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1. Abstract

Hydrogen bonds of glycine complexes were calculated using quantum chemistry calculations at MO6L -
GD3/def2-TZVPP level and by analyzing the crystal structures from the Cambridge Structural Database
(CSD). One hydrogen bond where amino acid plays the role of the H-donor (NH/O), and two where it
plays the role of the H-acceptor (O1/HO, O1 is a coordinated oxygen > om, and, O2/HO, O2 is a non-
coordinated oxygen atom) were investigated. The calculations were ¢ ne « n octahedral nickel(ll), square
pyramidal copper(ll), square planar copper(ll), palladium(ll), #n.' olzdnum(Il) glycine complexes with
different charges adjusted using water(s) and/or chlorine oni.) as the remaining ligands. For NH/O
hydrogen bond, interaction energies of neutral complex~< ure the weakest, from -5.2 to -7.2 kcal/mol for
neutral, stronger for singly positive, from -8.3 to 2.1 «cal/mol, and the strongest for doubly positive
complex, -16.9 kcal/mol. For O1/HO and O2/r." teractions, neutral complexes have weaker interaction
energies (from -2.2 to -5.1 kcal/mol for 0140, and from -3.7 to -5.0 kcal/mol for O2/HO), than for
singly negative complexes (from -6.C *o ©.2 kcal/mol for O1/HO, and from -8.0 to -9.0 kcal/mol for
02/HO). Additionally to the comy.'ax ctnarge, metal oxidation number, coordination number, and metal

atomic number also influence tric hy drogen bond strength, however, the influence is smaller.

Keywords: hydrogen bonds, amino acids, metal complexes, crystal structures, density functional theory

(DFT), Cambridge Structural Database (CSD)



1 Introduction

Hydrogen bonds are one of the most relevant noncovalent interactions in biological systems, where some
of the most important roles are in the determination of the protein secondary structure and the formation
of the double helix structure of DNA. [1-6] It has been shown that when a molecule coordinates to a
metal, it can result in a substantial strengthening of hydrogen bonds ¢ the coordinated molecule. [7,8]
The quantum chemistry results confirmed that the interaction energy of tt 2 hydrogen bond between two
free water molecules (-4.84 kcal/mol) could be increased up to -9.7 kc«l/mol when a hydrogen donor (H-
donor) water molecule is coordinated in the neutral complex. an.' up to -21.9 kcal/mol when the complex
is doubly positively charged. [7,8] Coordination to met>! icns cari also increase the NH/O hydrogen bond
strengths, which was shown for interactions of amn.\nia and ethylenediamine with a free water molecule.
[9,10] In the case of hydrogen bonds between a.m".10nia, as a H-donor, and water molecule, the interaction
energy increases from -2.3 kcal/mol for free . monia up to -6.3 kcal/mol for neutral ammonia complexes
and up to -25.0 kcal/mol for triply pr.itiv>'y charged ammonia complex. [9] The interaction energy of
ethylenediamine, as a H-donor, ai. ' waer molecule ranges from -2.3 kcal/mol for free ethylenediamine
up to -6.7 kcal/mol for neutra: othylenediamine complex and up to -28.0 kcal/mol for triply positive

complex. [10]

The amino acids are found in different complexes, both with other ligands and as bis- and tris- amino acid
complexes. [11-15] Amino acids can form many types of metal ion complexes. One of the ways in which
an amino acid binds to a metal ion is via a-amino nitrogen and a-hydroxyl oxygen atom, thereby forming
a five-membered chelate ring. [15,16] Introducing a-amino acids or their derivatives into catalytically
active transition metal complexes offers a straightforward and cost-effective approach to obtaining chiral
compounds that hold promise for applications in enantioselective catalysis. [17—22] One such example is

the heterogeneous hydrogenation of prochiral olefins with rhodium(l) proline amide complexes linked to



a modified zeolite through a spacer. [23-27] Numerous processes in homogeneous catalysis rely on
electron-rich complexes of late transition metals, with phosphane ligands being especially valuable. This
has prompted the functionalization of a-amino acids, especially the relatively inflexible proline, with
phosphane groups. [20,21] Besides catalytic activity, it is known that amino acid complexes are proven to

be useful antibacterial agents applied against Staphylococcus aureus, and Escherichia coli. [28]

The antitumor activity of gold(I1l) complexes featuring dipeptides containing L-histidine, where the N-
terminal amino acids are L-alanine and L-leucine, exhibited good selec. /ity between cancer and normal
cell lines. These complexes also demonstrated antiangiogenic ffecis comparable to established
angiogenesis inhibitors like auranofin and sunitinib malate. Imprtzatly, these effects were achieved
without causing toxic side effects, which stood in contrast t) th. outcomes observed with auranofin and
sunitinib malate treatments. [12] Turchermore, a glycine complex,
tricarbonylchloro(glycinato)ruthenium(Il), is one ti.*> so called “carbon monoxide releasing molecules”
(CORMS). [29-31] The synthesis and characte.*.ation of numerous CORM molecules were encouraged
by the findings that carbon monoxide has many important physiological roles as a small molecule
messenger. [32] The mentioned glyci'.. cuplex is used primarily as a prototype of a water-soluble CO

carrier. [30]

