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ABSTRACT

UV/Vis spectra of phenylguanidine (PHGU) in the gas phase and in acetonitrile have been
simulated by TD-DFT calculations. Several DFT hybrid and long-range corrected functionals were
tested with respect to CASPT2 gas phase calculations. Solvent effects were considered using
polarizable continuum model (PCM) and compared with the measured data in acetonitrile.
Comparison with isoelectronic phenyl urea and related phenyltiourea was done as well. The PBEO
and long-range corrected CAM-B3LYP functionals were selected to investigate the effect of

protonation on the excitation energies and absorption intensities of PHGU and several guanidine



derivatives with different aromatic chromophoric groups (naphthyl, anthracenyl, quinolinyl,
anthraquinonyl and coumarinyl). Also, the effect of complexation and specific interactions through
hydrogen bonds with different anions was examined. It was shown that the protonation of
guanidine subunit shifts the low energy absorption bands toward higher energies (hypsochromic
shift). The shift is reduced upon complexation with anions. In phenylguanidine salts, Amax are
correlated to the anion basicity and strength of H-bonding. The observed changes diminish upon
increase of chromophoric size (naphthyl, anthracenyl). Theoretical predictions of UV/Vis spectra
correlate well with experimentally measured spectra of selected guanidine derivatives and their

salts.

INTRODUCTION

Hydrogen bonding is a ubiquitous phenomenon in nature, which is of great importance in
functioning of living organisms. A vast area of supramolecular chemistry could be recognized as
the "chemistry of hydrogen bonded systems". Recently, an overview of new discoveries in this
research field has been published encompassing usage of hydrogen bonds from anion binding to

construction of large polymeric structures.!

Due to the mobility of the proton involved in hydrogen bond, this interaction can be used for
regulation of electron transfer processes. For instance, guanidine-carboxylate salt bridge formed
upon arginine-aspartate hydrogen bonding interaction regulates electron transfer in some
biologically important redox processes.>® Nocera and co-workers also showed that electron
transfer rates are significantly influenced by the directionality of the salt bridge dipole.” In such

systems, electron transfer across the salt bridge is usually coupled with proton movement.



To achieve an efficient binding of anions, various proton donating functional groups have been

10,11,12 14,15,16

used, among which ureas,® thioureas,’ amides, amidines,'® and guanidines are the
most common. If connected to a suitable chromophore, the anion binding will result in
observable change in color as in the case of fluoride anion/pyrrolidylamidothiourea based
sensor.!” In this case, the effect is related to a deprotonation of the acidic thioureas by highly
basic anions, like acetate or fluoride; while less basic anions, like nitrate, perchlorate or sulphate,

give small, often negligible changes.'®!%-?

Guanidine functional group is especially interesting due to its acid/base properties. The specific
Y-shaped structure of its protonated form allows efficient delocalization of the electrons, which
results in high stability and, therefore, in its unusually high basicity.?!*? Unlike urea and
thiourea, guanidine can be easily protonated and, in this form, anion binding is assisted by
coulombic charge-charge attractive forces. Therefore, we can expect that guanidines bind anions
significantly stronger than ureas, thioureas or amidines. This latter feature of guanidinium cation

23.24 anion

has been widely used in design of strong and selective binders for anionic guests,
transporters, colorimetric probes, and sensors.”> Moreover, the large scientific interest on
guanidine species is motivated by its presence as a substructure in many natural compounds and
commercial drugs.?® A number of basic organocatalysts have been designed using guanidine as
the pivotal building block.?”-*® Besides that, plate-like structure of the protonated guanidine
shows two opposite tendencies: its hydrophobic upper and lower parts allow even cation-cation
stacking with practically no repulsion,?® while its hydrophilic edge, defined by the directionality

of N-H bonds, tends to form strong hydrogen bonds with polar molecules especially with those

of similar geometry, like nitro or carboxylate groups. Although guanidine subunit is of the great



potential, it also complicates the design of the receptor due to the increased number of the

structural variables one should take care of.
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Scheme 1. Selected aromatic guanidines

Development of modern quantum chemical calculation programs and methods allows us to
analyze structure of the anion receptors in detail and to gain insight on changes that occur upon
anion binding. This information can be of great importance for the design of the efficient anion
sensors. In this work, we explored anion binding properties of some simple aromatic guanidines
(Scheme 1) and investigated structures and UV/Vis properties of the free receptor and its
complexes with various anions. For this purpose, we carried out a comprehensive investigation
of simulated and measured UV spectra for this class of molecules. Special emphasis is put on the
orbital interactions between the guanidine subunit and chromophore identifying auxochromic
properties of guanidine. These calculations have also served another purpose: to test how

successfully DFT models can be employed for predicting UV/Vis properties of components for



the light-responsive systems, where photoenergy transfer is regulated through guanidine moiety

and for the potential building blocks in construction of novel guanidine based anion sensors.
EXPERIMENTAL AND THEORETICAL METHODS

