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Abstract—The first salt of alkaline metal and L-tryptophane, K,(L-Trp),(H,O) (I), is synthesized by the
reaction of L-tryptophane (HTrp) with potassium hydroxide in an aqueous-alcohol solution. Compound I is
characterized by IR and "H NMR spectroscopy and X-ray diffraction (XRD) (CIF file CCDC no. 2184367).
Compound I is found to have a layered structure due to the presence of the bridging water molecule and che-
late-bridging anions. The quantum chemical calculations of the crystal structure (PBE, plane-wave basis set,
800 eV) is used to evaluate the strength of interactions of the potassium ion with the L-tryptophanate anion
(depending on the coordination type) and the influence of the anion conformation on the strength of coor-

dination, hydrophobic, and hydrophilic interactions.
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INTRODUCTION

The study of interactions of metal complexes with
biomacromolecules, for instance, DNA and proteins,
is an important trend of investigations in biochemistry,
medical chemistry, and pharmacy [1—4]. The pur-
poses of the studies are both the reaction routes of
these interactions and the energy of the interactions
and possible changes in the coordination sphere of
metal atoms. The most part of studies of this type is
performed using DFT calculations of metalloproteins
or complexes of macromolecules with small metal-
containing molecules [5]. However, model systems
showing the interactions of the metal cation with indi-
vidual amino acid residues or small proteins can also
provide a valuable information about specific features
of the coordination mode and nature of metal—amino
acid interactions [4, 6].

We were interested in tryptophane complexes,
since Trp is one of essential amino acids having simul-
taneously (due to the indole ring) the largest hydro-
phobic surface and the additional hydrogen bond
donor atom N! (NH group) [7, 8]. To date, 36 com-
pounds containing D-, L-, or DL-amino acid have
structurally been characterized, and only four of them
([Cu(L-Trp),] [9], [Fe(DL-Trp),] [10], [Ni(DL-

Trp),] [11], and [Mn(DL-Trp),] [12]) contain no
other ligands, except for Trp and solvent molecules.
All compounds based on enantiomerically pure amino
acids crystallize in noncentrosymmetric space groups,
which makes it possible to use them as nonlinear opti-
cal materials [13]. Some of the synthesized com-
pounds manifest a slow magnetic relaxation [14],
selectively sorb selected amino acids [15], or induce
DNA helix cleavage [16, 17]. Potassium is one of the
most abundant biometals and a component of phar-
maceutical salts. Potassium atoms are observed only in
one of the earlier studied compounds:
K[Co"™(Bcmpa)(Trp)]-2H,0 (Bcmpa*~ is N,N-
bis(carboxymethyl)-(S)-phenyl alaninate) [18].

The purpose of this work is to synthesize potassium
L-tryptophanate and study its structure and specific
features of amino acid coordination by the alkaline
metal.

EXPERIMENTAL

Commercial (Sigma—Aldrich) potassium hydrox-
ide (KOH) and L-tryptophane (HTrp) were used as
received. IR spectra were recorded on a Bruker Ten-
sor-27 spectrometer using KBr. The NMR spectrum
('H, 400 MHz) was measured on a Bruker Advance 11
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instrument in DMSO-dg using TMS as the external
standard. The melting point was determined with a
Stuart SMP10 instrument.

Synthesis of catena((p;-L-tryptophanato-0,0',0',
N)(ns-L-tryptophanato- 0,0,0,0',0',0')(n;-aqua)dipo-
tassium) [K;(n3-L-Trp-0,0', N)(ns-L-Trp- 0, 0')(us3-
H,0)], (I). Potassium hydroxide (2.80 g, 0.050 mol)
was added by portions to a suspension of tryptophane
(5.10 g, 0.025 mol) in water (20 mL). The reaction
mixture was heated at 95°C for 40 min. The homoge-
neous solution was evaporated and dried at room tem-
perature. The formed crystals were filtered off. The
yield of compound I'was 6.00 g (80%). Salt I is a highly
melting product, highly soluble in water, and insoluble
in alcohol and acetone. The crystals of compound I
suitable for XRD were grown from an aqueous-alco-
hol mixture.