In our previous work, the MA,Q and two types of O/HO hydrogen bonds of free amino acids and amino
acids complexes with a free wvater molecule were studied by analyzing data retrieved from the Cambridge
Structural Database (CSD) for all amino acids and by quantum chemical calculations for glycine,
cysteine, phenylalanine, and serine cobalt(I11) complexes. [33] In the NH/O interactions, amino acids are
H-donors, while in O/HO interactions, amino acids are hydrogen atom acceptors (H-acceptors). Since
zwitterion amino acids were used as free species, the zwitterion-water interaction energies are quite
strong, in the range for four studied amino acids (glycine, cysteine, phenylalanine, and serine): from -5.1
to -9.6 kcal/mol for NH/O, and from -6.9 to -7.6 kcal/mol for O/HO interaction. Thereby, the neutral

complexes have weaker interactions than zwitterions, and singly positive complexes for NH/O and singly



negative complexes for O/HO have similar to slightly stronger hydrogen bonds in comparison to free
zwitterions. Additionally, NH/O interaction was calculated for doubly positive complexes where its

interaction energy increased up to -16.9 kcal/mol. [33]

Considering the importance of amino acid complexes as catalysts and pharmaceuticals, investigating the
hydrogen bonds of these complexes can enhance comprehension of their mechanisms of action. In this
work, we studied the influence of the metal ion type and complex geometry on the hydrogen bonds
between chelated amino acid and a free water molecule by quantum ct.> nistry calculations and analysis
of the results obtained from the CSD search. Quantum chemistry ca'cula.ions were done on octahedral
nickel(ll), square pyramidal copper(ll), square planar copper(II’, . all=dium(ll), and platinum(ll) glycine
complexes, since glycine is the simplest amino acid. The CCSL search was done for cobalt and copper
complexes with all amino acids. To the best of our knz:*ludge, (his is the first study of the influence of
various metal atom types on the hydrogen bonds ii. the second coordination sphere of amino acid metal

complexes.

2 Methodology

2.1 Quantum chemistry ~a.culations

Quantum chemistry cal-'ilaions on systems with a coordinated glycine and a free water molecule were
performed at the MO6L-C" 3/def2-TZVPP level [34-36] using the Gaussian 09 program package. [37]
The BSSE correction of interaction energies was taken into account using the counterpoise utility. [38] In
our previous work, the good agreement of this method with the CCSD(T)/CBS values has already been

confirmed. [33]

Three hydrogen bond types were investigated: between an a-amino group as a H-donor and a free water’s

oxygen as a H-acceptor (NH/O), between oxygen of the a-hydroxyl group (O1) as a H-acceptor and a free



water as a H-donor (O1/HO), and between oxygen of the a-carbonyl group (O2) as a H-acceptor and a

free water as a H-donor (O2/HO) (Figure 1).

Geometry optimization was performed for octahedral nickel(ll), square pyramidal and square planar
copper(ll), square planar palladium(ll), and platinum(ll) glycine (Gly) complexes. All nickel(ll)

complexes are triplets, copper(ll) doublets, and palladium(Il) and platinum(ll) singlets.

Figure 1. Graphical representation of rigid model sy ~t.ms used to calculate NH/O, O1/HO, and O2/HO interactions

with hydrogen bond parameters.

Singly positively charged, neutral, a.? _ingly negatively charged complexes were optimized. The
complex charge was adjusted using ‘~ater molecule(s) and/or chlorine ion(s) as the remaining ligands. For
the square pyramidal copper/'Y .~ aplex, only the singly positively charged and neutral complexes were
successfully optimized. 1..~ viurational analysis was utilized to confirm that all the optimized geometries

correspond to the potential energy minima.

Using optimized geometries of monomers, rigid model systems were built from a complex and a water
molecule bonding via linear hydrogen bond. In the rigid systems, only the distance between a hydrogen
donor and a hydrogen acceptor (hydrogen bond distance, d, Figure 1) was changed and the interaction
energy was calculated for every distance. The d distance was changed with a 0.1 A step in the range from
2.5 Ato 3.4 A. After obtaining interaction energy curves, the geometries and energies at the minima of

the curves were reported.



For the optimized systems, the total geometry optimization was performed starting from the minima on
potential curves. The absence of negative frequencies confirmed that the optimized geometries were
indeed potential energy minima. The interaction energy between a coordinated glycine and free water was

calculated for these optimized geometries.

Using the M06L-GD3/def2-TZVPP method, the electrostatic potentials of coordinated glycines were
computed on surfaces with 0.001 au (electronbohr®) electronic densities. [39] The value of the
electrostatic potential (Vs) on the interacting glycine atom in the directic« of the hydrogen bond was also

calculated using the same method and electronic density.

The influence of the solvation with water was estimated on rigic' sysiems of nickel(11) complex with water

at MOBL-GD3(PCM)/def2-TZVPP level. [40]

2.2 CSD search

The search of crystal structures archived in tnc Cambridge Structural Database (CSD, version 5.41,
November 2019 release, May 2020 uru 'tew, [41] was performed using the CSD search program
ConQuest (version 5.4.1, May 202C). | '2] The CSD searches were done to retrieve all amino acids
coordinated with different metalc an. interacting with a free water molecule via three types of hydrogen

bonds defined above; NH/O, /10, and O2/HO (Figure 1).

The following criteria were - atisfied in every search: (a) the crystallographic R factor < 0.1, (b) the error-
free coordinates according to the criteria used in the CSD, (c) no polymer structures, (d) no structures
with the disorder, (€) no structures solved from powder and (f) only X-Ray diffraction solved structures.

The geometric criteria applied to each hydrogen bond were: the d distance between the hydrogen donor

and acceptor (dwo, dozo, OF dozo) is less than 4.0 A, and the hydrogen bond angle (anwo, aoiro, OF aozwo) IS

above 110°. The corresponding geometrical parameters are denoted in Figure 1.

