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Abstract: Computational study of tacrine and saccharin and their amidine complex (TacSac) was peformed
by ab initio calculations including electron correlation. Structure, UV-Vis spectra and charge distribution of
the amidine (TacSac) were investigated using ground state geometries optimized at MP2/6-311++G(d,p)
level. The effects of solvent was investigated using polarizable continuum model (PCM) in conjunction with
the solvation model based on density (SMD) approach. TacSac geometry remained same in gas phase and
in H,O both with PCM and SMD models in contrast to former DFT results. The amidine is calculated to be
stable indicating that former DFT calculations underestimated the stability of the investigated amidine. UV-
Vis spectra and electronic transitions were calculated at C1S/6-311++G(d,p), B3LYP/6-311++G(d,p) and
CAM-B3LYP/6-311++G(d,p) levels of theory and B3LYP gave the best results. TacSac has a peak at a
higher wavelength enabling So—S; transition with a lower energy. So—Ss transition corresponds to full
charge transfer between HOMO and LUMO orbitals of TacSac in H2O. The ab initio results indicate that the
TacSac system can be synthesized with an easy condensation reaction, and that the amidine product is a

potential candidate for photochemical charge-transfer systems.
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1. Introduction

Interactions of molecules under physiological
conditions are of great interest as they can be
directly involved in human metabolism. Especially,
drugs and nutrient components receive a special
interest as they play critical roles in human daily
life.

One of these compounds is tacrine (1,2,3,4-
tetrahydroacridin-9-amine, Fig. 1) which was first
synthesized towards the end of World War |1 [1]. It
was among the 90 acridine derivatives obtained for
wound treatment [2, 3]. After the war, studies
revealed that tacrine was an effective
acetylcholinesterase (AChE) inhibitor and could be
used for Alzheimer’s disease (AD). Tacrine crosses
the blood-brain barrier easily and effectively
inhibits central AChE [4]. Its tricyclic structure is
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the major factor in AChE inhibition [5]. Its use for
AD started in 1984, and its results was first reported
in 1986 [6]. It is the first drug for AD treatment
receiving FDA approval [7]. As determined by
crystallographic studies, tacrine binds directly and
selectively to the active site of AchE without
interacting with any other site [8]. Since tacrine
displays unusual interaction properties, many
computational studies were also reported on tacrine
[9-11].
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Another such molecule is saccharin (1,2-
benzisothiazol-3(2H)-one-1,1-dioxide, Fig. 1), a
commercial artificial sweetener [12]. Artificial
sweeteners, including saccharin, are sugar
replacements for many diseases like diabetes and
obesity. However, use of these substitutes can
result in severe health problems including bladder
cancer, heart failure, and brain tumors as well as
psychological and mental disorders [13-18].
Recently, many producers started to replace
saccharin with alternative sweeteners due to
speculations on its carcinogenic effects [12].
Although most of the studies on saccharin are
experimental, molecular modeling studies were
also reported on saccharin and its anion [12, 19—
22].

Amidines have amide and imine functional
groups and are referred as nitrogen analogues of

carboxylic acids [23]. An amino group replaces the
hydroxyl moiety and an azomethine double bond
replaces the carbonyl group. Structurally, they are
carboxylic acid imidates [24, 25] and their pK,
values are within the range of 5-12 [26].

If they are protonated, they behave as strong
organic bases caused by the charge delocalization
on two nitrogens. The amidine structure also attract
attention as it can establish specific interactions
with proteins mainly through bidentate hydrogen
bonds, and the amidino group can modulate this
recognition process [27]. In the literature, many
bioactive amidine based inhibitors are reported for
three  enzyme families: the NOS, the
dimethylarginine dimethylaminohydrolase
(DDAH) and the peptidylarginine deiminase (PAD)
[28].
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Fig. 2. Five amidine classes described by Shriner and Neumann [29].
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A general classification of amidines is given by
Shriner and Neumann depending on the
susbstitution characteristics of nitrogen atoms: (i)
unsubstituted, (i) monosubstituted, (iii)
symmetrical disubstituted, (iv) unsymmetrical
disubstituted, (v) trisubstituted [29]. General
structure of these amidine types are displayed in
Fig. 2.