IR (KBr; v, cm™): 3051—3090 v(N—H), 1720—
1755 v,(C=0), 1416 v,(CH;). 'H NMR (DMSO-d;
400 MHz; 8, ppm): 3.03 m (NH,), 3.26 d, 3.43 m (o.-
CH), 7.23 m (H®, H¢ Ind, 2H), 7.35 dd (CH), 7.41 d
(H* Ind, 1H), 7.60 d (H’ Ind, H), 8.39 s (NH).

XRD was carried out on the K4.4 Belok/XSA dif-
fraction beamline of the National Research Center
Kurchatov Institute (Moscow, Russia) at 100.0(2) K
[19, 20] using a MarDTB 1-axial goniometer equipped
with a Rayonix SX165 CCD 2D detector (A =0.745 A,
¢ scan mode with an increment of 1.0°, direct geome-
try) mounted perpendicularly to the radiation source.
The crystals of C;;H;KN,O,s (FW = 251.33) are
monoclinic (space group P2,): a = 8.3750(17), b =
6.3340(13), ¢ = 21.807(4) A, B = 99.75(3)°, V =
1140.1(4) A3, Z=4, p=1464gcm=3, u=0.517 mm.
Absorption corrections were applied to the experi-
mentally determined reflection intensities, which were
obtained in the XDS software [21], using the Scala
program [22].

The structure was solved by the conjugate space
method implemented in the SHELXT software [23]
and refined by full-matrix least squares for F? using
SHELXL-2014 [24] for all data in the anisotropic
approximation for all non-hydrogen atoms using the
Olex2 program [25]. Hydrogen atoms were placed in
geometrically calculated positions and refined by the
riding model with isotropic thermal parameters equal
to Uy, = 1.5U,,(O) for water molecules and U, =
1.2U,(X) for other atoms, where U,(X) are equivalent
isotropic thermal parameters of the atom to which the
hydrogen atom is bound. The structure factors were
R, =0.0362 (for 5740 observed reflections and wR, =
0.0954 (for 6199 independent reflections, R, =
0.0390, GOOF = 1.060).
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The additional crystallographic information for the
structure of compound I was deposited with the Cam-
bridge Crystallographic Data Centre (CIF file CCDC
no. 2184367; http://www.ccdc.cam.ac.uk/structures).

A comparative analysis of nonvalence interactions
in tryptophanates of different metals was performed
using the Voronoi—Dirichlet molecular polyhedra
[26, 27] in the ToposPro software [28].

Quantum chemical study of the crystal structure of
compound I'was carried out using the VASP 5.4.1 soft-
ware [29—33] with the optimization of atomic coordi-
nates. The plane-wave basis set with a maximum
kinetic energy of 800 eV was used for the description of
valence electrons. The exchange and correlation con-
tributions to the total energy were calculated using the
PBE functional. The PAW potentials with a minimum
possible sphere radius described by the pseudo-wave
function (“hard PAW potentials”) were used for geom-
etry optimization and subsequent calculation of the
electron density function. The optimization criterion
was the maximum force magnitude equal to
0.01 eV/A2

The electron density function for topological anal-
ysis was obtained by the particular calculation of the
optimized crystal structure. The AIM program (a part
of the ABINIT software [34]) was used for topological
analysis of the theoretical electron density distribution
function p(r). Atomic charges were calculated using
the Bader program [35].