3 Results



The three types of hydrogen bonds (NH/O, O1/HO and O2/HO) were analyzed between a transition metal
complex and a water molecule in the second coordination sphere. In NH/O hydrogen bonds coordinated
glycine is a H-donor, while in O1/HO and O2/HO hydrogen bonds coordinated glycine is a H-acceptor
(Figure 1). These hydrogen bonds were studied on model systems with coordinated glycine using
guantum chemistry calculations to obtain optimal distance and energies of the hydrogen bonds. We also
analyzed hydrogen bond geometries in crystal structures archived in the Cambridge Structural Database

(CSD) [41] for metal complexes of all amino acids.

3.1 Quantum chemistry calculations

Using methods of quantum chemistry, as described in the Methodnlogy section, the following complexes
were investigated: octahedral nickel(Il), square pyramid~l capper(ll) and square planar copper(ll),
platinum(ll), and palladium(ll) glycine complexes. Th..e r ietals were chosen since they were among the
most abundant in CSD for studied geometries, wt ile giycine was selected because of its simplicity that
prevents additional interactions. The p:>viously published data for octahedral cobalt(lll) glycine

complexes [33] were also presented and .c.njured with the data obtained in this work.

For NH/O hydrogen bonds (Figu.= 1), only neutral and positively charged complexes were taken into
account (Table 1), since neaa.*’e complexes as H-donors have repulsive interactions with free water
molecule. For O1/HO w.'! C2”"10 hydrogen bonds (Figure 1), the calculations were done using neutral
and negatively charged cumplexes (Table 1), since positive charge complexes as H-acceptors have

repulsive interactions with free water molecule.

Quantum chemical calculations were performed on rigid and optimized systems. For the rigid systems,
separated monomers, a complex and a free water molecule, were optimized, and kept rigid and bonded
via a linear hydrogen bond, while only the distance between hydrogen donor and acceptor (d) was
systemically changed from 2.5 to 3.4 A with 0.1 A step. For each distance, the interaction energy between

monomers was calculated to find the one with the strongest hydrogen bond. The optimized systems were



obtained starting from systems with the strongest rigid interactions and performing total geometry
optimization. Vibrational analysis was used to confirm that the obtained optimized geometries represent

potential energy minima. Interaction energy was also calculated between monomers in optimized systems.

3.1.1 Rigid systems

In the rigid systems, interaction energy was calculated for a range of hydrogen bond distances (d)
between a coordinated glycine and a free water molecule. The poten’ial interaction energy curves are
presented in Supplementary Information (SI), Section 1. Interactimn .nergy (AE), d distances, and
electrostatic potentials on the interacting atoms (Vs) for the min ma \ n the potential interaction energy
curves of rigid systems are reported in Table 1. The corrc.roiding model systems are presented in

Figures 2 and 3.

NH/O hydrogen bonds. The NH/O interaction ene. v tor complexes with the same geometry manifests

stronger interactions with the increase of the ~omplex charge (Table 1). Thus, the strongest NH/O
hydrogen bond in rigid systems is calcu'~teu for the only system with a doubly positive complex, the
cobalt(l1) doubly positive system, *w.’eh nas an interaction energy of -16.9 kcal/mol (Table 1). In
octahedral complexes with singlv \ asitive charge, the interaction energies are -8.3 and -10.8 kcal/mol,
which are stronger than the *nte->.tions of neutral complexes, -5.2 and -7.2 kcal/mol (Table 1). With
increasing cobalt(111) com, 'ex charge, the hydrogen bond distance dno shortens from 2.9 to 2.8 A, which
is in accordance with stronger interactions (Table 1). However, for nickel(Il) complexes dno distance is

3.0 A for both positive and neutral complexes.

Comparing octahedral cobalt(ll) and nickel(Il) complexes, one can anticipate that the higher metal
oxidation state of cobalt(lll) causes more positive electrostatic potential on all ligands, including the
interacting hydrogen atom of the a-amino group. As a consequence, interactions of cobalt(l11) complexes
are stronger than interactions of nickel(Il) complexes, while charges of the complexes are the same.

Namely, for singly charged cobalt(l1l) and nickel(Il) complexes interaction energies are -10.8 and -



8.3 kcal/mol, while for neutral complexes interaction energies are -7.2 and -5.2 kcal/mol (Table 1). The
electrostatic potentials (\Vs) for cobalt(I11) complexes are higher than for nickel(ll) complexes due to the
higher positive oxidation state of the cobalt ion, as mentioned above (Table 1). Additionally, cobalt(l1I1)

complexes have shorter dyo distances (2.9 kcal/mol) than nickel(11) complexes (3.0 kcal/mol) (Table 1).

Among square pyramidal and square planar complexes, the same influence of the complex charge can be
noticed, as for the octahedral complexes (Table 1). Thus, square pyramidal copper(ll) complex systems
have -10.7 and -5.7 kcal/mol NH/O interaction energies for singly posi.”+e and neutral complex charges.
The charged system also a has shorter dno distance (2.9 A) and large " Vs values (128 kcal/mol) than the

neutral (3.0 A and 63 kcal/mol).