Major components of DNA, the nucleobases are
also amidines [30]. They are used in organic
synthesis [31], and attract attention for their unique
properties like prototropy [30] and superbasicity
[32]. Amidine derivatives are also used as
antiparasitics  [33], antitumor drugs [34],
purification agents [35], nucleophilic catalysts [36],
fungicides [37], and polymeric adhesives [38]. A
recent study revealed that amidine conjugation may
also play a significant role on electronic structures
by stabilizing unstable intermediates and enabling
researchers to isolate these compounds [39]. Some
additional properties are reported in a recent review
[40].
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Tacrine-Saccharin Complex (TacSac, Amidine)

Fig. 3. Schematic representation for the
formation reaction of Tacrine-Saccharin complex
(TacSac)

There are many studies reported on tacrine and
saccharin;  but, neither experimental nor
computational studies are reported on the tacrine-
saccharin complex formed by the reaction of tacrine

and saccharin to form an amidine (TacSac, Fig. 3)
except our recent computational study [41]. We
investigated the spectroscopic properties of TacSac
using density functional theory (DFT) and time-
dependent density functional theory (TDDFT) with
different functionals. The computational spectra
were in good aggreement with experimental results
but there were some discrepancies about the
structures with different solvent approaches. In
current study, it is our aim to clarify those
dicrepancies by repeating the calculations at a
higher ab initio level including electron correlation.

2. Computational Method

The initial geometries obtained from the
conformational research in our previous work [41]
were used for Tac, Sac and TacSac. The structures
of investigated systems were visualized by
Gaussview 5.0.9 [42]. Geometry optimizations and
frequency calculations were performed with
Gaussian 09 Revision-C.01 [43]. Second order
Moller-Plesset perturbation (MP2) method [44, 45]
was used to optimize all possible conformers of the
investigated structures in both media. Pople type 6-
311++G(d,p) basis set was used in all calculations
[46]. Frequency calculations followed geometry
optimizations and all calculated frequencies were
positive. The most stable conformer for each
system was used in further calculations.

To obtain the computational UV-Vis spectra,
excited state calculations on ground state structures
were carried out with CIS method [47] and Time-
Dependent Density Functional Theory (TDDFT)
using B3LYP (Becke-style three-parameter
functional  with  Lee-Yang-Parr  exchange-
correlation) [48, 49] and CAM-B3LYP (Coulomb-
attenuating method for B3LYP) [50] functionals
using the same basis set. The latter includes long
range corrections to B3LYP method. For each
investigated system, the first 100 singlet excited
states were taken into account.

The polarizable continuum model (PCM)
[51, 52] was used with default options in Gaussian
09 to evaluate the solvent effect. Calculations were
repeated with the SMD (solvation model based on
density) approximation [53] to observe the
contributions of nonelectrostatic solute—solvent
interactions. Atomic Polar Tensor (APT) approach
was used for charge analysis [54].
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3. Results and discussion

The results are discussed in three sections. The
first part reports the calculated geometries and
energies of investigated systems in gas phase and in

solution. Second part focuses on UV-Vis spectra
and electronic transitions and the third part
summarizes the results on charge analysis.

Table 1. Optimized geometries and some selected structural parameters for the investigated systems in gas

phase and in solution at MP2/6-311++G(d,p)

TacSac

Tac Sac

L

Bond GAS H20 H20 GAS H20 H20 GAS H20 H20
Lengths (SMD) (SMD) (SMD)
N1C2 1.411 1.411 1.413 1396 1390 1389 - -
C2C3 1.419 1.419 1.418 1427 1429 1429 - -
Cc2C4 1.395 1.395 1.394 1396 1398 1398 - -
N1C1l 1.285 1.285 1.285 - - - - - -
oi1c1 - - - - - - 1216 1.219
C1IN2 1.405 1.407 1.410 - - - 1399 139  1.395
cicv 1.485 1.482 1.480 - - - 1492 1489  1.486
Bond
Angles
CIN1C2 116.50 117.20 116.45 - - - - - -
N1C1N2 120.27 119.89 119.64 - - - - - -
O1C1N2 - - - - - - 124.99 12455 124.07
N1C2C3 119.48 119.22 119.46 120.17 120.29 120.53 - - -
N1C2C4 120.13 120.23 119.89 120.62 120.61 120.45 - - -
N2C1C7 109.05 109.20 109.42 - - - 108.12 108.42 108.87
N2SC9 91.02 91.73 9241 - - - 91.04 91.63 92.16
Dihedral
Angles
CIN1C2C3 108.14 108.91 107.44 - - - -
N2C1IN1C2 175.27 175.32 175.09 - - - - -
N1C2C3C6 -3.15 -4.46 -4.84 -3.18 -3.94  -3.96 - - -
N1C2C4C5 2.04 3.08 3.50 2.39 2.77 2.54 - - -
N2C1C7C8 160.78 162.05 163.13 - - - 17210 172.99 172.89
N2SC9C10 -167.61 -169.02 -169.94 - - - 173.26 174.09 174.17
3.1. Optimized Structures optimized structures and some selected structural
MP2/6-311++G(d,p) level was wused to  parameters are given in Table 1. A simplified

