-thiourea
derivatives: a theoretical host—guest investigation
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Supramolecular Chemistry Research Unit, Department of Chemistry, Faculty of Science, Chulalongkom University, Patumwan, Bangkok 10330, Thailand
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A bstract

Geometries of azophenol—thiourea derivative complexes with acetate, oxalate, malonate, succinate, glutarate, adipate, pimelate, suberate
ind azelate were carried out using the integrated MO:MO method. The binding and complexation energies of these complexes were derived
the ONTOM{(B3LYP/6-31G(d):AM1) calculations. The relative slabilites of the complexes of azophenol—thiourea derivatives with
carboxylate guests are reported. The binding interactions of the azophenol—thiourea receptor 1, 2 and carboxylate guests are described as
multipoints hydrogen bonding, where the amine and phenolic hydrogen atoms of receptors act as hydrogen bond donors in complex with
facetate and all amine-hydrogen and phenolic hydrogen atoms act as hydrogen bond donors in complex with dicarboxylate guesis.
ermodynamic properties of binding interactions between receptors 1, 2 and their preorganizations and complexations are also reported.

© 2004 Elsevier B.V. All rights reserved.

Keywords: Azophenol; Thiourea; Acetate; Dicarboxylate; Anion recognition; AM!; ONIOM; DFT

1. Introduction

In the field of host-guest chemistry, the molecular
recognition of supramolecular receptor is very important
research to develop sensors. Chromogenic anion sensors for
detection of organic and inorganic anions were widely
studied as reviewed by Tuntulani [1]. The organic anion
receptors which contain chromophore part are basically used
for chromogenic sensors for detection of biological anions.
‘An excellent anion receptor such as thiourea-based chromo-
phores with p-nitropheny! groups is an excellent chromo-
genic anion receptor for monocarboxylate such as acetate
[2]. 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 [3-5].
Furthermore chromogenic indoaniline-thiourea-based
‘Teceptors were studied for fluoride detection sensors [6].

*Tel.: +66-2218-7644; fax: +66-2254-1309.
E-mail address: vithaya r@chula.ac.th

D166-128v% - sec front matter © 2004 Elsevier B.V. All rights reserved.
' 804:10.10164.theochem. 2004.08.007

Anthracen urea and thiourea compounds were synthesized
and investigated for their effective chromogenic anion
sensors [7]. Due to azophenol-thiourea based receptors
which contain two anion-binding sites, they should likely
bind to two carboxylate groups of dicarboxylates such as
oxalate, malonate and succinate. For fluorescent and
luminescent chemosensors for detection of anions have
been developed for dicarboxylate recognition [8]. Tripodal
urea derivative such as aromatic carboxylate receptor was
investigated for its association constant by NMR titration
method [9]. The urea or thiourea groups incorporated
receptors as anion recognition were studied in system of
various solvents [10-12].

Due to anion recognition of any receptors leading 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. 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 bioclogical topics. In this work, binding
interaction between carboxylates and different chromophore



receptors have been therefore theoretically investigated in
order to obtain their binding energies and thermodynamic
properties of their interactions. The receptors 1 and 2 of
azophenol-thiourea derivatives and anionic guests of
acetate, oxalate, malonate, succinate, glutarate, adipate,
pimelate, suberate and azelate have been investigated in this
work.

(2, Computational method

Reliability of two-layered ONIOM(MO:MO) approach
iwas firstly examined for the present host-guest study. Two
'thiourea, one water and one anionic guest were used as
model system of the two-layered ONIOM(MO:MO)
calculation as depicted in Fig. 1. Geometries of the tested
host-guest complexes and its host, guest components were
optimized using the semiempirical AMI1 [13], the hybrid
density functional B3LYP [14,15] methods and the two-
layered ONIOM(MO:MO) [16,17] approach using B3LYP/
6-31G(d) as high model and semiempirical AM1 [13] and
PM3 [18] as low models. Energies and geometnes of
1/acetate system as the examined host-guest complex were

1, C5

| ooy
(
c7 €6 Ty ¢ TyCew
{ 51 52
' N4
‘ C1s
|
Clé
‘ ch C17
| ciz 18
{a) Real system
I
« &
5 d
\/(‘/ m " 1N
o \
TSR \ 0 N
B e ~ no~
» T H
& \ -