Computational details. Gas-phase ground state geometries were optimized at the B3LYP/6-
311+G(d,p) level of theory.®*3! Vibrational analyses were performed to verify the true minimum
nature. Several orientations of the substituent group were tested and the lowest energy structure
was further used for the calculations of the excited-state properties. The electronic absorption
spectra of phenylguanidine (PHGU), were calculated by means of the time-dependent functional
theory (TD-DFT)* using different functionals: BMK,** PBE0,** M062X,*> ®B97XD,** LC-
BLYP,*"3® LC-0wPBE,**** and CAM-B3LYP.*! For a recent review on the performance of
different density functionals for calculation of the excitation energies in different molecules see
ref. *2. In addition to the default value of the @ parameter in the long-range corrected functionals,
calculations with @=0.2 ao™! were performed. A tuning of ® parameters for different DFT
functionals were conducted for different systems and the optimized values were in the range
0.17-0.21 ap!. ** We thought it was worthwhile to test it herein on our molecules and, indeed, it
was found that there is better agreement with Emax from measured spectra, if the decreased o =
0.2 ao"! was used not only for LC-BLYP and LC-®wPBE, but also for CAM-B3LYP. All

calculations have been performed by using 6-311+G(d,p) basis set.

The gas-phase TD-DFT results were compared with corresponding complete active space
perturbation theory to the second order (CASPT2) results based on the aug-cc-pVDZ basis
set. %4346 The active space consisted of 14 electrons and 11 orbitals. State averaging (SA)

procedure at complete active space self-consistent field (CASSCF) and multi-state (MS)



CASPT?2 were used for calculating vertical excitation energies with up to 10 roots. The CASPT2
vertical energies were calculated by using level shift of 0.3 a.u.*’ and default IPEA shift (0.25
a.u.).*® The same shifts have been used for the calculations of the excited states of guanidine.*’
Also, in all CASPT?2 calculations, the core electrons (20 electrons, 10 orbitals) were kept frozen
and the oscillator strengths were calculated with the CAS state interaction method (RASSI).>°

The RASSI calculations were carried out following the MS-CASPT2 calculations.

Calculated UV spectra of the guanidines and their salts at the TD-DFT level were further refined
by considering the molecules into acetonitrile through the polarizable continuum model (PCM).
The standard integral equation formalism (IEFPCM) and default atomic radii,’! as implemented
in Gaussian09,>? were used in conjunction with PBE0 and CAM-B3LYP (o = 0.2 a™})

functionals.

The binding energy between guanidines (protonated form) and different anions has been
calculated as the difference between the total energy of the salt and the sum of the energies of
corresponding isolated guanidinium cation and anion. The Boys-Bernardi counterpoise

technique®>>* has been used to correct the inherent basis set superposition error (BSSE).

The DFT and TDDFT electronic data were obtained using Gaussian 09 program.>? The
CASPT2/CASSCEF calculations were performed with Molcas 7.8 software,’>>%7 while Vega-

77°® and Molden>® programs were used for visualization and geometry manipulations.

Experimental details. Phenylguanidine® and 1-naphthylguanidine were prepared by converting
appropriate amines to benzoylthioureas,®' followed by guanylation using hexamethyldisilazane
method® and finally by debenzoylation and deprotonation in 30 % NaOH®!? (Scheme 2).

Synthetic details are given in the Supporting Information. Nitrate, acetate and formate salts were



prepared by adding equimolar amount of the corresponding acid to the methanolic solution of the
desired guanidine and evaporating to dryness. Formed crude salts were recrystallized from the

acetonitrile.

UV/Vis spectra were recorded at 25°C using PG Instruments Ltd T80+ spectrophotometer with

chemstation software. All spectroscopic studies described here were conducted in acetonitrile.
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Scheme 2. Synthesis of the target aromatic guanidines.

RESULTS AND DISCUSSION

Phenylguanidine. The study of auxochromic properties of guanidinium group was started by its
attachment to the simplest possible aromatic ring, benzene. Firstly, the electronic states of
phenyl-guanidine (PHGU) (Scheme 1) have been characterized in the gas phase and in solvent at
the TD-DFT level of theory, varying the density functionals. The gas phase results were

compared with CASPT2 calculations (the vertical excitation energies, oscillator strengths and



leading configurations, as well as figures of active orbitals at CASPT2 are given in the
Supporting Information), while the inclusion of surrounding solvent effects in the DFT
calculations allows direct comparison of simulated and experimentally measured UV/Vis

spectra. Acetonitrile solvent has been selected because specific solute-solvent interactions are not
expected there and PCM® provides a valid approximation for the solvent effects. To study
UV/Vis spectra, the nonequilibrium PCM solutions for the TD-DFT calculations were applied.®*

The calculations in solutions were performed using the PBEO and CAM-B3LYP functionals.

Table 1. Comparison of selected vertical excitation energies (Eexc/€V) calculated with different

density functionals. CASPT2 results are also provided. Oscillator strengths (f) are given in

parentheses.
Method 1* exc. state Bright state
Eexc/eV f Eexc/eV f

Gas phase

BMK 5.14 0.020 5.37 0.283
PBEO 491 0.019 5.16 0.267
M062X 5.12 0.019 5.35 0.281
®B97XD 5.07 0.018 5.36 0.281
LC-BLYP 5.25 0.016 5.54 0.252
LC-BLYP(0=0.2) 4.76 0.017 5.05 0.242
LC-oPBE 5.21 0.016 5.53 0.274
LC-oPBE(0=0.2) 4.80 0.016 5.10 0.290
CAM-B3LYP 5.06 0.018 5.32 0.275




CAM-B3LYP(®0=0.2) 491 0.018 5.15 0.129
CASPT2 (MS) 4.67 0.045 5.26 0.505
Acetonitrile