Square planar singly positive copper(ll), palladium(ll), a.? r.atinum(ll) complexes have interaction
energies -11.4, -11.8, and -12.1 kcal/mol, which arz2 wugain stronger than the interactions of neutral
systems, -6.8, -6.9, and -7.1 kcal/mol, respectiv.iy ‘1c4le 1). This is a consequence of the decrease in the
electrostatic potential on the interacting hydroyon atom with decreasing complex charge (Table 1).
Hydrogen bond distance is 2.9 A for a’« s 2uaie planar systems with NH/O interaction, except for the
system with the weakest interactior 2nei.y, the neutral copper(ll) system, where dyo distance is 3.0 A
(Table 1). The interaction energ, in.ease with the rise of metal atomic number can be noticed in both
positively charged and neutre.' complexes. Therefore, comparing the square planar complexes, the
copper(ll) complex has tr» weakest, palladium(ll) is stronger, and platinum(ll) has the strongest
interaction. A larger metal ion has better delocalization of the metal positive charge, which leads to

stronger interactions.



NH/O

O1/HO

02/FO

[Co(H20)CLGly] /H20 [Ni(H,0),CLGly] /H,0

Figure 2. The rigid model systems used to calculate NH/O, O1/HO, and O2/HO interaction energies of octahedral
and square pyramidal complexes with a water molecule. The structures of cobalt(I1l) complexes are taken from

previous work [33].



Comeparison of the data for different coordination numbers, six (octahedral complexes), five (square
pyramidal complexes), and four (square planar complexes), indicates that a decrease of the metal
coordination number of the systems with the metal oxidation number +2 and the same complex charge
causes the increase in the NH/O interaction strength. Namely, the smaller the metal coordination number,
the smaller the number of ligands to which the positive charge from the metal ion is dispersed, which
generally results in more positive electrostatic potential on the interacting hydrogen atom of the N-H
group and consequently stronger NH/O interaction. Thus, the interaction in systems with square planar
complexes is stronger than for square pyramidal, which is stronger th.n [r uctahedral complex systems.
Therefore, the weakest NH/O interactions for singly positive and 1euu al systems are found for nickel(ll)
complexes, and their values are -8.3 and -5.2 kcal/mol, respez:ve. r. The strongest NH/O interactions are
found among square planar complex systems, more precisel* fo. nlatinum(ll) positive and neutral systems
and their values are -12.1 and -7.1 kcal/mol, respectiv.’v (‘i"able 1). Another less important consequence
of the decrease in the metal coordination *umFer is the decrease in the steric effects, which also
strengthens the hydrogen bond (Figure 2-5, Since the neutral square pyramidal copper(ll) system has Vs
value of 63 kcal/mol, which is larger thar the values in square planar systems (from 54 to 58 kcal/mol)
(Table 1), it is steric effects in the squ-re pyramidal system that decrease the interaction energy, making

it weaker than the square planz~ sys.cms and restoring the interaction energy order mentioned above.

0O1/HO hydrogen bonu. roe the systems with O1/HO hydrogen bonds, the ones with negatively

charged complexes have stronger interactions than the corresponding neutral complexes. For the O1/HO
hydrogen bond, the glycine complex plays the role of a H-acceptor, which explains why more negative
charge on the complex increases the strength of the interaction. Hence, in octahedral systems, the negative
complexes have interaction energies of -6.9 and -8.2 kcal/mol for cobalt(ll) and nickel(I) complexes,

while the neutral ones have weaker interactions of -2.2 and -5.1 kcal/mol (Table 1).



NH / O [Cu(H:0):Gly] /H:0 [PA(H:0):Gly] /H:0 [Pt(H:0):Gly] /H:0
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[CuCLGly] /H,0 [PACLGly] /H:0 [PtCLGly] /H:0

Figure 3. The rigid model systems used to calculate NH/O, O1/HO, and O2/HO interaction energies of square

planar complexes with a water molecule.
Contrary to the NH/O interactions, these results show that cobalt(lll) complexes have weaker O1/HO
interactions than nickel(Il), which suggests that a smaller metal oxidation number leads to more favorable

O1/HO interaction energies (Table 1). It can be anticipated, since in complexes with smaller metal

oxidation number less positive charge is on the ligands, what is favorable in case when complex is a H-



acceptor. In accordance with that, significantly longer doio distances are calculated for cobalt(l1)
negative and neutral complexes, 3.0 and 3.1 A than for the corresponding nickel(ll) complexes, 2.8 A in
both (Table 1). An additional hydrogen bond between coordinated water and the free water molecule
could be noticed in both nickel(Il) systems (Figure 2). These hydrogen bonds also contribute to the total
interaction energies of nickel(Il) systems, and therefore, it cannot be distinguished whether oxidation
number decrease or additional hydrogen bond cause the increase in the total interaction energy from

cobalt(I11) to nickel(Il) complexes with O1/HO interaction.

Only neutral square pyramidal O1/HO interaction was calculated, anc inte action energy is -3.8 kcal/mol,
while doio distance is 3.0 A (Table 1). According to the complrx ~har ge effect mentioned above, square
planar negatively charged copper(ll), palladium(ll), and plafinun.‘l) systems have stronger interactions (-
7.6, -7.0, and -6.8 kcal/mol), than the neutral systems ¢-4.2, -3.8, and -3.6 kcal/mol) (Table 1). Singly
negative complexes all have 3.0 A long hydrogen “onas, while neutral ones either have the same, like
copper(ll) complex, or longer (3.1 A) like pah.~.um(ll) and platinum(ll) complexes, which corresponds
well with weakening of the interaction for nectral complexes (Table 1). A steady decrease in the O1/HO
interaction energy of square planar .cmp!ixes with the metal atomic number rise is opposite to the
increase of the NH/O strength, he.ause of the opposite hydrogen bond role of the glycine. For O1/HO

interaction, less positive charne (~lrcalization is more favorable.

