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Abstract Synthesis, isolation, spectroscopic and structural

elucidation of tyrosinamide hydrogensquarate mono-

hydrate (I) is reported on the basis of quantum chemical

DFT calculations, vibrational analysis and experimental

linear-polarized IR-spectroscopy in solid state. These

data are compared with those obtained using single crystal

X-ray diffraction, which show that the molecules of (I)

in the unit cell formed 3D network through moderate inter-

molecular (Tyr)OH���O = C(Sq) (2.727 Å), O=C–NH2���OH(Tyr)

(2.991 Å), O=C–NH2���OH(Sq) (2.988 Å), O=C–NH2���O=C–

NH2 (3.068 Å), N+H3���O=C(Sq) (2.737, 2.953, 2.954 Å),

OH2���O=C(Sq) (2.839 Å) and (Sq)OH���OH2 (2.607 Å)

hydrogen bonds. The relationship between the structure

and spectroscopic properties is studied.

Keywords Tyrosinamide hydrogensquarate monohydrate �
IR-LD spectroscopy � DFT calculations �
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Introduction

The important biorole of squaric acid, its amides and other

derivatives was intensively studied in the previous years.

Some of them are effective monoanionic inhibitors of

protein tyrosine phosphatases1, selective inhibitors of DNA

polymerases (Xie et al. 2004), potential antitumor agents

(Tevyashova et al. 2004; Sztaricskai et al. 2005), selective

antagonist of ionotropic glutamate receptors (Xie et al.

2004; Tevyashova et al. 2004; Sztaricskai et al. 2005),

potential potassium channel openers (Gilbert et al. 2000),

medications for treatment of asthma, multiple sclerosis and

rheumatoid arthritis (Porter et al. 2000) or inhibitors of

matrix metalloproteases (Onaran et al. 2005). The biolog-

ical activity of tyrosinamide could be illustrated with its

participation in the novel thermoresponsive polymeric drug

delivery system with ended L-tyrosinamide group, designed

for local radiotherapy (Hruby et al. 2005) or with

its structural role in hAGRP-melanocortin agonist pep-

tide template Tyr-c[b-Asp-His-DPhe-Arg-Trp-Asn-Ala-

Phe-Dpr]-Tyr-NH2 (Wilczynski et al 2005), a power like

decay function examining the fluorescence decay of tyro-

sine (L-tyrosine and N-acetyl-L-tyrosinamide) (Marx et al.

2004) or with its structure-based drug design as a new

serotonin derivative, serotonin–O–carboxymethyl-glycyl-

tyrosinamide, for the various (5-HT)1 receptor subtypes

(Vianini et al 2001). Therefore, synthesis, isolation, spec-

troscopic and structural characterization of tyrosinamidium

hydrogensquarate monohydrate (I) is reported (Scheme 1).
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Basing on the fact that the amino acid amides are more

than 40,000 biologically active (Merkler 1994; Suwan et al.

1994; Kulathila et al. 1999) compounds, comparing with

corresponding free acids, the expectance of its compound a

pharmaceutical application is reasonable.

Experimental Part

Synthesis

Tyrosinamide hydrogensquarate monohydrate was synthe-

sized by adding water solution of tyrosinamide (0.4450 g)

to 1 M solution of squaric acid (0.4321 g, H2O) with

continuous stirring and heating. A colorless precipitate was

obtained from the resulting solution after 30 min. The

product was filtered after cooling and recristallized from

methanol–water (1:1) to afford the compound in quantita-

tive yield. The purity of the compound was confirmed by

IR and UV-Vis spectroscopy. Single prismatic and color-

less crystals, suitable for X-ray analyses, were grown from

methanol–water (1:1) at room temperature over a period of

2 weeks. (Found: C, 50.01; H, 5.16; N, 8.98; [C13H16N2O7]

calcd.: C, 50.00; H, 5.16; N, 8.97 %). The most inten-

sive signal in the mass spectrum is that of the peak at

181.25 m/z, corresponding to the singly charged cation

[C9H13N2O2]+ with a molecular weight of 181.21. The last

data indicated synonymously the synthesis and isolation of

titled compound.