PBEO 4.86 0.027 5.05 0.360
CAM-B3LYP 5.09 0.026 5.34 0.336
CAM-B3LYP(w=0.2) 4.87 0.020 5.13 0.264
UV/vis measurements 4.96

The first singlet excited state of PHGU originates from electron excitation from HOMO orbital
(36a) to LUMO+1 (38a). The second excited state has HOMO-LUMO (36a-37a) character.
Substitution of benzene with guanidinium group gives rise to small but nonzero oscillator
strengths in contrast to the parent benzene, where f for corresponding excited states is zero. The
calculated excitation energy of the first excited state is 4.67 eV using multi-state CASPT2
approach. All DFT methods give higher excitation energies up to 5.25 eV (LC-BLYP). PBEO,
LC-0wPBE(®=0.2) and CAM-B3LYP(®w=0.2) give excitation energy values lower than 5 eV
being in better match with CASPT2 values. The first observable absorption band in the spectrum
of PHGU is produced by transition from the ground state to the second excited state. Its
calculated oscillator strength is predicted to be 0.505 at CASPT2 level of theory. TD-DFT gives
lower intensity of the first bright state than the CASPT2. The f'value varies from 0.129 to 0.290,
as calculated with different density functionals (Table 1). The excitation energies calculated by
TD-DFT methods are between 5.05 (LC-BLYP(®»=0.2)) and 5.54 ¢V (LC-BLYP); and the

calculated CASPT2 values are in the same range.



Based on the case of PHGU as well as on additional data for akin PHTU and PHUR (details in
Supporting Information) we highlight that the decrease of the @ parameter in the long-range

corrected functionals leads to a systematic decrease of excitation energies for all examined

excited states. The decrease is the largest for the LC-BLYP and the smallest for CAM-B3LYP.

The comparison between measured and theoretically predicted excitation energies for the first
bright state showed that the smallest deviations from the experimental value were obtained with
the PBEO functional. The Eexc for PHGU is in excellent agreement (the difference is less than 0.1
eV). The excitation energy for PHUR is overestimated by 0.22 eV, and the excitation energy of
PHTU is underestimated by 0.12 eV. In the case of CAM-B3LYP all values are systematically
overestimated by ca. 0.4 eV. The systematic overestimation is reduced to 0.2 eV by the
replacement of the default @ parameter with the value 0.2 ag™!, which is typically the expected
shift between the vertical excitation and the band maximum.® Therefore, it can be concluded
that substitution effect on the absorption spectrum of PHGU is reasonably well reproduced by

PBEO and CAM-B3LYP(@=0.2) methods.

Detailed inspection of the orbitals located at the two fragments in question (guanidine and
chromophore) indicate the n-n conjugative interaction between them. In a free neutral guanidine,
the three highest occupied orbitals have electron density distributed within nu and ngu lobes, as
shown in Figure 1. The interaction with benzene orbital 2e1g is the most intense, leading to the
destabilization of the HOMO. Since the energies of LUMO orbitals in benzene and in PHGU are
almost equal, the HOMO-LUMO gap in PHGU is smaller than in benzene resulting in

bathochromic shift.
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Figure 1. Orbital interactions in PHGU. The energies were taken from CAM-B3LYP(®=0.2)/6-
311+G(d,p) calculation in acetonitrile.

166 and it is

The guanidinium group is highly basic (pKa of guanidine in water: 13.6 kcal mol
easily protonated under mild conditions. The optimization of the structure of protonated PHGU
predicts that the guanidinium group is more perpendicular with the plane defined by phenyl ring,
with respect to parent PHGU, minimizing the interactions between two © systems. For instance,
the C8-N7-C1-C2 dihedral angle is increased from 64.5° in PHGU to 78.8° in protonated PHGU.
The C1-N7 and N7-C8 bonds are elongated by 0.044 A and 0.50 A, respectively. The spectrum

of protonated guanidine in acetonitrile solvent was calculated with the CAM-B3LYP(®=0.2) and

PBEO functionals and it is convoluted with normalized Gaussian functions with 0.2 eV standard

11



deviation. A comparison with neutral PHGU is given in Figure 2a and Figure 2b by using PBEO
and CAM-B3LYP(®w=0.2), respectively. These two DFT functionals predict a large blue shift of
the first absorption band caused by protonation. The shift is 31 nm (0.75 eV) at the CAM-
B3LYP(®w=0.2) level of theory. It was also predicted that the intensity of the band is decreased
by protonation. Still at the CAM-B3LYP(®w=0.2) level, the calculated oscillator strength of the
bright state in neutral PHGU was 0.342 and in protonated PHGUH" it was 0.131, a reduction of
Af=0.21. The PBEO values for the shifts obtained by protonation are very similar: Admax =27

nm (0.62 eV) and Af=0.12.

Protonation of guanidine subunit leads to removal of the ngu-m interaction by converting ngu
orbital to a 6-bond, thus diminishing interactions between fragments. Indeed, Mayer bond
orders, calculated for the guanidine-chromophore junction bond in PHGU, decrease from ca 1.2
to ca 1.0 upon protonation. In line with that, second order perturbation analysis within the NBO
basis shows electron density donation from ngu lone pair to the 7*(C1-C2) NBO located at the
chromophore contributing with 16.9 kcal.mol™! and this interaction is practically removed upon
protonation. Additionally, protonation of the guanidine subunit reduces the extent of Tch-mtGu
interaction by stabilizing gy orbital due to an electrostatic effect and translation of guanidine
orbitals from C; to C3 symmetry group (if considered as a separate fragment). Besides that,
torsional angle between chromophore and guanidine planes is practically 90°, indicating
complete absence of conjugation. Consequently, the frontier orbitals as well as UV spectra of

protonated forms look more like for the isolated chromophore.