{b) Model system

I Fig. 1. (a) Atom labeling of real molecule of l/oxalate as a host—guest
representative and the specified arca of high level (gray) region and (b)
mode] system (two thiourea, a water and an anionic guest molecules) used
in the ONIOM(MO:MO) calculation.
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carried out using the semiempirical AM1, ONIOM(B3LYP/
6-31G(d):AM1) [19,20] and ONIOM(B3LYP/6-31G(d):
PM3) methods and compared with the target geometries at
B3LYP/6-31G(d) level of theory. All total energies of the
ONIOM calculations at the integrated level [21] are zero
point energy (ZPE) correction with unscaled frequencies.
ONIOM(B3LYP/6-31G(d):AM1) calculation of the exam-
ined 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 optimiz-
ation of the present host-guest investigation was therefore
employed. Scheme showing the real and model systems
used in the ONIOM(MO:MO) calculations for this host-
guest interaction model is shown in Fig. 1. All calculations
were performed using the Gaussian 03 program [22] and
their structures were visualized using the MoLEXEL 4.3
program. [23]

Energies of binding (AE.,i,,di,,g), preorganization
(AEpreorg) Of host, guest and complexation (AE ompiex) Of
the ONIOM calculations of the present system are evaluated
using the following formulas:

AEinging = E[ONTUM(B3LYP/6 — 31G(d) : AM1)]

X (host/guest)
— E[ONIUM(B3LYPF/6 — 31G(d) : AM1)](host)
— E{(B3LYP/6 — 31G(d)}(guest) (1)

AE, .= E[ONTUM(B3LYP/6 — 31G(d) : AM1)]

preorg
X (complexed host)
— E{ONIUM{(B3LYP/6 — 31G(d) : AM1)]
X (isolated host) 2)
AE s {BUESE)

= F[B3LYP/6 — 31G(d)}(complexed guest)
— E[B3LYP/6 ~ 31G(d)](isolated guest) (3)

Fg. 2. (a} AM1, (b) ONIOM(B3LYP/6-31G(d):PM3), (c) ONIOM(-
B3LYP/6-31G(d):AM1) and (d) B3LYP/6-31G{(d) optimized geometrics of
complex 1 with acetate.



Table 1

Jeometrical data for AM1, ONIOM(B3LYP/6-31G(d):PM3), ONIOM(-
'|B3LYPI6-3lG(d):AMl) and B3LYP/6-31G(d) geometries of complex 1
with acetate

AM1 (B3LYP/ (B3LYP/ BiLYP/
6-31G(d):  6-31G(d): 6-31G(d)
AMI) PM3)
nd distances (A.)
1.408 1.409 1.409 1.410
1.3%0 1.390 1.390 1.390
1.390 1.390 1.380 1.390
1.390 1.390 1.390 1.390
1.390 1.390 1.390 1.400
1.408 1.409 1.400 1.400
1.500 1.500 1.500 1.520
1.430 1.440 1.480 1.450
1-H2 1.010 1.030 1.040 1.030
1.360 1.360 1.360 1.350
1.660 1.710 1.720 1.710
) " 1.380 1.360 1.360 1.350
2-H3 1.000 1.030 1.040 1.030
1.420 1.440 1.480 1.440
10 1.530 1.510 1.520 1.530
16-C11 1.510 1.520 1.510 1.530
in-ci2 1.500 1.500 1.510 1.530
1.370 1.380 1.380 1.370
0.980 1.000 1.000 1.010
...HI* 1.970 1.610 1.590 1.570
...H?* 2.040 1.790 1.770 1.760
i03...H2" 2.060 2.780 2.780 2710
03...H3* 2.080 1.860 1.860 1.860
01.. Ha* 2210 1.930 1.540 1.980
\Bond angles (*)
LC1-C2-C) 119.520 119.570 118.770 119.730
C2-CyC4 120.500  120.440 120.840 120.530
C3-£4-C5 119960 120010 120.370 119.480
C4-C5-C6 120.640  120.800 120.310 121.130
C5-C6-Cl 119.060  118.920 119.260 118.770
C6-C1-C2 120.340  120.190 120.420 120.270
C1-C6-C7 121.680  121.100 121.920 121.390
C6-C7-N1 114540  114.260 110.260 114.520
C1-N1-C8 122.580  121.360 121.980 126.040
C1-N1-H2 116.420  114.440 116.090 114.120
NI-C8-N2 116.810  112.880 112530 113.050
C8-N2-C9 121.640  121.050 121.250 124.920
C8-N2-H3 118.920  118.680 119.640 117.270
N2-C9-C10 114.240  112.880 111.430 113.000
ce-Cl1o0-c1i 109930 110.010 110.460 112.730
Cl0-C11-C12 111350 111.412 111370 113.070
C2-C13-N3 114.230  113.420 110.840 111.840
CI3-N3-C14 122,480  122.550 123.660 127.4%0
C13-N3-H4 114090  110.420 110.670 111.830
'N3-Cl4-N4 116600  112.840 112.410 113.380
Cl4&-N4-CI15 122.050  120.530 121.470 125.140
Cl4-N4-Hs 119590  116.570 117.850 116,290
‘N4-C15-C16 114260 114.480 112.230 113.970
Ci15-C16-C17 109860  110.000 110.370 112,530
Ci6-C17-CI18 111.340 111.370 111.390 113.090
02-C19-03* 120016 127.070 125.480 125.270
-O2-Cl9-C20° 119790  115.610 115.660 116.150
Dihedral )
C2-C1-01-41 29780  69.430 103.580 123.000
CS-05-C7-N1 92860 100020 —101.880 —99.180
C6-C7-N1-C8 —92190 —41.030  101.000 92.980
' O6-CTN1-12 86450 68230 —62.600 —72380
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Table | (continued)