RESULTS AND DISCUSSION

The reaction of L-tryptophane and potassium
hydroxide in an aqueous solution on heating afforded
a white precipitate soluble in water and insoluble in
alcohol and acetone. Since the structure of potassium
tryptophanate dihydrate contains water molecules, the
stretching vibrations of the OH groups are overlapped
with the stretching vibrations of the carboxylate group
to form a total broad absorption band in a range of
1720—1755 v,(C=0), which does not allow a precise
assignment of the corresponding stretching vibration
frequencies. The molecular and crystal structures of
compound I were determined by XRD. Compound I
crystallizes in the noncentrosymmetric space group
P2, with two cations, two anions, and one water mol-
ecule in the independent part of the unit cell (Fig. 1).
In the difference synthesis, the hydrogen atoms are on
the carbon atoms, on the nitrogen atoms of the hetero-
cycle and amino group, and on the oxygen atom of the
water molecule, which makes it possible to unambigu-
ously establish the deprotonation of HTrp at the car-
boxy group. The presence of two independent cations
and anions can be considered as caused by different
types of the coordination environment of the ions in
the structure of compound I. The cations form coor-
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Fig. 1. Independent part of the unit cell in the structure of
compound I in the representation of atoms by thermal
ellipsoids (p = 50%).

dination polyhedra K(1)NOg4 and K(2)Og (Fig. 2) in
which the K(1)—N(3) bond length is 2.951(2) A and
the K—O bond lengths range from 2.590(2) to
3.046(2) A (Table 1).

(@)
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The coordination sphere of the K(1) atom is
formed by the water molecule and four anions, two of
which are coordinated via one oxygen atom of the car-
boxy group, one atom is coordinated via the two oxy-
gen atoms of the carboxy group, and one more atom is
coordinated via the oxygen atom of the carboxy group
and nitrogen atom of the amino group with the forma-
tion of the five-membered ring. The K(2) cation is
linked with two water molecules, four anions (via one
oxygen atom of the carboxy group), and one anion (via
both atoms of the carboxy group) to form a four-mem-
bered ring. One of the anions is bridging-chelate
and is bound to three cations due to the amino and
carboxy groups. The second anion chelates one cation
and is additionally linked with four cations. The coor-
dination modes of the tryptophanate anions in com-
pound I and in the previously studied metal trypto-
phanates are schematically shown in Scheme 1. As can
be seen from the data presented, both coordination
modes are new for this ligand and for the first time
show a possibility of coordination to the metal atom
without amino group participation.

Fig. 2. Coordination environment of the (a) K(1) and (b) K(2) atoms in the structure of compound 1.
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Table 1. Characteristics of coordination spheres of potassium atoms in the structure of compound I'*

K(1)—O(1)i 2.800(2) 2.819 9.6 0.0179 0.0803 —0.014 —4.30
K(1)—O(1)ii 2.737(2) 2.755 9.9 0.0221 0.0986 —0.018 -5.71
K(1)-0(2) 2.590(2) 2.601 16.7 0.0305 0.1372 —0.029 —8.95
K(1)—0(2)! 2.804(2) 2.838 9.6 0.0189 0.0846 —0.015 —4.63
K(1)-0(4) 2.680(2) 2.694 11.6 0.0250 0.1123 —0.022 —6.77
K(1)—O(5)ii 2.814(2) 2.866 11.0 0.0202 0.0875 —0.016 —4.98
K(1)—N(3) 2.951(2) 2.976 5.1 0.0157 0.0633 —0.011 —3.43
K(1)—HQA)1| 2.834 2.779 9.6 0.0082 0.0362 —0.005 —1.55
K(2)—O()t 2.738(2) 2.755 12.0 0.0195 0.0974 —0.016 -5.09
K(2)—0(2)i 2.846(2) 2.872 11.0 0.0147 0.0751 —0.011 —3.54
K(2)—0(3)t 2.843(2) 2.866 11.4 0.0167 0.0748 —0.012 -3.91
K(2)—03) 2.870(2) 2.887 10.0 0.0165 0.0762 —0.012 -3.91
K(2)—0®4)" 3.046(2) 3.059 4.3 0.0116 0.0516 —0.008 —2.42
K(2)—0(4) 2.696(2) 2.725 12.6 0.0222 0.1043 —0.019 —5.87
K(2)—0(5)" 3.020(2) 2.959 3.6 0.0147 0.0659 —0.11 —3.30
K(2)—-0(5) 2.694(2) 2.705 12.6 0.0237 0.1098 —0.020 —6.39