To check the consistency of theoretical prediction, 5x10~ M solution of PHGU in acetonitrile

was titrated by 5x10* trifluormethanesulfonic acid. After addition of one equivalent of the acid,

12



UV spectra did not change anymore, indicating complete protonation of the neutral guanidine
and absence of any other protonation site. The spectra recorded as a titration starting and end
point are shown in Figure 2c. The blue shift between the neutral and the protonated species is 21
nm (0.48 eV). Thus, the calculated spectra for the neutral and protonated phenylguanidine are in
fair accordance with the measured ones considering the positions of Amax. The calculated ratios
between oscillator strengths of first bright excited state in neutral and in protonated form
APHGU)/APHGUH") are 2.6 and 1.5 for CAM-B3LYP(®w=0.2) and PBEO methods, respectively.
The latter is in excellent agreement with experimentally obtained value: the area of the first

experimental band is 0.399 for the neutral and 0.266 for the protonated giving the ratio of 1.5.

13
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Figure 2. Comparison between UV/Vis spectra of neutral and protonated PHGU: (a) Theoretical

prediction using PBEO, (b) Theoretical prediction using CAM-B3LYP(®w=0.2), and c)

Experimentally measured spectra obtained by protonation of the neutral PHGU with

trifluoromethanesulfonic acid in acetonitrile.
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As a next step in investigating auxxochromic effect of guanidinium group on the chromophore,
we have analyzed two processes that occur upon hydrogen bond formation between guanidinium
cation and anion: charge compensation and deprotonation of the guanidine subunits. We have
approached this problem by computing the absorption spectrum for salts formed from
complexation of PHGUH" with F~, HCOO™, CH3COO™, NO3~, and CF3SO3". Since both PBEO
and CAM-B3LYP(®w=0.2) functionals gave similar results, only the calculations performed with
TD-DFT CAM-B3LYP(®w=0.2) in acetonitrile will be discussed further in this text. Complete set
of the PBEOQ data (Eexc, f, leading configurations, XYZ coordinates and comparison with

experimentally available data) can be found in Supporting Information.

Two different sites of anion bonding were examined (Scheme 3). An anion can approach the
guanidinium group forming a H-bonding through N7H and NH’ bonds (complexation site 1) or
through N10H and N9H’’ bonds (complexation site 2). Moreover, different monovalent anions
were considered varying their basicity: F~ > HCOO™ = CH;COO™ > NO3™ > CF3;SOs". In all
cases, the structures where an anion interacts through the complexation site 1 are more stable.
Therefore, only bonding of different anions to PHGU in the site 1 was used in all subsequent

TD-DFT calculations.

15
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Scheme 3. Protonated phenylguanidine and its salts with F-, COOH~, CH3COOH", NO3~ and

CF3SOs™ ions.
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Figure 3. Comparison between simulated UV/Vis spectra (CAM-B3LYP(®w=0.2) method) of

neutral PHGU and guanidinium salts with different counter ions.

The results of these calculations are shown in Figure 3 and Table 2. All investigated PHGU salts
have the first absorption band between 210 and 250 nm and they are blue shifted with respect to
the first band in parent PHGU. The shift is smaller than the corresponding shift for protonated

PHGU. The value of Amax increases from 220 nm for CF3SO3™ salt to 231 nm for F~ salt, in the

16



sequence CF3SO;™ <NO;” <HCOO™ < CH3COO™ < F". Also the calculated oscillator strength
increases from 0.244 for CF3SO;™ to 0.371 for F~ salt. It should be stressed that these shifts
correlate to the anion basicity and binding energies of PHGUH" with anions (Table 2). The
highest binding energy was calculated for fluoride and acetate anions, which are the most basic
anions in the considered set. In spite of the relatively high basicity of these two anions,
optimizations in acetonitrile do not predict full proton transfer from the guanidinium cation to the
anion; although a significant N-H bond elongation takes place (Table 2). Thus, N7-H bond
length assumes values of 1.064 and 1.057 A for fluoride and acetate complexes, which are 0.050
and 0.043 A larger than for the isolated phenylguanidinium cation. The analogous bond
elongation induced by nitrate binding amounts to only 0.019 A. This partial deprotonation is also
weakest for acidic anion CF3SOs and its spectrum is similar to the spectra of protonated PHGU.
For highly basic anions, as F~ and CH3COO™ where partial deprotonation is more emphasized,

their maxima of the first band are shifted toward neutral PHGU.

Table 2. Comparison of the anion binding energy (BE) to protonated PHGU with the shift of the
first absorption band of different salts with respect to the protonated PHGU in acetonitrile. The

pKa of conjugated acids HA measured in water are given as well.