AM1 (B3LYP/ (B3LYP/ B3LYP/
6-31G(d): 631G{d): 631G(d)
AM1) PM3)
C7-NI1-C8-N2 —175.700 —166.150 ~166.120 —170.100
NI1-C8-N2-C9 —168.530 —175.380 —178.990 175.650
C8-N2-C9-C10 108.570 116.780 —123.250 —90.580
N2-C9-C10-C11 176.690 172040 —176.430 —177.420
co-C10-Ci11-C12 179.730 178.680 —179.720 179.630
C3-C2-C13-N3 —125.171 —138.460 128220 —129.290
C2-CI3-N3-Cl4 106.630 118.140 80.620 124.740
C2-C13-N3-H4 —53.870 —39.460 —42.080 —50.930
C13-N3-C14-N4 —170.700 —170.800 176780 —175.630
N3-C14-N4-C15 175.14 167.580 169.690 172.820
Cl14-Na-C15-Ci16 —109.630 —103.170 —110.910 —84.990
N4-C15-C16-C17 —177.630 —177.5%0 —177400 —179.240
Ci15-C16-C17-C18 179.970 — 179970 —179.710 179.760
N1-H2...02-C19° —176.610 117.470 107.700 124.360
Ol1-H1...02-C19° 96.760 —163.450 —153.680 —152.530
N2-H3...03-C19° —43.840 —92.580 —89.200 ~99.770

* Hydrogen bond distance.
® Belongs to guest molecules.
 Due to hydrogen bond

AE ympiex = E[ONTUM(B3LYP/6 — 31G(d) : AM1)]
X (host/guest)
— E{ONTUM(B3LYPFP/6 — 31G(d) : AM1)]
X (complexed host)
— E[B3LYP/6 — 31G(d)l{complexed guest) (4)

AEyinging = AEpreneg. (host) + AE o (gUeSt) + AE iy

(3)

Above formulas are for complexation moldel of neutral
molecule (host) interacting with mono- and dicarboxylate
anions (guest) forming hydrogen-bonded complex without
proton transfer. Since the proton-transferred complex as
[(receplor_)(guest_)]z_ species is formed, the binding
energy of this system must be calculated from the proton
transfer energy (AE o panster) Using the following equation:

AEyinging = AEpreorg (host) + AEj ., (guest)
+ A-E‘complcx + AEPI’BLD‘I.I‘IS{CT (6}

where AEp o wvanster 1S the summation of deprotonation of
host, AE ¢pr0c (host) and protonation of guest, AE . (guest).
The comresponding enthalpy, AHpinaing and Gibbs free
energy, AGupinding €an be written in the same fashion of

Eq. (6) as following equations:
AHyinding = AHpreorg (h0st) + AH oy (guest)

+ A}{;cmplcx + AHmeu-msfer (7

AGhinding = AGpeorg (1051) + AG oy (gUESL)
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Table 2