investigate the structures of Tacrine (Tac),
Saccharin (Sac) and their complex (TacSac). The

numbering system is used to follow the parameters
easily and may vary for each studied system.
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As seen from Table 1, there are no significant
changes in the geometries of investigated systems
in different media. However, the geometry of
TacSac presents significant differences compared
to its parent compounds Tac and Sac. The N1C2
(~0.015 A) and CIN2 (~0.010 A) bond lengths
increased in contrast to C2C3 (~0.010 A) and C1C7
(~0.010 A) which decreased in TacSac.
Interestingly, C2C4 bond length change is
negligible. This may be explained by the fact that
C2C4 bond lies on the aliphatic side of the Tac and
affected least by the changes in the resonance
structure of the aromatic moiety. Similar changes
are observed for bond angles, too. N1C2C3
decreases approximately 1° compared to Tac
whereas N2C1C7 increases by the same amount
compared to Sac. N1C2C4 and N2SC9 are almost
identical without any significant changes. The most
significant changes are observed for dihedral angles
as expected. After the two cyclic molecules are
covalently bonded through C-N double bond, steric
repulsions occur due to the close contacts between

two cyclic systems. As seen by the changes for
N1C2C3C6, N1C2C4C5, N2C1C7C8 and
N2SC9C10 dihedrals, both cyclic molecules are
distorted from their initial geometries in TacSac
due to steric repulsions. The deviations are larger
with respect to Sac which go up to 10° whereas it is
much smaller (around 1°) compared to Tac.

The results revealed that the geometry is only
slightly affected by the presence of a polar solvent
(H20). Since the IEF-PCM model is an implicit
model, it only calculates the electrostatic
interactions and it is not possible to investigate
specific interactions (i.e. hydrogen bonding)
between solute and solvent  molecules.
Interestingly, inclusion of nonelectrostatic terms to
IEF-PCM by SMD approach does not show any
significant changes in the geometries in contrast to
our former results [41]. It may be concluded that
steric factors dominate over all other possible
factors effecting geometries for the investigated
systems.

Table 2. Calculated total electronic energies with zero-point energy corrections (Erot (ZPE), Hartree), dipole
moments (p, Debye), sum of total electronic energy, ZPE and Gibbs free energy (AG, Hartree), complexation
energies (Ec, kcal/mol) and changes in Gibbs free energy (AAG, kcal/mol) for the investigated systems
calculated at MP2/6-311++G(d,p) in gas phase and in solution (in H20).

Etot (ZPE) n AG Ec? AAGP
Gas (Hartree) (Debye) (Hartree) (kcal/mol) (kcal/mol)
Tacrine -611.4375992 3.30 -611.4751130 -5.05 -1.84
Saccharin -946.3721482 5.15 -946.4074900
TacSac -1481.5645700 4.19 -1481.6146770
H20 -76.2532253 2.26 -76.2708660
H-0
Tacrine -611.4479910 4.99 -611.4855070 -5.15 -1.90
Saccharin -946.3874805 6.55 -946.4228630
TacSac -1481.5823220 5.47 -1481.6323980
H20 -76.2613553 2.51 -76.2790020
H20 (SMD)
Tacrine -611.4532624 5.51 -611.4908310 -8.62 -5.42
Saccharin -946.3926688 7.23 -946.4279150
TacSac -1481.5925607 6.01 -1481.6426200
H20 -76.2671048 2.72 -76.2847570