Anion AEex/eV? Aldmad Ar(N7-H)®/ A BE/kcal mol™! pKa(HA)®
CFs;SOs3™ 0.26 9 0.014 -12.0 -5.9%7 (2.60)
NOs~ 0.35 13 0.019 -14.4 -1.64%% (8.80)
HCOO™ 0.47 18 0.037 -19.9 3.75%
CH;COO™ 0.50 19 0.043 -21.6 4.76% (23.51)
F 0.53 20 0.050 -21.9 3.17%

a) with respect to protonated PHGU

17



b) calculated as the difference with respect to the non-coordinated guanidinium cation PHGUH"

¢) pKa values in acetonitrile are given in parentheses. 7

To shed more light on the extent of UV-absorption changes caused by guanidine/ion interaction,
we followed the reaction paths for three processes: (i) stepwise approach of the acetate anion, (ii)
proton exchange between phenylguanidinium cation and acetate anion within ion pair, and (iii)
departure of the neutral acetic acid. Process (i) encompasses partial charge compensation
(shielding) with concomitant partial deprotonation of the guanidine subunit. These two processes
were separated by comparison of two scans for the approach of the acetate anion toward the
protonated phenylguanidine: relaxed and "semi-rigid" (partially relaxed). The "semi-rigid" scan
was conducted by fixing the geometry of the guanidinium subunit that corresponds to the
optimized free phenylguanidinium cation. In this case, no elongation of the NH bonds was
allowed preventing thus partial deprotonation process. The scans were carried out at B3LYP/6-
31G(d) level of theory, while UV spectra were calculated using CAM-B3LYP(w=0.2) at seven
selected partially optimized scan points (Figure SI4 in Supplemental Material).”' The results
were compared to the fully relaxed scan in which partial deprotonation takes place. Both scans
were started from the optimized structure of the phenylguanidinium acetate complex and acetate
anion was gradually displaced until distance between C10 and carboxylate carbon atom reached
6 A. The acetate induced bathochromic shift was calculated as the difference in Amax between the
first and last point of the scan. Both scans predicted similar anion induced bathochromic shift
amounting to 7 and 6 nm for the relaxed and semi-rigid scan, indicating minor influence of the

partial deprotonation. Since the UV spectrum of the phenylguanidinium acetate is in good

18



agreement with the experimental spectrum, we conclude that the acetate induced batochromic

shift is primarily due to the electrostatic interaction between two charged species.

The second minimum of the phenylguanidinium acetate complex, which is formed by association
of two neutral species (non-ionized complex, Scheme 4), was also optimized and the calculated
first Amax 1S at 249 nm, which is significantly higher than the experimental value (236 nm). Thus,
this structure does not contribute significantly to the UV spectra of the phenylguanidinium

acetate salt.

H H
H N=H-- N—H---O
N—~© ©O)CHy =—= 'N— )—CH,
N-H ) --H-O
Ar Ar
ionized complex (ic) non-ionized complex (nic)

Scheme 4. Two minima of the guanidinium acetate salts.

Extension of aromatic ring: naphthalene and anthracene. The simulated spectra of 1-
naphthylguanidine (NGU, structure shown in Scheme 1) is characterized by three bands (Figure
4a). A very weak absorption is featured around 305 nm from HOMO-LUMO transition. There
are two intense bands located at 230 and 203 nm, which are strongly overlapped. The former
band is dominated by single transition from the ground state to the excited state with Eexc = 5.39
eV and f= 0.6561 (leading configuration is 47a-50a, orbitals are shown in Supporting Info).
Excitations to several excited states with calculated oscillator strengths between 0.1 and 0.25

contribute to the third band (maximum at 203 nm). In the protonated form, the first excited sate
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transition (HOMO-LUMO, Eexc = 4.41 V) is shifted to higher energies by 0.35 eV (24 nm) with
respect to the parent NGU. The intensity of the related band decreases, in accordance to the
observed changes observed upon protonation of PHGU. In the region between 190 and 250 nm,

there is only one band, mostly dominated by a transition from the ground state to the third

excited state (HOMO-LUMO+1, Eexc=5.70 €V, =1.288).

The theoretical predictions are compared with the measured UV-Vis spectra of NGU and its
protonated form (Figure 4b). Clearly, there is a qualitative agreement between theoretical
predictions and measured data. Experimentally observed hypsochromic shift of the lowest energy
band upon protonation (24 nm) is in excellent agreement with predictions. Two overlapping
bands were measured for the neutral NGU between 200 and 250 nm, as predicted by the
calculation. However, in the experiment overlapping is more pronounced (Amax are closer) than
predicted and the intensity of these two bands differs substantially. The rise of sharp band upon
protonation is well defined experimentally and theoretically (Amax= 222 nm (measured) and 215

nm (calculated)).
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Figure 4. (a) The simulated absorption spectra of NGU and NGUH" in acetonitrile at the TD-
CAM-B3LYP(®=0.2)/6-311+G(d,p) level of theory. (b) Experimental spectra of NGU and its

protonated form in acetonitrile.

The absorption spectra of 1-naphthyl-guanidinium salts with F-, HCOO™, CH;COO™, NOs~, and
CF3S0s™ anions were also calculated. Structural relationship among aromatic system,
guanidinium group and anion, as well as complexation site, is identical to what was found in
phenyl-guanidinium salts. However, inspection of the simulated UV/Vis spectra (Figure 5)
reveals that the effect of complexation on the Amax is less pronounced than in the case of PHGU.
The position of the HOMO-LUMO band maxima for salts with CF3SO3™ and NO3™ anions is
almost identical to the Amax calculated for protonated NGU. Calculated Eexc for the first excited

state in protonated NGU and its salts with CF3SO3~, and NO;™ are 4.41, 4.40, and 4.41 eV,
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respectively (Table 3). In the case of complexes with HCOO™, CH3COO™ and F~, the HOMO-

LUMO transition is shifted toward lower energies. The shift is decreased with respect to the

complexation effects found in PHGU.