{ Total encrgies of receptor 1, L/acetate complex and binding energies at various methods
Methods E(acetate)* EQ) E(1/acetate)” AEvnaing”
B3LYP/6-31G(dW/AM —228.494016 —1794.592839 —2023.185133 —-61.67
ONIOM (B3LYP/6-31G(d):AM1)¢ —228.449661 —1172.335908 — 1400.88259%4 —60.88

| B3LYP/6-31G(dV/(B3LYFP/6-31G(d):AM1)* —228.449661 — 1794.140520 —2022.683854 —58.78
ONIOM(B3LYP/6-31G(d):PM3)° —228.449661 —1172.381865 — 1400.930699 —62.23
B3LYP/6-31G(d)/(B3LYP/6-31G(d):PM3)* —228.449661 —1794.145595 -2022.683853 —55.60
BALYP/6-31G(d) —228.449661 — 1794157407 —2022.704800 —61.33

* Total cnergies in hartree.
> ¥n kcal/mol.
¢ Guest molecule is treated as high model.

The standard enthalpy AH and Gibbs free energy
changes AG of all reactions have been derived from
frequency calculations at ONIOM(B3LYP/6-31G(d):AM1)
level of theory. The entropies AS’ of their corresponding
reactions were evaluated by a thermodynamic equation
AS =(AH — AG)IT [24].

3. Results and discussion

Geometries of complexes 1 with acetate were opti-
‘mized using AMI], ONIOM(B3LYP/6-31G(d):PM3),
'ONIOM(B3LYP/6-31G(d);:AM1) and B3LYP/6-31G(d)
"(target) methods as shown in Fig. 2 and their comrespond-
\ling geometrical data are listed in Table 1. The ONIOM
'\(B3LYPI6-3]G(d):AM]) geometry is very similar to the
target, B3LYP/6-31G(d) geometry as compared with
other ONIOM methods, as indicated in Fig. 2. The
total energies of 1/acetate complex derived from the AMI,
\|ONIOM(B3LYP16-3lG(d):PMB). ONIOM(B3LYP/6-
131G(d):AM1) and B3LYP/6-31G(d) calculations are listed
%in Table 2. It shows that binding energies of 1/acetate
|complex which derived from the B3LYP/6-31G(d)}/
'ONIOM(B3LYP/6-31G(d):AM1) and B3LYP/6-31G(d)/
ONIOM(B3LYP/6-31G(d):PM3) energies (AEpinding=

—58.78 and -—55.60 kcal/mol, respectively) are less
accurate than their ONIOM energies (AEyinding= — 60.88
and —62.23 kcal/mol, respectively) as compared with
‘the B3LYP/6-31G(d) binding energy (AEpinding=
. —61.33 kcal/mol). As the various ONIOM(MO:MO)
methods were applied on the receptor I and acetate
interaction and complexation, the ONIOM(B3LYP/
6-31G(d):AM1) calculation is selected as a most accurate
method with low computing-time consumption. Binding
energies, enthalpies, Gibbs free energies and entropies of
complexation between receptor 1 and carboxylates
obtained from ONIOM(B3LYP/ 6-31G(d)}:AMI1) calcu-
lations are listed in Table 3. As consideration of binding
energy, the k/oxalate complex is the most stable complex
(AEyinding= —134.11 kcal/mol). Relative stabilities of
complexes 1 with carboxylates are in decreasing order:

oxalate > malonate > succinate > glutarate > adipate > pim-
elate > suberate > azelate > acetate. The complexation sys-
tem of receptor 1 and carboxylate is found to be an
exothermic and spontaneous reactions as indicated by
negative values as listed in Table 3. Ap average
interaction entropy of the receptor 1 and carboxylate
system is approximately —52(+3) kcal/mol. The
ONIOM(B3LYP/6-31G(d):AM1) optimized geometries of
complexes 1 with carboxylate guests are shown in Fig. 3.
Free form structures of receptor 1 and 2, optimized using
ONIOM(B3LYP/6-31G(d):AM1) method are shown in
Fig. 4. There are two types of intramolecular hydrogen
bonds to stabilize the most stable geometries of receptor 1
and 2; one caused by phenclic hydrogen interacting with a
neighboring amine—nitrogen and another one by phenolic
oxygen interacting with an another neighboring amine-
hydrogen as illustrated in Fig. 4. The ionic sizes of
carboxylate guests are in increasing order: acetate (ace),
oxalate (oxa), malonate (mal), succinate (suc), glutarate
(glu), adipate (adi), pimelate (pim), suberate (sub) and
azelate (aze) as depicted in Fig. 5. For the host—guest
system of the present work, preorganization energies of
receptor 1, AE,corg-(host) and carboxylale guests,