Materials and methods

Tyrosinamide and squaric acid were purchased from

Sigma-Aldrich and Merck, respectively.

The X-ray diffraction intensities were measured in the x
scan mode on a Siemens P4 diffractometer equipped with

Mo Ka radiation (k = 0.71073 Å hmax = 30�). The struc-

ture was solved by direct methods with displacement

ellipsoids depicted (Sheldrick 1995) and refined against F2

(Sheldrick 1997). An ORTEP plot illustrates the anion and

cation structures at 50% probability level. Relevant crys-

tallographic structure data and refinement details are

presented in Table 1, and selected bond distances and

angles in Table 2. The hydrogen atoms were constrained to

calculated positions and refined using riding models in all

cases.

The IR-spectra were measured on a Bomem–Michelson

100 FTIR-spectrometer (4,000–400 cm-1, 2 cm-1 resolu-

tion, 150 scans) equipped with a Perkin Elmer wire-grid

polarizer. Non-polarized solid-state IR spectra were

recorded using KBr disk technique. The oriented samples

were obtained as a suspension in a nematic liquid crystal

(MLC 6815, Merck) with the presence of an isolated nitrile

stretching IR-band at about 2,230 cm-1, additionally

serving as an orientation indicator. The validation of this

new orientation solid-state method [published first in 2004

(Ivanova et al. 2004)], used in linear-dichroic infrared

(IR-LD) spectroscopy, based on suspension in nematic

liquid crystal for accuracy and precision, influence of the

liquid crystal medium on peak positions and integral

absorbances of the guest molecule bands have been pre-

sented (Ivanova et al. 2006a, b, 2007). Optimization of

experimental conditions and an experimental design for

quantitative evaluation of the impact of four input factors

have been presented (Ivanova et al. 2006a, b, 2007). The

number of scans, the rubbing-out of KBr-pellets, the

amount of studied compounds included in the liquid crystal

medium and the ratios of Lorentzian to Gaussian peak

functions in the curve fitting procedure on the spectro-

scopic signal at five different frequencies have been

Scheme 1 Chemical diagram of tyrosinamidium hydrogensquarate

monohyfrate

Table 1 Crystal data, data collection and refinement results for ty-

rosinamidium hydrogensquarate monohydrate

Empirical formula C13 H16 N2 O7

Formula weight 312.28

Temperature (K) 293(2)

Wavelength (Å) 0.71073

Crystal system, space group Monoclinic, P21

Unit cell dimensions a = 4.883(4) Å b = 98.74(6)�
b = 11.353(2) Å

c = 12.284(4) Å

Volume (Å3) 673.1(7)

Z 2

Calculated density (Mg m-3) 1.541

Absorption coefficient (mm-1) 0.127

F(000) 328

Crystal size (mm) 0.59, 0.34, 0.34

h Range for data collection 7.5 B h B 15.0

Limiting indices -6 B h B 1, -15 B k B 1,

-17 B l B 17

Absorption correction w Scans

Goodness-of-fit on F2 1.085

Final R indices [I [ 2r (I)] R1 = 0.0486, wR2 = 0.1105

R indices (all data) R1 = 0.0695, wR2 = .1240
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studied (Ivanova et al. 2006a, b, 2007). It has been found

that the procedure for the position (mi) and integral ab-

sorbancies (Ai) determination for each i-peak has been

carried out by deconvolution and curve-fitting procedures

at 50:50% ratio of Lorentzian to Gaussian peak functions,

v2 factors within 0.00066–0.00019 and 2,000 iterations.