Considering the complex co.rdination number, as mentioned above, the smaller the coordination number,
the smaller the number of ligands to which the positive charge from the metal ion is dispersed, resulting
in more positive electrostatic potential on each ligand. It causes less negative electrostatic potential on the
O1 oxygen atoms, thus, weaker O1/HO hydrogen bonds. Therefore, the strongest interactions are
expected for octahedral, weaker for square pyramidal, and the weakest for square planar complex
systems. The expected interaction energy trend is seen in singly negative complexes, where the
interaction energy of -8.2 kcal/mol in nickel(ll) systems is indeed stronger than the ones obtained for

square planar systems, ranging from -6.8 to -7.6 kcal/mol (Table 1). In neutral systems, the strongest



interaction of -5.1 kcal/mol is calculated in nickel(Il) system, but square pyramidal interaction energy of -
3.8 kcal/mol lies within the range of values obtained for square planar systems, from -3.6 to -4.2 kcal/mol.
However, even though interaction energies generally follow the expected weakening with the decrease of
the coordination number, the Vs values have the opposite trend: Vs values generally become more
negative with the decrease in the coordination number. This indicates the importance of electrostatic
potential on all groups in proximity of the free water molecule, such as chlorine ion ligands (Figure 2-3),
and not only on the interacting Ol oxygen atom quantified by the Vs value. The influence of the
electrostatic potential of other groups and ligands also explains why, uoth neutral and singly negative
nickel(11) complex systems have very short hydrogen bonds of onl 7 2.« A, while in other O1/HO systems,
do1o is significantly longer, from 3.0 to 3.1 A (Table 1). In rz:tra! square pyramidal copper(11) complex,
the influence of other ligands is very similar to neutral squ-.rre 'anar complexes (Figure 2-3). This fact,
together with the similar d distance and Vs values, e::pi. <ns why there is no significant difference between

the interaction energies of neutral square pyrar iida' and square planar systems (Table 1).

By taking into account the same absolute che-ae of the complex, NH/O and O1/HO interactions can be
compared. For all complexes, the N’ .~eraction is stronger than O1/HO. All the factors, complex
charge, metal oxidation number, cooruination number, and metal atomic number, have the opposite
influence on the interaction ene. ', because of the reversed role of glycine in the hydrogen bond. For
both NH/O and O1/HO .. teiuctions, the charge is the factor that influences the interaction energy the

most, while the metal atomic number has the smallest effect.

02/HO hydrogen bonds. For neutral octahedral cobalt(l11) and nickel(Il) complexes, O2/HO hydrogen

bonds are 2.9 A long and have interaction energies of -3.7 and -5.0 kcal/mol, while singly negative
complexes have shorter (2.8 A) and stronger interactions, -8.0 and -9.0 kcal/mol, respectively (Table 1).
Similar to the O1/HO hydrogen bonds, less negative charge and higher metal oxidation number lead to

weaker interaction energies. The Vs values for neutral and singly negative nickel(ll) complexes are -49



and -112 kcal/mol, which is more negative than the values for neutral and singly negative cobalt(I1l) (-38

and -102 kcal/mol) (Table 1).

The dozo distance and interaction energy for neutral square pyramidal copper(ll) complex are 2.9 A and -
4.4 kcal/mol (Table 1). For square planar systems, the interaction energies for O2/HO interaction are in
the very narrow range from -4.2 to -4.3 kcal/mol for neutral and from -8.1 to -8.4 kcal/mol for singly
negative complexes (Table 1). The strength of interaction energies of square planar complexes is
decreasing as the metal atomic number is rising from copper(ll) to platii.-m(Il), because of the rise in the

delocalization, as noticed in O1/HO systems as well.

The coordination number increase from 4 (square planar) to 6 ;ctanedral) causes the interaction energy
increase for both neutral and singly negative complexes witi. axidation number +2 (Table 1). This effect

is similar to O1/HO, and opposite from NH/O interacti n

In contrast to NH/O and O1/HO hydrogen be s, .he steric effects for O2/HO interactions are relatively
small, which enables the free water to a,nroach closer and results in shorter d distances. It is also
expected that the O2 oxygen atom, being funner away from the positive metal than O1 oxygen, results in
more negative Vs values and giver su.anger O2/HO hydrogen bonds compared to O1/HO (Figure 2-3).
Even though Vs electrostatic poten *als are not more negative on O2 than O1 oxygen in every complex,
02/HO interactions are stii' ger arally stronger than O1/HO, because of its joint effect with the smaller
steric effects and shorter hvr.rogen bond distances (Table 1). NH/O interactions are significantly stronger

than both O1/HO and O2/HO interactions.

The larger distance of the O2/HO interaction from the metal ion than in NH/O and O1/HO interactions
(Figures 1-3) explains why all four factors generally influence the O2/HO hydrogen bond less than the
other two. Moreover, for O2/HO, as well as for NH/O and O1/HO interactions, the complex charge is the

strongest, and the metal atomic number is the weakest factor to influence the interaction energy.



Table 1. The hydrogen bond distance d (A), interaction energy AE (kcal/mol), and electrostatic potential Vs
(kcal/mol) calculated at the MO6L-GD3/def2-TZVPP level for rigid systems of coordinated glycine and a water
molecule bonded via NH/O, O1/HO, and O2/HO interactions.

NH/O O1/HO 02/HO
System Charge
dvo AE Vs | doro AE Vs | doo AE Vs

Octahedral complexes
[Co(H20)4Gly]*/H-0 +2 2.8* -16.9* 213°
[Co(H20)3CIGly]*/H.0 +1 2.9* -10.8* 128°
[Ni(H20)4Gly]*/H0 +1 30 -83 109
[Co(H20).Cl,Gly]/H.O 0 29 -7.2¢ 56* | 3.12 -22° .21* | 29* -3.7* -38
[Ni(H20):CIGly]/H.O 0 30 52 42 | 28 HI -13 |29 50 -49
[Co(H0)ClsGly] /HO | —1 3@ 59° -098* | 2.8 -8.0* -102°
[Ni(H20)-Cl,Gly]” /H.