Figure 5. Comparison between simulated UV/Vis spectra by using CAM-B3LYP(®w=0.2)

functional for the first weak absorption band of neutral NGU and its salts with different counter

none(NGU)

F

CH,COO"

HCOO~

ions. Protonated NGUH" is given as dashed lines.

Table 3. Calculated excitation energies Eexc (V) for the lowest excited state. CAM-

B3LYP(»w=0.2) density functional was used in conjunction with 6-311+G(d,p) basis set. Solvent

= acetonitrile. pK, of the investigated arylguanidinium cations (BH") and complexation energies

between acetate anion and protonated guanidines are given as well.

Chromophore | GU( | CH3COO™ | FF | HCOO™ | NO;s™ | CF3SOs5™ | GU(p | pKa( | BE/ | Ewel®/
neutr roton | BH")
al) ated) | catc kcal | kcal
mol! | mol!
Benzene 4.87( | 5.16(5.40) | 5.12 | 5.17(5. | 4.10( | 5.28(5.6 | (5.89 |20.2 |-21.6 |-2.60
5.13) |2 (5.3 | 42)° 5.54) | 3)* )? (20.0
a 7) a a )b
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Naphthalene 4.07 | 4.33 4.26 | 4.34 4.41 |4.40 441 |19.6 |-215 |-l.64
§g9.4

Anthracene 3.21 |3.32 3321333 335 [ 3.34 334 | 194 |-214 | -1.54

Anthraquinone | 2.95 | 3.33 3.34 1 3.34 3.38 |3.38 347 | 180 |-17.7 |-1.98

Qquinoline 3.77 | 4.02 4.03 | 4.03 4.07 | 4.08 412 | 194 |-19.3 |-3.53

Coumarine 3.75 | 4.24 4.15 | 4.25 4.25 | 4.28 428 |193 |-21.9 |-0.58

a) the bright state

b) pK. of the protonated phenyl- and naphthylguanidine were measured by competitive titration
against two reference bases. Accuracy of the measurements was estimated to £0.3. Details of the
measurements are given in Supporting Information

c) Relative stabilities (Erl) of two minima of the guanidinium acetate salts (Scheme 4) with respect
to the proton movement within the hydrogen bond Erel = Eioi(ic) - Etor(nic)

Further extension of the aromatic system to three condensed aromatic rings was studied on the
I-anthracenylguanidine (ACGU, Scheme 1). The simulated spectra of neutral ACGU, its
protonated form and different antracenyl-guanidinium salts are shown in Figure 6. Excitation
energies for the first excited state (HOMO-LUMO) are collected in Table 3. The overall pattern
of the spectrum for ACGU calculated in acetonitrile (Figure 6a) is similar to the spectrum of
PHGU. There are two bands: one very intense between 220 and 270 nm (Amax=252 nm) with the
main contribution from the excitation to the sixth excited singlet state (= 1.515), and the other

very weak between 360 and 410 nm (Amax = 385 nm, /= 0.1442, HOMO-LUMO transition).

Variations in Amax values caused by protonation are smaller than in PHGU.
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Figure 6. (a) The simulated absorption spectrum of ACGU in acetonitrile at theTD-CAM-
B3LYP(®=0.2)/6-311+G(d,p) level of theory. The absorption spectrum of protonated ACGU is

given as dashed line. (b) The comparison of the first weak absorption band of neutral ACGU and

its salts with different counter ions.

The effect of the complexed anions on the UV spectra significantly decreases from phenyl to
anthracenyl derivative. Thus, the first absorption band shift upon acetate binding amounts to 1.1
eV (phenyl), 0.12 eV (naphthyl), and 0.02 eV (anthracenyl), which corresponds to 64, 35, and 15
% of the protonation induced shift (difference between neutral and protonated form). (Table 3).
The results for the phenylguanidine overestimate the experimental results, where acetate induced
bathochromic shift contributes 44% of deprotonation process. Evidently, anion induced
batochromic shift is due to formation of the complex and not to the deprotonation of the
guanidine. This is somewhat surprising having in mind the relatively high basicity of the acetate
anion in acetonitrile (pK.(CH3COOH) = 23.57%). In contrast, the experimental data for NGU and
its salts show the maximum of the first band either around 305 nm (neutral, acetate and fluoride)

or around 281 nm (protonated form, nitrate and trifluormethansulfonate).
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This finding corresponds to the two-state situation: protonated and deprotonated form depending
on the basicity of the anions. Measured pK, of the 1-naphthylguanidine is 19.4+0.2, which is ca
0.5 lower than that of phenylguanidine. Therefore, it is of no surprise that the former guanidine
undergoes deprotonation by acetate and fluoride more readily than the latter one. The first band
in UV spectra of the formate salt is slightly shifted and broadened with respect to the nitrate
(protonated system) and centered at 287 nm. This position corresponds to the hydrogen bonded
ion pair in which no proton transfer from the guanidinium cation to the formate anion yet
happened (ionic complex). It is well known that the formate anion is less basic than the acetate®
and the difference in their basicities (Table 2) is apparently sufficient to regulate preferential
structure upon anion binding. The other investigated guanidines are even less basic than 1-
naphthylguanidine and, similarly, full deprotonation by fluoride, acetate and formate is expected,
while other anions are significantly less basic and most likely will give the spectra of the

protonated form.