* doypp and dipe, are interatomic distances in the experimental structure and in the calculations performed with geometry optimization;

Q is the solid angle of the VDP face corresponding to this distance (in % of 47 steradian); p (r), Vzp (r), and W(r) are the electron den-
sity, electron density Laplacian, and potential energy density at the critical bond point, respectively; and £, is the contact energy defined

as 0.5(r). Symmetry codes: ' 1 —x, 1/2+y, 1 —z; fix 1 +y,z fif | —x,=12+y, 11—z V—x,12+p, 1 -z —x, —1/2+y, 1 —z

Scheme 1.

We succeeded in unambiguously confirming the
coordination modes for the ligands and in establishing
the coordination environment of the metal atoms by
means of periodic quantum calculations. The most
part of coordination bonds elongate after geometry
optimization (Table 1), but the coordination mode of
the ligands determined by an analysis of p(r) in terms
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of R. Bader’s theory “Atoms in Molecules” [36, 37]
remains unchanged. The point corresponding to the
agostic contact K(1)---H(2A)—C(2) was found for the
K(1) atom along with bonding critical points corre-
sponding to the expected bonds with the oxygen and
nitrogen atoms. The formation of the bonding contact
with this atom becomes possible due to the partially
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negative charge on the H(2A) atom, unlike the hydro-
gen atoms of the amino groups and water molecules
that also arranged at distances of 2.734—3.197 A from
the potassium atoms. Note that bonding interactions
in the coordination sphere of the potassium atoms can
be revealed using the Voronoi—Dirichlet atomic poly-
hedra (VDP), where a common major face for two
atoms indicates an interaction [38—40]. The major
faces of the VDP of the metal atoms (direct contacts
with the nonzero solid angle € expressed in % of 41
steradian) correspond to all bonds listed in Table 1,
whereas minor faces (indirect interactions and direct
interactions with Q < 6%) correspond to other forced
contacts. Thus, as shown previously for the tin and
cesium atoms [38, 39], direct faces of the VDP with
Q > 7% correspond to agostic interactions.

The tryptophanate anion is structurally nonrigid
because of four ordinary bonds in its structure. The
experimentally observed conformations of L-Trp in
the structures of the salts with conjugated atoms of the
stereocenter and its environment shown in Fig. 3 indi-
cate that the N—C—C—O torsion angle in the five-
membered metallocycle varies from 8.9° to 44.4° in
spite of the coordination by the metal atoms. The rel-
atively free rotation of the heterocyclic fragment
results in the formation of “contracted” and “linear”
(on the whole) conformations in which the heterocy-
cle is directed toward the coordinated metal atom or,
correspondingly, from it. In the first case, the forma-
tion of metal---7 interactions in which tryptophane is
often involved in metal-containing biomacromole-
cules can be expected. In addition to the interatomic
distance and value of €, the interaction between a pair
of atoms can be characterized by the rank of face (RF)
of the VDP, which shows the number of valence bonds
between these atoms and changes from 0 (intermolec-
ular contacts) and 1 (valence and coordination bonds)
to infinity (intramolecular contacts). It has previously
been shown for a series of compounds forming several
polymorphic species that they are characterized by a
unique set of faces corresponding to RF = 0, 1, >1
[41—43]. It was proposed to visualize specific
features of molecular interactions in crystals of the
polymorphs by the (RF, d) plot, where d is the inter-
atomic distance [44].