Table 3
Binding cnergies, enthalpies, free energies and entropies of association of
receptor 1 and various anionic guests

Guest AF punding” AHO-® AG®-® ASO-*

Acclate —60.88 —-61.73 —46.61 —50.71
Oxalate —134.11 —134.52 —119.56 —50.18
Malonate —125.84 —126.21 —111.46 —4947
Succinate —108.20 - 108.45 —93.64 —49.68
Glutarate —103.75 —104.00 —88.54 —51.85
Adipate —-95.80 —-95.54 —79.88 —52.52
Pimelate —90.75 -91.17 —74.60 —5554
Subcrate — 8651 —87.00 —70.34 —55.89
Azclate —80.71 —80.89 —65.19 —52.14

® In kcal/mol, derived from the ONIOM (B3LYP/6-31G{d):AMI)
energies of frequency corrections, at 298.15 K.

® In kcal/mol, at 298.15 K.

“ In cal/mol K, a1 298.15 K.
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1/azelate

( Fig. 3. ONIOM(BILYP/6-31(Hdd) AM]) opumized goometnes of complexes 1 with carboxylate gu ts.

Epeocg-(guest) are defined as energy difference between
smplex-form hosts and their isclated forms and between
Dmplexed guests and their isolated forms, respectively.
the preorganization cnergies, AE ..y (host) and AE ceory
Juest) listed in Table 4 are all positive values which
omrelate 1o the increament 1n their structural strains.
‘he preorganization reactions caused by complexing
wocess of either host or guest molecules are endothermic
ad non-spontanecous reactions as indicated in Table 4.
the plot of preorganization energies of receptor 1,
arboxylate guests, their binding and complexation
mergies are shown in Fig. 6.

Binding energies of receptor 2 and carboxylate guests
nd their corresponding thermodynamic properties derived
Tom the ONIOM(B3LYP/6-31G(d):AM1} calculation
re tabulated in Table 5. The 2/oxalate complex is
he most stable complex which stabilized by the energy of
~177.71 kcal/mol and presented as the [(2 ™ }oxalate 7))* ™
nstead of [(2)Xoxalate? ~))2” species. For relative stability
of complexes 2 with carboxylale guests are in decreasing

: malonate > succinate > glutarate > adipate > pimela-
€>suberate >> azelate > acetate. The ONIOM(B3LYF/
»-31G(d):AM1) optimized geometries of complexes 2
with carboxylates are shown in Fig. 7. Preorganization

gies, their corresponding thermodynamic properties of
ptor 2 and carboxylate guests and their complexation
nergies are listed in Table 6. Preorganization energies of
ptor 2 and oxalate and their comresponding thermodyn-
imic properties listed in Table 6 are not able to compare
vith complexes of other guests because its reaction

Receptor |

o
- -

2314

W
2110

v Receptor 2

Fig. 4. ONIOM(BILYP/6-31G{d):AM ) optimized geometries of receptor
1 and 2 (hydrogen bond lengths are in A).
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| acetale oxalate malonate
succinate glutarate adipate
. o v M W v v v Y
pimilate suberate arclate

Fig. 5. BALYP/6-31G(d} optimized geometries of free forms of carboxylate guests,

| ' Table 4

|

| | Preorganization energies, corresponding thermodynamics of receptor 1 (host), carboxylates (guest) and their complexation energies derived from the ONIOM
A(BILYP/6-31G(d):AMI) calculations