=1 20 -82 -98 | 28 9.0 -112
0]
Square pyramidal complexes
[Cu(H20)sGly]*/H.0 +1 29 107 128
[Cu(H20):CIGly]/H.0O 0 3¢ 57 63 | 3.0 -38 -41 |29 -44 -44
Square planar complexes
[Cu(H20),Gly]*/H.O +1 |2y -114 132
[Pd(H20)2Gly]*/H20 +1 29 -11.8 132
[Pt(H20).Gly]*/H.0 +1 29 -121 138
[Cu(H20)CIGIly]/H.0 ‘ 0 3.0 -6.8 58 | 3.0 42 -47 | 3.0 -43 -44
[Pd(H:O)CIGIy]/H,O | 0 29 -6.9 57 | 31 -38 -39 | 29 42 -42
[Pt(H-0)CIGIy]/H0 0 29 -7.1 54 | 31 -36 -33 |29 42 -29
[CuCL,Gly]~ /H,0" -1 30 -76 -124| 28 -84 -106
[PACI,Gly]~ /H:0 -1 30 -70 -115| 28 -82 -100
[PtCI.Gly]” /H.O -1 30 -68 -120| 28 -81 -97

aResults published in ref. [33]

b The [CuCl,Gly]” complex is distorted towards tetrahedral geometry




AE (kcal/mol)

Correlation of interaction energies and electrostatic potentials. As mentioned above, the interaction

energy is correlated to electrostatic potential; more positive potential at the NH hydrogen favors stronger
interactions, while in O1/HO and O2/HO hydrogen bonds, more negative potential at the oxygen atoms
favors stronger interactions. The data in Figure 4 show the three plots of the interaction energy vs. the
electrostatic potential on the interacting atom (Vs) for all three hydrogen bond types. The plots were
obtained using the results presented in Table 1 and the results reported in our previous work [33],
including all investigated amino acids. The interaction energies (AE) a'e linear functions of electrostatic
potentials (Vs) with high correlation coefficients (R?) of 0.96 for NtvC, 0.36 for O1/HO, and 0.94 for
02/HO interaction. For the O1/HO interaction, the nickel(Il) con plex3s are excluded from the linear fit
analysis due to their significant deviation from the remainirg ves.lts, caused by an additional hydrogen

bond with coordinated water molecules (Figure 2).

Vs, (kcal/mol) Ve, (ke Vmol) Vs, (kecal/mol)
75 100 125 150 175 200 -120 -100 80 50 40 -20 -100 -80 60

40
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Figure 4. Interaction energy (AE) vs. electrostatic potential on the interacting atom (Vs) plot for NH/O, O1/HO, and

O2/HO interactions in rigid systems. The plots were made using all the results for rigid systems of all amino acids
reported in this (Table 1) and in our previous work [33]. The purple mark (®) on the O1/HO interaction represents

the results for the neutral and singly negative nickel(11) systems not taken into account for the linear fit.

Solvation effect. The effect of solvation with water on the interaction energies of nickel(ll) rigid systems

using the PCM maodel is presented in Sl, Section 3. Upon solvation, the interaction energies decrease for



each of the three interaction types (NH/O, O1/HO, and O2/HO). Interaction energies of the charged
complexes decrease significantly, by 4.0, 3.9, and 3.0 kcal/mol for NH/O, O1/HO, and O2/HO
interactions, respectively (Table 1, Table SI 1). For neutral complexes, interaction energy decrease is
smaller, by 1.0, 0.6, and 0.4 kcal/mol for NH/O, O1/HO, and O2/HO interactions, respectively (Table 1,
Table SI 1). For both neutral and charged complexes, NH/O interaction decreases the most and O1/HO
the least (Table 1, Table SI 1). This results in O2/HO interaction being stronger than NH/O, differently

from the results obtained in vacuum (Table 1, Table SI 1).

3.1.2 Optimized systems

Starting from the geometries of the rigid systems, that are ..."nn.a on the potential interaction energy
curves (Figure 2-3), the total geometry optimization was r :rfo. med. The data with optimized structures
in Figures 5-6 and in Table 2 are organized by ty.~ ~f hydrogen bond in the starting geometries.
However, after the optimization, in many systc ms. (he original hydrogen bond was absent, or significantly
longer (Table 2). In many systems new hyu,gen bonds were formed between non-coordinated water and
other hydrogen bond donors or/and accey to's in a metal complex (Figures 5-6). In addition to factors
observed in rigid systems, in these opumized systems interaction energies are strongly influenced by the
position of the non-coordinat. we.ar. After geometry optimization, total interaction energies become
stronger for all systems can.~ared to rigid systems (Tables 1-2), which is often a consequence of multiple

simultaneous interactions.

Among the results obtained after geometry optimization of the systems starting with NH/O interactions,
as in rigid systems (Chapter 3.1.1) the strongest interaction was calculated in the doubly positively
charged cobalt(111) complex system; -27.7 kcal/mol (Table 2), as a consequence of the largest charge of
the complex. Same as for rigid systems, singly positive systems exhibit weaker interactions, while neutral
ones display the weakest interactions. Namely, the interaction energies for singly positive cobalt(ll) and

nickel(Il) are -22.9 and -23.4 kcal/mol, while for the neutral complexes interaction energies are -18.8 and



-18.9 kcal/mol, respectively (Table 2). In all neutral and singly positive octahedral complexes, the NH/O
hydrogen bond is very weak, therefore, the O2/HO and the hydrogen bond with a coordinated water

molecule contribute more to the total interaction energies (Figure 5).