The means of two treatments were compared by Student

t test. The experimental IR-spectral patterns have been

acquired and processed by GRAMS/AI 7.01 IR spectros-

copy (Thermo Galactic, USA) and STATISTICA for

Windows 5.0 (StatSoft, Inc., Tulsa, OK, USA) program

packages. The applicability of the last approach for

experimental IR-spectroscopic band assignment as well as

for obtaining the stereo-structural information has been

demonstrated in a series of organic systems and coordi-

nation complexes as heterocyclic (Ivanova 2005a, b),

Cu(II) complexes (Ivanova and Mayer-Figge 2005), poly-

morphs (Ivanova 2005a, b; Koleva 2006), codeine

derivatives (Kolev et al. 2006a, b) peptides and their

Au(III) complexes, hydrochlorides and hydrogensquarates

(Ivanova et al. 2006a, b; Kolev 2006; Kolev et al. 2006b,

2007). The theory of IR-LD spectroscopy and the

employed polarized IR-spectra interpretation of difference-

reduction procedure are given in more of the above citated

references. The method consists of subtracting a perpen-

dicular spectrum (IRs), resulting at a 90� angle between the

polarized light beam electric vector and the orientation of

the sample, from a parallel one (IRp), obtained with a co-

linear mutual orientation. The recorded difference (IRp-

IRs) spectrum divides the parallel (Ap) and perpendicular

(As) integrated absorbencies of each band into positive

contributions, originating from transition moments which

form average angles with the orientation direction (n)

between 0� and 54.7� and negative ones, corresponding to

the transition moments between 54.7� and 90�. In the next

operation, the perpendicular spectrum multiplied by the

parameter c, is subtracted from the parallel one and c

varied till one or set of bands are eliminated. The simul-

taneous disappearance of bands in the resulting (IRp-cIRs)

reduced IR-LD spectrum indicates a co-linearity of the

corresponding transition moments, thus giving rise to

information regarding the mutual disposition of the

molecular fragments and the application of the presented

tool of the IR-spectroscopic pattern of (I) in solid state.

The FAB mass spectra were recorded on a Fisons VG

autospect instrument employing 3-nitrobenzylalcohol as

matrix. The elemental analysis was carried out according to

the standard procedures for C, H (as CO2, and H2O) and N

(by the Dumas method).

Quantum chemical calculations were performed with

GAUSSIAN 98 program package (Frisch et al. 1998). The

output fails are visualized by means of ChemCraft program

(Zhurko and Zhurko 2005). The geometry of tyrosinami-

dium–hydrogenphosphate ions and water system was

optimized at two levels of theory: second-order Moller–

Pleset perturbation theory (MP2) and density functional

theory (DFT) using 6-311++G** basis set. DFT method

employed is B3LYP, which combines Becke’s three-

parameter non-local exchange functional with the correla-

tion function of Lee, Yang and Parr0. Molecular geometry

of the studied species was fully optimized by the force

gradient method using Bernys’ algorithm. For every

structure, the stationary points found on the molecule

potential energy hypersurfaces were characterized using

standard analytical harmonic vibrational analysis. The

absence of the imaginary frequencies, as well as that of

negative eigenvalues of the second-derivative matrix,

confirmed that the stationary points correspond to minima

of the potential energy hypersurfaces. The calculation of

vibrational frequencies and infrared intensities was

checked for which kind of calculations performed agree

best with the experimental data. The DFT method provides

more accurate vibrational data, as far as the calculated

Table 2 Selected bond lengths (Å) and angles (�) for tyrosynamide

hydrogensquarate monohydrate from crystallographic data

C1 O1 1.233(4) O1 C1 N1 124.7(3)

C1 N1 1.313(4) O1 C1 C2 119.2(3)

C1 C2 1.526(4) N1 C1 C2 116.0(3)

C2 N2 1.483(4) N2 C2 C1 107.6(3)

C2 C3 1.545(4) N2 C2 C3 111.5(3)

C3 C11 1.495(4) C1 C2 C3 112.1(3)

C11 C16 1.391(5) C16 C11 C12 117.8(3)

C11 C12 1.393(5) C16 C11 C3 120.5(3)

C12 C13 1.380(5) C12 C11 C3 121.7(3)

C14 O14 1.356(4) C13 C12 C11 121.5(3)

C14 C15 1.394(5) C12 C13 C14 119.5(3)

C15 C16 1.381(5) O14 C14 C13 118.1(3)

C10 O10 1.229(4) O14 C14 C15 121.6(3)

C10 C20 1.472(5) C13 C14 C15 120.3(3)

C10 C40 1.495(5) C16 C15 C14 119.0(3)

C20 O20 1.250(4) O10 C10 C20 133.7(3)

C20 C30 1.433(5) O10 C10 C40 137.8(3)