| Host:guest ‘Host Gucst AE ompier
: | E::," AHO b JJGO b ASO c df.::,‘ 'Y AHO. b AGO' b ASO <
i |1:Aceul.e 8.25 7.24 10.47 —10.85 2.23 1.82 4.06 —7.52 —-71.37
' | 1:Onalate 14.23 12.67 17.92 —17.63 471 4.06 5.73 —5.60 —153.04
| [1:Malonate 1213 10.60 15.02 —14.82 396 3.37 497 -5.37 —141.93
| |1:Succinate  11.82 10.35 14.74 -14.72 8.77 7.66 10.66 —10.08 —128.79
| ll:GIularate 12.05 10.64 15.09 —14.9] 324 2.10 5.52 —11.44 —119.04
1:Adipate 11.31 9.86 14.60 —15.90 8.08 754 10.44 —9.86 ~115.19
:Pimelate 11.35 9.9] 14.53 —15.49 10.36 9.11 12.94 —12.85 —112.46
1:Subcrate 12.32 10.92 14.97 —13.58 14.98 13.70 16.66 -993 ~113.81
| LAzelate 12.35 11.06 15.09 —13.53 11.56 10.42 13.36 -9.54 —104.61

* In kcal/mol, derived from the ONIOM (BILYP/6-31G(d):AM!) encrgies with frequency corrections, al 298.15 K.
* In kcalimol, at 298.15 K.
¢ In cal/mol K, at 298.15 K.

1

| mechanism is different from others. Hydrogen bond except in 2/suberate. The complexation mechanism of
distances found in 1/guest and 2/guest complexes are listed receptor 2 and oxalate, proposed in Scheme 1, are composed
| in Table 7. Carboxylate oxygens at right part of guests form of three reaction steps. First step is proton transfer reaction
a short and a long hydrogen bond distances in all complexes occumming via deprotonation and protonation processes of
Table 5
Binding energics, enthalpics, free encrgies and entropics of association of
50 receptor 2 and various anionic guests
AE
m('hosl) . Guesit AEq nding” AHP-P AGP-*® AS® <
e ~d—— iy —4& e - +
) oy et Acetate 5429 — 58,49 ~30.78 —92.95
W AE__ (guest) Oxalatc® —i7ne -1nm.n' —157.21°¢ —48.61
] preery.
= Malonate —137.39 —138.49 —119.54 —63.54
I Succinate —118.69 —119.6) —101.52 —60.67
% s AE.. Glutarate —113.96 -114.32 —98.07 —54.50
| A = Adipate —105.50 —105.32 —88.82 —55.36
| ;g e Pimelate —101.21 —101.74 —84.15 —59.00
~100 e . Suberate —96.75 —97.33 —79.67 —5023
] /_/'/o———""“ —* Azclate —90.67 -90.86 —-74.99 —-53.24
AE _,
-150 4 /. * In kcal/mol, derived from the ONIOM (B3LYP/6-31G(d):AM1)
encrgies or frequency corrections, at 298.15 K.
® In kcal/mol, at 298.15 K.
T T T T 1 L. | T T <
. : In cal/mol K, at 298.15 K.
| Y
ace oxa mal suc glu adi pim sub aze 4 In the form of proton-ransferred complex, [(2 ™ Yoxalate )P ™.
Fig. 6. Plot of preorganization energies of receptor | (host), carboxylatcs * Derived from Eq. (6).
(guest), their complexation and binding energics against sizes of ! Derived from Eq. (7).

carboxylate guests. ® Derived from Eq. (B).
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Z/pimelate

‘fﬁg. 7. ONIOM(B3LYP/6-31G(d): AM 1) optimuzed geometrics of complexes 2 with anionic guests (" proton-transferred structure exists as [(2 7 Woxalate ™ )]1

ipecies).

receptor 2 and oxalate, respectively. Second and third steps
are preorganization and complexation, respectively.

Plot of preorganization energies of receptor 2, carbox-
Lrlate guests (except oxalate), their binding and complexa-
ton energies are shown in Fig. 8. Binding interactions of
receptor 1, 2 and carboxylate guests are described as
E:ultipoints hydrogen bonding, where two amine-hydrogen

oms and one phenolic hydrogen atom act as hydrogen
nd donors in complex with acetate and all amine-
ydrogen atoms and one phenolic hydrogen atom act as
ydrogen bond donors in complex with dicarboxylates. As
receptors 1 and 2 comprise of chromophore part and their
abilities of intermolecular association with carboxylate

Yoxalawe®

2'glutarate

2/subcrate
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2/malonate

2/azelate

guests, they are, therefore, able to be developed as
carboxylate chemosensor.