Quinoline, anthraquinone and cumarine derivatives. Quinoline, anthraquinone and coumarine
are heteroaromatic chromophores which have the possibility of H-bond interactions with
guanidine subunit attached to C1 carbon atom of chromophore (Scheme 1). Indeed, in the
optimized structures, guanidine subunit is oriented parallel to the chromophore aromatic system.
For instance, in 8-quinolinylguanidine (QGU, Scheme 1) the dihedral angle C10-N9-C1-C2
amounts to 0.5°, while corresponding dihedral angles in CGU and AQGU are 3.0° and 1.6°,
respectively. Moreover, the N9-H bond is tilted toward the nitrogen lone pair on quinoline
subunit, establishing classical hydrogen bond, while the imino nitrogen atom is oriented in
opposite direction, allowing for non-classical C2-H...N11 H-bonding interaction. In fact, atoms

in molecules (AIM) analysis of the quinolinylguanidine identifies (3,-1) bond critical point
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between N12 and C2-H (Figure SI5) with the values of 0.07 and 0.024 for the p, and V?py,
respectively, values typical for the non-bonding component of the hydrogen bonding
interaction.”” Surprisingly, we were unable to locate the corresponding bond critical point that
would confirm C-H...N hydrogen bonding in the 1-guanidylathraquinone.The same orientation of

guanidine group is found in both anthraquinone and coumarine derivative.

Protonation at the guanidine subunit removes the non-classical hydrogen bonding interaction and
increases the repulsion between guanidinium and chromophore moieties, which in turn leads to
the increase in the dihedral angle C10-N9-C1-C2 to 29.2, 34.6, and 60.8° in QGUH", AQGUH",
and CGUH", respectively. This is not surprising since the amino N9-H...O hydrogen bond in
coumarine is expected to be the weakest of all considered intramolecular hydrogen bonds due to
the interaction with ether-type oxygen atom. Consequently, complexation with anions in
quinoline and anthraquinone goes into position 2 and, in the case of coumarine salt, which has a
structure similar to what was found in PHGU, NGU and ACGU, the anion sits in position 1 (for
example, see CGUHF in Scheme 5). Both anthraquinoyl- and quinolinyl-guanidines could also
form "site 1" complexes at expense of hydrogen bond cleavage, but formation of these
complexes is less likely. Difference between "site 1" and "site 2" complexes in anthraquinone
derivatives amounts to ca 2 kcal mol™!, as calculated at the CAM-B3LYP(®=0.2) level of theory.
Since the difference corresponds to 97 : 3 ratio according to the Boltzman's distribution, we do

not expect significant contribution of second isomer to the absorption spectrum.
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TD-DFT simulations of absorption spectra for QGU, AQGU, CGU and their protonated forms in

acetonitrile are given in Figure 7. As already found in PHGV, the absorption spectrum of QGU

(Figure 7a) has two bands. The weak band with Amax=330 nm is related to the excitation to the

first excited state (Eexc = 3.77 €V, f=0.143). Excitation to the fourth excited state (Eexc=5.19¢V,

/=0.634) dominates the strong band with Amax=233 nm. Protonation of QGU resulted in a blue

shift of both bands. The first band is shifted by 30 nm, and the second maximum is shifted by 5

nm (Figure 7a).
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Figure 7. (left) The simulated absorption spectra of aryl guanidines (QGU, AQGU and CGU) in
acetonitrile at the TD-CAM-B3LYP(®0=0.2)/6-311+G(d,p) level of theory. The absorption spectra
of protonated forms are given as dashed lines. (right) The comparison of the first weak absorption

band of neutral guanidines and their salts with different counter ions.
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TD-CAM-B3LYP(®w=0.2) calculations predict the excitation energy of the first excited state in
AQGU at 2.95 eV and oscillator strength = 0.210. It corresponds to absorption around 420 nm
(Figure 7c). Blue shift upon protonation amounts to 63 nm, which is the largest value within the
investigated series of chromophores. The absorption spectrum is more complicated in the region
between 190 and 300 nm. A dozen excited states contribute to this absorption band: (a) Eexc =
4.024 eV, f=0.0726; (b) Eexc =4.364 eV, f=0.1365; (c) Eexc =4.66 €V, = 0.2948; (d) Eexc =
5.14eV, f=0.17; (e) Eexce =5.31 eV, f=0.4799; (f) Eexe =5.53 eV, f=0.1123; (g) Eexc = 5.68
eV, f=0.1859; (h) Eexc = 5.81 €V, f=0.1517. Roughly, two maxima around 268 and 232 nm as

well as extended tail on the right (Figure 7c) are expected.