As a rule, the conformations of the structurally
nonrigid molecule are characterized by a set of torsion
angles corresponding to rotation around ordinary
bonds. However, this approach does not allow one to
evaluate what intramolecular interactions are charac-
teristic of this or another conformation. On the con-
trary, specific features of constructing atomic and
molecular VDP make it possible to characterize each
conformer by a set of intramolecular contacts with
RF > 1 and visualize them on the (RF, d) plot, which
can be used, for instance, for an analysis of conforma-
tions of photochromic compounds, where a particular
intramolecular contact describes the initial step of
the photochemical reaction [41]. The connectivity
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Fig. 3. Conformations of L-Trp in the structurally charac-
terized compounds. Hydrogen atoms are omitted. The
atom of the stereocenter and three non-hydrogen atoms
bound to it are superimposed.

matrix of all atoms was calculated to analyze metal -7t
interactions in the sampling of 23 salts containing the
L-tryptophanate anion. Then the matrix was modified
in such a way that all nonmetal atoms, which do not
belong to the tryptophanate anions, would be consid-
ered as points, which were not bound to other atoms
and, correspondingly, were involved only in interac-
tions with RF = 0. The (RF, d) plot was constructed
only for the interactions involving metal atoms.
Hydrogen atoms were ignored, since their coordinates
were determined not for all structures, calculation
results can be sensitive to the N—H, O—H, and C—H
bond lengths normalized or not normalized to the
neutron diffraction distance, and positions of hydro-
gen atoms in the protein complexes are almost always
unknown. The (RF, d) distribution for the copper and
potassium atoms in the structures of [Cu(L-
Trp)(Dppa)(H,0)](NO;)-CH;OH (Dppa is dipyr-
ido[3,2-a:2',3'-c]phenazine) [16] and compound I are
shown in Figs. 4a and 4b, respectively. Unlike copper
atoms, in the case of potassium atoms, the distribution
of K—O and K—N coordination bond lengths, K...H
agostic interactions, and K:--K and K:---C forced con-
tacts is not discrete, because the “contracted” confor-
mation of L-Trp in the copper complex provides a
number of intramolecular contacts Cu---C (RF = 4—
6), and the coordination number of Cu(ll) equal to
5 provides an additional contact Cu--O with RF = 0
(Cu-+0 3.921 A). An analysis of (RF, d) for other com-
pounds made it possible to reveal a series of other cop-
per complexes with the “contracted” conformation of
the tryptophanate anion, whereas in the salts of all
other metal atoms the linear conformation of the
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Fig. 4. Dependences (RF, d) for the Voronoi—Dirichlet polyhedra of the (a) copper atoms and (c) all atoms in the structure of
[Cu(L-Trp)(Dppa)(H,0)](NO3)-CH;0H; and (b) potassium atoms and (d) all atoms in the structure of compound I. O;,, C;,,,
and N;,, are the atoms of the environment belonging to one tryptophanate anion; O,y , C.y, and N, are the atoms of the environ-
ment belonging to other anions and ligands in the structure of compound I.

anion and high coordination numbers result in the
absence of VDP faces of the metal atom with RF > 1.
Different conformations of the anions are shown as
(RF, d) plots for all atoms of the tryptophanate anion
(Figs. 4c, 4d) demonstrating the bond length distribu-
tions of all contacts found for the atoms of the anion
with the assignment of the nature of the atoms of the
environment. Many intramolecular interactions for
both the anion itself and interactions of the anion with
the Dppa atoms are observed for the “contracted”
conformation of the ligand in the isolated [Cu(L-
Trp)(Dppa)(H,0)]" complex. These contacts corre-
spond to the stacking interactions of two heterocycles.
In the case of compound I, the contacts with RF > 1,
which are omitted in Fig. 4b, correspond to the inter-
actions of the atoms between the adjacent anions
bound by the potassium atoms rather than inside the
anion itself (for the description of the layers, see
below). Although the most part of contacts is formed
by carbon atoms, the contacts can involve both stack-
ing interactions and C—H---1t contacts, because posi-
tions of the hydrogen atoms were ignored in the calcu-
lations of the molecular VDP.