aAEc = (ETacSac + EHZO) - (ETac + ESac)
YAAG = (AGracsac + AGh20) — (AGTac + AGsac)
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Table 2 summarizes some calculated properties
including total electronic energies, Gibbs free
energy differences and dipole moments according
to the reaction given in Fig. 3. In our former DFT
study [41], our results indicate that formation of the
TacSac complex requires energy (Ec values vary
between +5 to +12 kcal/mol) and is a
nonspontaneous endergonic process with AAG
values around +10 kcal/mol. However, in current
study, MP2 results revealed a quite oppposite
tendency. As seen in Table 2, formation of TacSac
is a spontaneous exergonic process in all media
with negative AAG values and Ec values vary
between -5 to 8 kcal/mol. Depending on new MP2
results, it may be concluded that the formation

reaction for TacSac is much easier than formerly
predicted. Another important outcome from Table
2 is the energy values calculated with SMD
approximation. Although nonelectrostatic
interactions do not play major roles in geometries
of investigated systems, their contributions to the
electronic and free energies are significant. By
inclusion of SMD terms both Ec and AAG values
become more negative by approximately 3.50
kcal/mol. This observation is similar to our former
DFT results.

3.2. UV-Vis Spectra and Electronic Transitions

1.2x10°

TacinH,0

L
& @ o ——B3LYP
@

—— CAM-B3LYP

8.0x10" e

1.0x10° " g
4

6.0x10"

g (M“ cm“)

4.0x10°

2.0x10" o

0.0

T T T T T ™ T T
200 250 300 350 400
Wavelength (nm)

6.0x10"

v 9 Sacin H,0
——B3LYP

M
‘ ‘,‘bw —— CAM-B3LYP

,3\3;3\3. —cis

T T
200 250 300 350
Wavelength (nm)

b

e (M'em™)

0.0

TacSacin HZO

——B3LYP
—— CAM-B3LYP
—0CIS

v T
200 250

Wavelength (nm)

T T T ! T '
300 350 400 450

Fig. 4. Calculated UV-Vis spectra of a) Tac, b) Sac and, c) TacSac in H,O with different methods using

6-311++G(d,p) basis set
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In our previous study, we performed TD-DFT
calculations to obtain UV-Vis spectra with different
functionals on ground state geometries obtained at
B3LYP/6-311++G(d,p) level using the first 40
singlet states [41]. The experimental and
computational results were in good agreement but
because of the discrepancies in the optimized
TacSac geometries, the calculations were repeated
with ground state geometries obtained at MP2/6-
311++G(d,p) level. In order to compare results, the
CIS method and B3LYP and CAM-B3LYP
functionals together with 6-311++G(d,p) basis set
were used to obtain first 100 singlet states.

Fig. 4 displays the calculated UV-Vis spectra of
investigated compounds in HO with different
methods. Comparison of the UV-Vis spectra with
available experimental data reported in [41],
B3LYP/6-311++G(d,p) level is determined to have
the best correlation to the experimental results. The

following discussion is based on B3LYP/6-
311++G(d,p) results unless otherwise stated.

Electronic transitions and related properties
calculated at B3LYP/6-311++G(d,p) level for Tac,
Sac and TacSac are given in Tables 3, 4 and 5,
respectively. As seen in Table 3 and Fig 4, Tac has
a peak at 312 nm. This peak corresponds to local
excitation of Tac (LE1) at S; transition. There is
also an intramolecular charge transfer (ICT) from
NH; substituent towards the ring system of Tac
observed at 247 nm with an n — 7* transition
character. This transition is also observed at 289 nm
from H — L+1 with a very small oscillator strength.
The molecular orbitals contributing to the
electronic transitions observed for Tac, Sac and
TacSac are given in Fig. S1.

Sac has a peak at 273 nm (Fig 4, Table 4) which
corresponds to its local excitation (LE2). This
observation is also supported by the results
calculated for TacSac in the further discussion.