C30 O30 1.310(4) C20 C10 C40 88.5(3)

C30 C40 1.430(4) O20 C20 C30 137.4(3)

C40 O40 1.239(4) O20 C20 C10 132.8(3)

OW HW1 0.830(11) C30 C20 C10 89.8(3)

OW HW2 0.828(10) O30 C30 C40 135.1(3)

O30 C30 C20 132.2(3)

C40 C30 C20 92.7(3)

O40 C40 C30 136.0(3)

O40 C40 C10 135.0(3)

C30 C40 C10 89.0(3)

HW1 OW HW2 126(5)
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standard deviations are 10 cm-1 (B3LYP) and 19 cm-1

(MP2), respectively. So, the B3LYP/6-31G** data are

presented for above discussed modes, where for the better

correspondence between the experimental and theoretical

values, a modification of the results using the empirical

scaling factor 0.9614 is made. The vibrational analysis

supported experimental IR-spectroscopic characterization.

The normal modes of benzene ring are notes using Wilson

notation (Varsanyi 1969). The presented theoretical

approximation gives significantly different value when

compared with the corresponding IR-spectroscopic fre-

quencies in solid state for the so-called characteristic

bands, where the participation of given group in intra or

intermolecular interaction shifted the corresponding band.

For last maxima, the deviation varies within 12–54 cm-1

for system studied.

Result and discussion

Crystallographic data of (I), Fig. 1, show that the structure

consists of 3D network of molecules joined by intermolec-

ular (Tyr)OH���O=C(Sq) (2.727 Å), O=C–NH2���OH(Tyr)

(2.991 Å), O=C–NH2���OH(Sq) (2.988 Å), O=C–NH2���O=

C–NH2 (3.068 Å), N+H3���O=C(Sq) (2.737, 2.953, 2.954 Å),

OH2���O=C(Sq) (2.839 Å) and (Sq)OH���OH2 (2.607 Å)

hydrogen bonds (Fig. 2). In the frame of the unit cell, the

benzene rings planes of the tyrosinamide molecules close at

an angle of 26.4(9)� (Scheme 2a), while the planes of the

aromatic ring and amide fragments in one molecule closed at

an angle of 46.4(4)� (Scheme 2b). The hydrogensquarate

anions are flat with a deviation of total planarity of 1.9(8)�.

According to the quantum chemical calculation, the inter-

acting system tyrosinamide, hydrogensquarate ion and water

molecule is characterized with the stabilization of the

conformer of tyrosinamide Erel of 3.4 kJ/mol (Scheme 3).

Two types of strong intermolecular interaction are pre-

dicted theoretically, N+H3���O=C(Sq) and (Tyr)OH���OH2 with

lengths of 2.508 and 2.656 Å, respectively. The N–H���O
and O–H���O angles of 150.0(0)� and 150.6(8)� are obtained.

The comparison between the theoretically predicted and

experimentally observed values of bond lengths and angles

shows a good correlation that resulted in a difference of less

than 0.066 Å and 9.3(3)�, respectively.

The dihedral angle values are reasonably predicted by

B3LYP/6-31G** where the maximal deviation when

compared with the crystallographic data do not differ by

4.7�, expecting the values of CH2–CH(N+H3)–C = O and

NH3–CH–C(=O)–NH2 to differ with 107.1� and 107.6�,

respectively. These results are observed in the cases of

peptide systems, where the intermolecular interactions in

solid state resulted in a deviation of corresponding

dihedral angle values, when compared with theoretical

data of these angles connected with the functional groups

included in the corresponding hydrogen bonding

(Ivanova et al. 2006a, b; Kolev et al. 2006b, 2007; Kolev

2006).