In the calculated spectrum of CGU (Figure 7e), two maxima can be observed as the main feature
(Amax = 284 nm and Amax = 240 nm). Absorption associated to excitation from the ground state to
the first excited state (HOMO-LUMO transition) does not appear as a separate weak band as
found for all other guanidines. Instead, it contributes to a long tail (360 > 4> 310 nm) connected
with the stronger band positioned at 280 nm. Protonation shifts the HOMO-LUMO transition to
the higher energies and it is completely hidden under the strong band with Amax= 277 nm. Very
small difference in UV spectra of neutral and protonated CGU renders this compound practically

insensitive to the presence of anions in the region 300-350 nm (Figure 7e).

As was already discussed, the most stable tautomer of the neutral form in QGU, AQGU and
CGU has imino nitrogen on one of two distant nitrogen atoms within the guanidine subunit,
while the a- nitrogen bears the proton involved in the intramolecular hydrogen bond. The
guanidine is coplanar with the chromophore, while the lone pair at the imino nitrogen atom is

directed toward H(C2) hydrogen atom, additionally stabilizing the structure by N...HC
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unclassical hydrogen bond. Since the lone pair lies on the ¢ plane, the dominant interaction is
between the highest occupied fragment orbital of the chromophore and the 7 orbital of guanidine
subunit (Figure 8). Fragment orbital interaction is similar as discussed for the aryl guanidines
(PHGU, NGU ACGU), with destabilization being somewhat stronger in the case of
anthraquinone and quinoline derivatives with respect to their naphthalene and anthracene

counterparts.
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Orbital energy / eV
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Figure 8. Orbital interactions in QGU. The energies were taken from CAM-B3LYP(®»=0.2)/6-

311+G(d,p) calculation in acetonitrile.

We note that the HOMO of 1-guanidylanthraquinone is strongly localized within the ring bearing

the substituent, while the protonation induces an electron density shift toward the farthest
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anthraquinone ring. On the other hand, no such dramatic redistribution of the electron density
was observed for the LUMO. The localization of the HOMO in one ring implies large orbital
coefficients around junction bond and makes it sensitive to the change in electronic properties of
guanidine subunit. Namely, neutral guanidine acts as electron donating, while the guanidinium

cation acts as electron withdrawing substituent.”

Consequently, protonation of 1-
guanidylanthraquinone will stabilize the HOMO significantly more than the LUMO, resulting in

the aforementioned largest hypsochromic effect within the investigated set of arylguanidines.

As discussed earlier, anion binding of the anthraquinone and quinoline derivatives occurs most
likely at the "site 2" position and therefore does not induce deprotonation at the N9 of the
guanidinium fragment. Nevertheless, the anion binding effect on the UV spectra is only slightly
smaller than for the naphthylguanidine derivative. Examination of the changes in the partial
charges in AQGU upon acetate and nitrate binding indicates no conformational dependence on
the extent of electron density transfer. Regardless of whether guanidine is in perpendicular or
almost co-planar conformation with respect to the chromophore plane, the decrease in the partial
charge amounts to 0.17 and 0.10 |e| for acetate and nitrate binding, respectively, indicating a
minor effect of the guanidine conformation on the UV spectra. For these derivatives, binding of
fluoride, acetate and formate anions is expected to lead to deprotonation of the guanidinium

cation subunit resulting in regaining UV spectra of the neutral guanidine

CONCLUSIONS

UV/Vis spectra of phenylguanidine (PHGU) in the gas phase and acetonitrile have been
simulated by TD-DFT calculations. Several DFT hybrid and long-range corrected functionals

(BMK, PBEO, M062X, ®B97XD, LC-BLYP, LC-oPBE, and CAM-B3LYP) were tested with
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respect to CASPT2 calculations for the gas-phase. In addition, comparison with isoelectronic
phenyl urea and related phenyltiourea were carried out. Results indicate that PBEO and long-
range functional CAM-B3LYP method with the » parameter modified to 0.2 ag™! provide
consistently good agreement between experimental and calculated UV spectra for neutral and
protonated phenyl and naphthyl guanidines, as well as for their salts with CH;COOH, HCOOH,

HNO:s3, HF and CF3SOsH.

UV spectra were also calculated for the series of aryl guanidines, in which the influence of the
guanidine moiety on the UV spectra of the selected basic chromophore substructure (anthracene,
anthraquinone, quinoline, and coumarine) was analyzed. All investigated guanidine derivatives
showed HOMO-LUMO transition to be sensitive to protonation/deprotonation process. The
observed changes in UV spectra upon protonation were interpreted in terms of changes in orbital

interactions, conformational changes and presence/absence of intramolecular hydrogen bonds.

It was shown that the preferential binding site of anion involves interaction with the most acidic
NH bond, which is the one closest to the aromatic moiety unless it is involved in the
intramolecular hydrogen bond. Different response of the phenyl and naphthylguanidine toward
acetate anion was observed, indicating formation of the ionic complex in the former case and
deprotonation in the latter. That was attributed to the differences in pK. and stability of these two
modes of the salt substructure. The less basic formate anion forms an ionic complex with 1-
naphthylguanidine without deprotonation, as deduced from the comparison of the experimental

and calculated UV spectra.

Although anion binding induces elongation of the associated NH bonds, calculations predict

minimal effect of the "partial deprotonation" to the UV spectra changes. These changes are
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mostly associated with charge compensation upon anion binding. The second, even larger in its
extent, contribution is "neutralization", where complete proton transfer to anion takes place
forming nonionic acid-base associate. Although, the dynamic situation is present in solution, we
have shown that both situations are distinguishable and could be recognized from the UV

spectra.
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