Table 3. Electronic transitions (Aex) correlated to vertical excitation energies (AE), transition dipole
moments (), oscillator strengths (f), excitation character, molecular orbitals with their % contributions
in water calculated at B3LYP/6-311++G(d,p) level for Tac

AE 7Lex tr

Predominant

a 0,
state (eVv) (nm) (D) f Character Transitions
s, 3.97 3116 11441 01115 LE1  HoL 69
ICTLEL  H-1—L 50
S, 4.29 288.9 00365 00088 |\ C''or o
Ss 456 271.6 00125  0.0014 LE1 H-2L 69
S4 5.01 2473 04847  0.0595 ICT HoL42 66
LE1 H-35L 51
Ss 5.14 241.0 18028 02385 oo ) o
ICTLEL  HoL+1 39
Se 5.17 239.7 54946  0.6964 LE1 H-3-L 36
ICTLEL  H-1-L 34
s; 5.38 2303 02568 00339  ICT.LEL  H-2—L+l 68
ICT HoL43 53
Se 5.46 2272 0.0668  0.0089 o1 e 44
LEl  HoL+4 51
So 5.48 226.1 01729  0.0232 - oL s
Swo 5.61 2211 0.0568  0.0078 LE1  HoL+5 62
Su 5.76 215.4 14070 01985  ICT.LEL  H-l1—L+1 58

8LE1 = local excitation of tacrine; ICT = intramolecular charge-transfer
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Table 4. Electronic transitions (Lex) corresponding to vertical excitation energies (AE), transition dipole
moments (), oscillator strengths (f), excitation character, molecular orbitals and their % contributions
in water calculated at B3LYP/6-311++G(d,p) level for Sac

Predominant

a 0,
State AE (eV) Aex (M) wr (D) f Character Transitions %
S1 4.54 273.0 0.0162 0.0018 LE2 H-2—L 65
ICT,LE2 H-L 58
Sz 4.74 261.7 0.2580 0.0299 LE? HoloL 27
LE2 52
S3 4.94 250.9 0.5353 0.0648 ICT LE2 H-1-L H—>L 30
ICT2 H-3—L 60
Sq 5.40 229.8 0.9073 0.1200 LE? HooosL 23
Ss 5.82 212.9 0.1859 0.0265 ICT2,LE2  H-2—>L+I1 64
ICT2 H-1-L+1 41
Se 5.97 207.5 3.0939 0.4528 LE? HoLt1 34
S7 6.03 205.5 0.0779 0.0115 LE2 H-4—-L 67
Sg 6.07 204.2 0.0761 0.0113 ICT2 H-3—L+1 65
LE2 H—-L+1 51
So 6.15 201.4 2.1235 0.3203 ICT2 RN 36

3_E2 = local excitation of saccharin; ICT = intramolecular charge-transfer

Table 5. Electronic transitions (Ae) correlated to vertical excitation energies (AE), transition dipole
moments (), oscillator strengths (f), excitation character, molecular orbitals and their % contributions

in water calculated at B3LYP/6-311++G(d,p) level for TacSac

Predominant

statt AE (eV) Lex (NM) ur (D) f Character® Transitions %
S 3.16 3916 02934 00228 CT1  HoL 69
S, 3.80 3259 02010  0.0187 CT1  H-l-L 70
Ss 4.08 3037 07556  0.0756 LE(iTClTl o "
S 411 0.7 05359 00540 ST NTE >
Se 4.14 2998 01309 00133 LECLTclTl i >
Se 4.35 2851 04522 oosgz TLCTH AL o
S 4.40 2816 02739  0.0296 tgg} it >
Se 458 207 01397 o017 CLCTH AemL o
S 4.69 2641 01391  0.0160 o -
Si0 4.70 2637 01911  0.0220 co o
Su 483 2564 1993 02361 - ooTh o ML %
Siz 4,94 2509 04617 0.0559 LE2  H-6-L 63

3 E1 = local excitation of tacrine; LE2 = local excitation of saccharin; CT1 = charge-transfer from

tacrine to saccharin
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Fig. 5. Calculated UV-Vis spectrum of TacSac in H,O at B3LYP/6-311++G(d,p) including all major

transitions and corresponding molecular orbitals.

TacSac displays additional characteristics
compared to its parent compounds (Fig 4, Table 5).
The S; electronic transition corresponds to a charge
transfer from Tac to Sac (CT1) at 392 nm. LE1 of
Tac shows itself at 304 nm with a 8 nm shift in
TacSac. LE2 of Sac appears at 282 nm but it has a
larger oscillator strength at 256 nm. Calculated
UV-Vis spectrum of TacSac in H,O including
electronic  transitions, their  corresponding
molecular orbitals, extinction coefficients, and
oscillator strengths is shown in detail in Fig. 5.