Non-polarized IR- and difference IR-LD spectra of (I)

(Fig. 3) show that obtained macro-orientation of poly-

crystalline sample according to quantization supposed an

Fig. 1 ORTEP plot of tyrosinamide hydrogensquarate monohydrate

Fig. 2 Hydrogen bonding
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adequate interpretation of polarized data, that is, obtaining

the structural information and IR-band assignment. The

observed bands and their assignment are: 3,564 cm-1

(mOH(solvent)), 3,397 cm-1 (mas
NH2), 3,248 cm-1 (mOH(Tyr),

hydrogen bonded), 3,205 cm-1 (ms
NH2), 3,357–2,280 cm-1

region (mas
N+H3, mas’

N+H3, ms
N+H3), 1,801 cm-1 (ms

C=O(Sq)),

1,697 cm-1 (mC=O (Amide I)), 1,709 cm-1 (mas
C=O(Sq)),

1,659 cm-1 (mC=C(Sq)), 1,667 cm-1 (das
N+H3), 1,644 cm-1

(das’
N+H3), 1,609 cm-1 (8a, benzene in-planemode),

1,580 cm-1 (8b, benzene in plane mode), 1,544 cm-1

(ds
N+H3), 1,517 cm-1 (19a, benzene in-plane mode),

857 cm-1 (11-cCH, benzene out-of-plane mode). This

assignment is made using the linear-polarized IR-spectro-

scopic data and the so-called reducing difference procedure

for the interpretation of the spectra of this type, which

could be illustrated with following. The elimination of the

band at 857 cm-1 (Fig. 4) leads to reduction of the maxi-

mum at 640 cm-1 due to near co-linearity of 11-cCH and

cC=O(Sq) out-of-plane transition moments, which are

disposed perpendicularly to the corresponding aromatic

and hydrogensquarate skeletons.

In conclusion, the spectral and structural elucidation

of a newly synthesized biologically active complex of

L-tyrosinamide with squaric acid, whose structure is refined

by single crystal X-ray diffraction method, is presented.

The conformational behavior depending on the types of

hydrogen bonding in solid phase is obtained comparing

the crystallographic data with those of the theoretical

DFT of interacting system tyrozinamidium cation, hydro-

gensquarate anion and a water molecule. Two types of

intermolecular hydrogen bonds are predicted (N+H3���O(Sq)

and (Tyr)OH...OH2 with bond lengths of 2.508 and 2.656 Å,

respectively) and a number of experimentally observed

ones [(Tyr)OH���O=C(Sq) (2.727 Å), O=C–NH2���OH(Tyr)

(2.991 Å), O=C–NH2���OH(Sq) (2.988 Å), O=C–

NH2���O=C–NH2 (3.068 Å), N+H3���O=C(Sq) (2.737, 2.953,

2.954 Å), OH2���O=C(Sq) (2.839 Å) and (Sq)OH���OH2

(2.607 Å)] resulted in the observation that the difference

between theoretical dihedral angle values and the experi-

mental ones of CH2–CH(N+H3)–C=O and NH3–CH–

C(=O)–NH2 differed with 107.1� and 107.6�, respectively.

Scheme 2 Unit cell of titled

compound

Scheme 3 Optimized geometry of interacted system

Fig. 3 Non-polarized IR-(1) and difference IR-LD (2) spectrum of

tyrosinamide hydrogensquarate monohydrate
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The nature of the intermolecular hydrogen bonding affec-

ted as well on the IR-spectroscopic pattern of the system

studied in solid state, where the deviation between

predicted and observed bands assigned to so-called char-

acteristic bands varies within 12–54 cm-1. For other bands

the applied theoretical approximation (B3LYP/6-31+G**)

give a reasonable value because the difference between

theoretical and experimental values is less then 9 cm-1. As

far as the presented new spectroscopic technique, applied

in linear-polarized IR-spectroscopy in solid state, namely

orientation of the samples as suspension in nematic liquid

crystal gives not only experimental IR-assignment evi-

dence, but also a structural information, the relationship

structure-spectroscopic properties in vitro is performed.

This knowledge is an important part for biological in vivo

investigations using IR-spectroscopic tools, because every

influence on the structure or the types of intermolecular

interactions is directly connected with the changes on the

IR-spectroscopic characteristics.

Supporting information

Crystallographic data for the structural analysis have

been deposited with the Cambridge Crystallographic Data

Centre, CCDC 631985. Copies of this information may be

obtained from the Director, CCDC, 12 Union Road,

Cambridge, CB2 1EZ, UK (Fax: +44 1223 336 033; e-mail:

deposit@ccdc.cam.ac.uk or http://www.ccdc.cam.ac.uk).
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