[Co(H:0):CIGlY] /H:0  [Ni(H:0):Gly] /HaC  [U (H:0):Gly] /Ha0

T e

v @ -

01 /HO [Co(H D)y Glv/H,0  [Ni(H0):CIGly)/H:0  [Cu(H:0):ClGly]/H.0

O2/HO

[Co(H20)CLGly] /H20 [Ni(H:0):CLGly] /H:0

Figure 5. The optimized systems of octahedral and square pyramidal complexes with a water molecule after

geometry optimization starting from the rigid system coordinates with NH/O, O1/HO, and O2/HO hydrogen bonds.



The results are organized according to the starting interaction type. The structures of cobalt(l11) complexes are taken

from previous work [33].

In the square pyramidal systems, the positively charged copper(ll) complex has an interaction energy of -
18.0 kcal/mol, while the neutral complex has a weaker interaction of -16.9 kcal/mol (Table 2). In both
square pyramidal systems, two hydrogen bonds are present, a long NH/O and a stronger hydrogen bond
with coordinated water (Figure 5). The interaction strengths of optimized square pyramidal complexes
are generally weaker compared to those of optimized octahedral comp’exes (Table 2), opposite to rigid
systems (Table 1), which is the consequence of the position of the no.>-coordinated interacting water

molecule in the optimized systems.

In square planar complexes, the optimized singly posit*ely charged copper(ll), palladium(ll), and
platinum(ll) have interaction energies of -19.1, -13.5, a2~ -13.7 kcal/mol (Table 2). For all three systems,
NH/O interaction is present after the optimizatinn, “ut the discrepancy in interaction energies emerges
because the copper(ll) system has an additio.” 4 hydrogen bond with a coordinated water molecule
(Figure 6). The neutral palladium(ll) and nla.;‘num(ll) complexes have the weakest interactions of -11.0
and -11.1 kcal/mol (Table 2). Again, . is .s opposite to rigid systems, where square planar complexes
have the strongest interactions /1 hle 1). This difference is a consequence of larger possibilities for
additional interactions in th~ o>t mized systems for octahedral and square pyramidal complexes in
comparison to square pla, ar vomplexes. Interestingly, the geometry optimization of the neutral square
planar copper(ll) complex system leads to the coordination of the initially free water molecule and the

formation of the square pyramidal complex (Figure 6).

After the geometry optimization starting from rigid systems with O1/HO interactions, the neutral
octahedral cobalt(lll) and nickel(Il) have interaction energies of -18.8 and -24.2 kcal/mol, while
negatively charged complexes have slightly weaker interactions of -11.5 and -22.3 kcal/mol (Table 2).
This is opposite to rigid systems (Table 1) since for all optimized octahedral systems, interactions with

other ligands, such as water and chlorine ions are present, and the larger number of interactions dictates



the stronger total interaction energy. For example, the strongest interaction energy is calculated in the
neutral nickel(ll) system because the optimized geometry has O1/HO and two additional hydrogen bonds

with coordinated water molecules (Figure 6, Table 2).

Y bay A4y
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Figure 6. The optimized systems of square planar complexes with a water molecule after geometry optimization
start from the rigid system coordinates with NH/O, O1/HO, and O2/HO hydrogen bonds. The results are organized

according to the starting interaction type.

In the square pyramidal copper(ll) system, the interaction energy of -17.7 kcal/mol is contributed by
O1/HO and by an additional hydrogen bond with coordinated water (Table 2, Figure 6). Interaction

energies of square planar systems are weaker than octahedral and square pyramidal, thus their values for



neutral palladium(Il) and platinum(Il) complexes are -8.6 and -7.6 kcal/mol, while singly negative
complexes have stronger interactions with interaction energies from -12.5 to -13.0 kcal/mol (Table 2).
Again, the neutral square planar copper(ll) system becomes a square pyramidal complex after the

geometry optimization (Figure 6).

Differently from previous optimized results, after geometry optimization, systems with O2/HO hydrogen
bonds tend to remain bonded via O2/HO interactions, however, the position of the interacting water is
changed forming bent interactions with shorter do2o distances and stror.-2r interactions (Table 1-2). For
neutral octahedral nickel(ll) complex, interaction energy is -19.4 kcal/mol, while for singly negatively
charged complexes interactions are weaker, in spite of negative :horae, interaction energies are -11.0 and
-13.7 kcal/mol for cobalt(l1) and nickel(ll) (Table 2). Mcke.‘l) systems and the square pyramidal
copper(ll) are the only ones that have an additional inter2~t,on wich another ligand (water or chlorine ion)
(Figure 5). The interaction of neutral square pvra.idair copper(ll) complex is weaker than the ones of
octahedral complexes, -8.8 kcal/mol (Table », frhe optimized O2/HO interactions for neutral square
planar copper(ll), palladium(ll), and platinrun.ll) complexes have interaction energies of -8.9, -8.7, and -
8.9 kcal/mol. Interaction becomes st'vae: for singly negative charged complexes, -11.7, -11.5, and -
11.5 kcal/mol (Table 2). The O.'HO interactions in optimized complexes do not show significant

variation in interaction energies . it'j the change of geometry.