3.3. Charge Analysis

In order to understand the changes in charge
distribution of the systems upon formation of
TacSac, charges obtained from Atomic Polar
Tensors (APT) approach were calculated (Table 6).

As seen in Table 6, the charges on the atoms
increased in solution significantly in all studied
systems except Cc.nrz Of Tac which is neutral in all
media. In all studied systems, the negative charges
are located around N containing moieties. The
charges on S are almost similar in Sac and TacSac
as S is not affected from the reaction being far from
the reaction site. Along with S atom, C atoms
bonded to N containing moieties carry positive

charges due to electron distribution caused by these
moieties. It is observed that this charge distribution
became more significant in a polar solvent medium
like H,O. Charges of all atoms for Tac, Sac and
TacSac are tabulated in supplementary information
(Tables S2 and S3) and are also given in bar
representation (Figs S2-S4).

APT charge analysis reveal that charge of the N
atom in the ring decreases in TacSac compared to
Tac (Tac: -0.683, TacSac:-0.538 in water) which
may also reduce the transition dipole moment in
electronic transitions. The calculated transition
dipole moments for S; electronic transition of Tac
and TacSac are 1.1441 D and 0.2934 D,
respectively. This observation may explain the first
electronic excitation peak (S1) magnitudes for Tac
(strong, f=0.115) and TacSac (weak, f=0.0228) as
seen in Table 3 and Table 5. This transition has
charge transfer character for TacSac; thus, it is not
observed in the experimental UV-Vis spectrum due
to its very small oscillator strength. Another
important factor is the presence of highly positively
charged S atom. Although the negative charge on N
atom decreases in TacSac, S atom keeps its positive
charge and may enhance charge transfer from Tac
to Sac moiety.
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Table 6. APT atomic charges for selected atoms of Tac, Sac and TacSac calculated in gas phase and in

H20 at MP2/6-311++G(d,p) level.

Compound Atom Gas H20 H.O (SMD)
Tacrine NNH2 -0.654 -0.984 -1.093
Ce-nmz 0.036 0.061 0.058
N -0.460 -0.683 -0.747
Saccharin Cc=0 1.145 1.682 1.885
NnH -0.992 -1.397 -1.507
S 2.185 3.101 3.298
TacSac Cen 0.408 0.598 0.611
Ne=n -0.726 -1.058 -1.088
Ce=n 0.898 1.307 1.349
NnH -0.996 -1.403 -1.115
N -0.375 -0.538 -0.572
S 2.177 3.168 3.330

4.  Conclusion

MP2/6-311++G(d,p) level was wused to
investigate structure, UV-Vis spectra and charge
distribution of the amidine (TacSac) formed by
reaction of tacrine and saccharin. Based on the
former data, this level was chosen to shed light on
the structural discrepancies observed with DFT.
Electronic transitions were determined using CIS
and TD-DFT approaches with the same basis set.
The calculations were repeated in solution using
polarizable continuum model (PCM). SMD
(solvation model based on density) approach was
also used to observe the effects of nonelectrostatic
factors.

Similar geometries for TacSac was obtained in
gas phase and in H.O both with PCM and SMD
models in contrast to DFT results. Since the
discrepancy was observed in PCM calculations in
DFT, it may be concluded that the electrostatic
interactions were overestimated in DFT-PCM
calculations causing significant deviations in the
geometry.

The results also revealed that the formed
amidine is stable and its formation reaction may not
be reversible. This conclusion is also significantly
different than our former study as DFT results
showed that the formation reaction of TacSac
between tacrine and saccharin has highly positive
complexation energy values and free energy
differences.

In addition to calculations at CIS/6-
311++G(d,p) level for excited state properties,
TDDFT calculations were performed at B3LYP/6-

311++G(d,p) and CAM-B3LYP/6-311++G(d,p)
levels. B3LYP results were calculated to agree
better to the experimental UV-Vis spectra of Tac
and Sac. TacSac has a peak at a higher wavelength
enabling So—S; transition to occur with a lower
energy. So—S; transition corresponds to full charge
transfer (CT1) between the HOMO and LUMO
orbitals of TacSac in H.O at 392 nm.

The MP2 results indicate that the TacSac system
can be easily synthesized with a condensation
reaction, and the amidine product is a potential
candidate for photochemical charge-transfer
systems.
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