Since both tryptophane anions and also the water
molecule are bridging between the potassium atoms,
the whole structure of K,(u;-L-Trp-0,0',N)(us-L-
Trp-0,0")(u;-H,0) forms infinite layers parallel to
the (001) plane. Hydrogen bonds involving one of the
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amino groups, the water molecule, and carboxyl resi-
dues represent an additional factor stabilizing these
layers. The characteristics of these hydrogen bonds are
listed in Table 2. Note that the H(N) atoms of the het-
erocycles and three of four atoms of the amino groups
are not involved in hydrogen bond formation, because
their mutual arrangement prevents this process. The
layers of the bound coordination polyhedra of the cat-
ions are covered from both sides by the hydrophobic
heterocyclic fragments (Fig. 5) in such a way that the
H(N) atoms participate only in H---H and H--'® con-
tacts. An analysis in the framework of the described
procedure suggests that compound I should form
materials with the superhydrophobic surface. Unfor-
tunately, a sample of compound I turned out to be
contaminated with residues of the starting KOH and
decomposition products of the target compound,
which did not allow us to study its hydrophobic prop-
erties.

Such integral characteristics of the main structural
fragments in the structure of compound I as the charge
(Q), volume of the domain restricted by the zero flux
surface (Vjeor), and Voronoi—Dirichlet polyhedron
volume (Vypp) are given in Table 3. As can be seen
from the data presented, the volume of potassium
atoms is independent (at least explicitly) of the nature
of the environmental atoms. The Voronoi—Dirichlet
polyhedra describe the volume of structural units with
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Table 2. Geometric parameters of hydrogen bonds in the structure of compound I*

NN Distance, A Angle DHA,| ¢ o p(), V2 (r), E, kfal
D—H HeA DA deg rel. units rel. units mol~—!
0O(5)—H(5A)N(1)! 0.98 1.825 |2.795(3) 171 16.2 0.050 0.067 —13.97
0O(5)—H(5B)--0O(4)il 0.98 1.823 | 2.770(3) 173 23.3 0.042 0.086 —11.21
N(D)—H(1B)--0(3)li | 0.87 2.301 |2.995(4) 137 18.5 0.016 0.066 —3.63

* Symmetry codes: i —x, 32+y,1—z iy +y,2 fii +Xx,¥, 2

Table 3. Integral characteristics of the main structural frag- mol~1). Almost 50% of this energy (47 and 43%) fall
. * .
ments in the structure of compound I onto coordination bonds, 34 and 28% fall onto hydro-

Atom Oiheor- € Vineors A2 Vapp, A® gen bonds, and remained 19 and 29% correspond to
hydrophobic interactions.
K(1) 0.87 18.98 18.51
K(2) 0.85 20.28 18.45
H,0 —0.28 26.61 29.15 ACKNOWLEDGMENTS
L-Trp, —0.62 249.65 250.10 XRD analysis was carried out using scientific equipment
L-Trp, —0.82 254.39 253.87 of the National Research Center Kurchatov Institute (Mos-

cow, Russia). A.A. Korlyukov is grateful to the Samara Cen-
ter for Theoretical Materials Science for access to computa-
a high accuracy (the error of volume estimation does ~ tional resources and software.

not exceed 9% for the metal atoms and is lower than
1% for the anions). The volume of the anions is inde-
pendent of the conformation (as shown previously for

the Imatinib molecules [48]). The water molecule XRD analysis and quantum chemical calculations were

bears a p artlally. negative charge (=0.28 €), and the supported by the Russian Science Foundation, project no.
charge of the cations and anions ranges from +0.85t0 ) 13_00241.

+0.87 and from —0.82 to —0.62 €, respectively. Note
that the volumes of molecular domains of two anions

FUNDING

with different conformations were close and the total CONFLICT OF INTEREST
energies of interactions (in which the anions partici-
pate) calculated as 0.5V(r) by the earlier proposed The authors declare that they have no conflicts of

equation [49] were also close (—71.1 and —65.0 kcal interest.

Fig. 5. Fragment of the layers in the structure of compound I. Potassium atoms are shown as spheres, and hydrogen atoms are
omitted.
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