4. Conclusions

The geometries of complexes of receptor 1 and 2 with
acetate, oxalate, malonate, succinate, glutarate, adipate,
pimelate, suberate and azelate were camried out using the
ONIOM(B3LYP/6-31G(d):AM1) calculations which found
to be the most reliable as compared with the target
B3LYP/6-31G{d) method. The most stable complexes of
receptor 1 and 2 are 1/oxalate and 2/malonate, respectively.,
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Table 6

Preorganization cnergies, cormespomding thermodynamics of receptor 2 (host), carboxylates (guest) and their complexation energics derived from the ONIOM
{(BILYP/6-31G(d): AM1) calculations

Host:gucst Host Guest AE cmpicx
aEs * AHO® AG™ " aso -« AT AHO® AGS-® AsO <

1] 2:Acetae 6.80 2.97 15.40 —41.70 571 5.30 7.55 —7.55 -61.09
2:Oxalate® 4.49° 33 9.29° —20.01 3.76° 3.88° 351" 1.25 3.76
2:Malonate 13.51 11.16 21.01 —33.02 422 364 5.18 —5.18 —150.89

|| 2:Succinate 13.16 11.51 17.88 —21.38 873 7.62 10.63 —10.09 —-131.85
2:Glutarate 1317 1098 20.46 —3182 3150 2.36 574 —-11.33 —127.13
2:Adipate 12.41 1022 19.9¢ -32.46 8.11 7.53 10.55 —10.15 —-117.9
2:Pimclate 12.62 10,38 20.22 ~-3299 12.89 11.64 15.24 —12.08 —-113.82

| 2:Suberate 13.44 1183 18 82 -21.44 15.37 13.51 19.18 —19.04 —110.19
2:Azclate 12.56 10.56 19.72 -30.72 12.57 11.37 14.66 —11.04 —103.23

[ * Ln kcal/mol, derived from the ONIOM (B3LYP/6-31((d): AM1) energies of frequency corrections, ® 298.15 K.
’ ® In kcal/mol. at 298.15 K.

© In cal/mol K, at 298.15 X_

4 In the form of protoo-transferred complen, |27 Nunalate ™)} .

* Evaluated due to the mechanism proposed in Scheme |,

Table 7
| | Hydrogen bond distances (A) found in L/guest and Yguest complexes

| Complexes 02._HI 02, H2 03.. .H3 04.. H4 O4.. H5 05...H5
Liace 1613 1.790 1.880 - - -

| Voxs 1.600 1.710 1.760 1.840 1.720 2.870°

| Vema 1.779 1.700 1.790 1.680 2.680" 1.760
Vsuc 1.783 1.730 1.750 1.850 1710 2 770°
Vglu 1,758 1730 1.790 1.860 1.710 2.820°
1/adi 1.779 1.750 1.810 1.920 1.700 2.810°
Vpim 1.720 1.751 1.830 1.940 1.730 2.730"
Vsub 1.760 1.735 1.820 1.770 2.620° 1.770
Vaze 1.710 1.875 1.870 2.080 1.690 2.830
Yace 1.942 2.040 2,110 - - -
Yoxa 1600 1710 1.760 1.840 1.720 2,870

! Zmai 1.693 1.680 1.800 1.670 2.710° 1.760
suc 1.700 1.729 1.770 1.840 1.720 27708
Yglu 1.684 1.720 1.800 1.830 1.720 2.820°
Yadi 1.710 1.740 1.822 1.890 1.700 2.800°
Upim 1.700 1.710 1.849 1.730 2.620° 1.760
Usub 1.690 1.721 1.830 1.750 1.730 1.750
aze i 720 1,750 1.820 1970 1.710 2.739

* Defined as long hydrogen bond distances.

oo %n .
- ,_- <
1§ :]--. s APy s ,—l::‘—\ s AEprecqy (how) , ,—-[\]—\ s
/_/_‘} ' " H}' ¢ -?/._/—)M " ' &_\_\_. }_“H ¢ J"&_\j
L] 2 L] L] L]
oxalatc*

SN

(omalate’) [(2 X oxalatc)]

Step 1. Step 2. Step 3.

Scheme 1. Proposed proton transfer mechanism of interaction between receptor 2 and oxalate to form proton-transferred complex (reaction energies arc in
kcal/mol’. Steps 1, 2 and 3 are proton transfer process, preorganization and complexalion, respectively.