Opposite to rigid systems (1 able 1), interactions of the optimized O2/HO systems are mostly weaker than
the ones in the optimized O1/HO (Table 2). Namely, in the systems with O1/OH interactions, because of
the close proximity of the Ol atom to the other ligands, geometry optimization enables the non-
coordinated water to form several simultaneous interactions, resulting in relatively strong interactions. In
the systems with O2/HO interactions, the O2 atom is significantly further away from the other ligands in
the complex, therefore, geometry optimization often results in a stronger O2/HO and no additional

interactions, which makes the interaction energy weaker (Figure 5-6).



Table 2. The hydrogen bond distance d (A) and interaction energy AE (kcal/mol) at MO6L-GD3/def2-TZVPP level
after geometry optimization of systems with coordinated glycine and a water molecule. The rigid systems were used
as initial coordinates for the geometry optimization, and the results are organized according to the starting
interaction type. In the systems for which the starting interaction is not present after the optimization, only the
interaction energy is reported (“/” sign replaces the d distance). The “-” sign marks the system for which the

ek

geometry optimization was not successful and the sign marks the ones where the free water molecule becomes

coordinated after the geometry optimization.

‘ NH/O ‘ O1/HO ‘ 02/HO

System Charge
‘ dvo AE ’d01o AE ‘ dozo  AE

Octahedral complexes

[Co(H20)4Gly]?*/H,0 +2 3.00 -27.7° ’
[Co(H20)3CIGly]*/H.0 +1 /& -22.9° !
[Ni(H20)4Gly]*/H0 +1 /| -234 |
[Co(H20):Cl:Gly]/H0 0 /& -18.8*| /* -18.c* | -2 -2
[Ni(H20)sCIGly]/H20 0 /[ -189 | 26 242 | 283 -194
[Co(H20)ClsGly] /H0 -1 3 -15% | 276% -11.0°
Ni(H20).Cl.Gly]” /H

INFLOXCLGT /R, |, °7 223|285 -137
0]

Square pyramidal complexes

[Cu(H20)sGly]*/H20 +1 3.z -18.0

[Cu(H20).CIGly]/H:0 0 |’%.L, -169 | 28 -17.7 | 28 -838
Square planar complexes

[Cu(H20).Gly]*/H.0 -1 32 -19.1

[Pd(H20)2Gly]*/H20 +1 28 -135

[Pt(H20).Gly]*/H.0 +1 28 -13.7

[Cu(H20)CIGIy]/H0 0 * * * * 28 -89
[Pd(H20)CIGly]/H.0 0 29 -110 | / -86 | 28 87
[Pt(H-O)CIGly]/H.0 0 29 -111|31 -76 | 28 -89
[CuCl,Gly] /H.0P -1 29 -130 | 28 -117
[PACI.Gly]” /H:0 -1 29 -128 | 28 -115
[PtCI.Gly]” /H.0O -1 29 -125| 28 -115




aResults published in ref. [33]
b The [CuCl,Gly]” complex is distorted

3.2 CSD search

The CSD search was done for all amino acid complexes of various metals interacting with a free water
molecule via either NH/O, O1/HO, or O2/HO hydrogen bond (Figure 1), using criteria described in the
Methodology (Chapter 2.2). Only for copper and cobalt complexes, > relatively large number of
interactions was obtained. The search for copper resulted in 87 N\, 0, 41 O1/HO, and 70 O2/HO
contacts, while for cobalt amino acid complexes, 25 NH/O, 2} OuHO, and 23 O2/HO contacts were
found. The distribution of hydrogen bond distance d for N. YC and O2/HO interactions of copper and
cobalt amino acid complexes are presented in Figure 7 Pecause of the smaller number of contacts for
O1/HO interactions, these distributions for crppr «nd cobalt complexes are shown in Sl. In cobalt
complexes, cobalt has oxidation number I!l, whilc in all copper complexes, copper has oxidation number

The distribution of dyo and dozo d'staces in cobalt(111) complexes exhibits a peak between 2.9 A and
3.0 A, as depicted in Figure 7 The calculated dno and dozo distances for the rigid monomer are slightly
lower (ranging from 2. to 2.9 s\, Table 1), while for the optimized systems, they align within the same
range as observed in the cv.tal structures (Table 2). In the case of copper(ll) systems, the distribution of
dno and dozo distances exhibit a peak within the ranges from 3.0 to 3.1 A and from 2.7 to 2.8 A,
respectively (Figure 7). The distances obtained from calculations of rigid monomers are marginally
shorter for dyo distances, ranging from 2.9 to 3.0 A, and slightly longer for dozo distances averaged at
2.9 A (Table 1). Similar to cobalt(111) complexes, the optimized systems demonstrate better agreement
with those observed in crystal structures, since for optimized systems, the dno distance is found at 3.0 A

and 3.2 A, while the doyo distance is 2.8 A (Table 2). Better agreement with optimized structures can be



anticipated, since in the crystal structures interactions of a free water molecule with amino acid

complexes are the best possible in the crystal, including simultaneous interactions.

A comparison of the interactions of cobalt and copper amino acid complexes in the crystal structures
shows that dno distances are shorter for cobalt complexes, while dozo distances are shorter for copper
complexes. This can be explained based on the oxidation numbers of cobalt and copper. Namely, in all
considered complexes cobalt has oxidation number I, while copper has oxidation number I, as was
mentioned above. The larger oxidation number of cobalt(l11) favors a la: - er number of positively charged
amino acid complexes (that can be +2 and +1), in comparison to the wumber of positively charged
complexes of copper(ll) (that can be only +1). As shown above ‘n fair. systems (Chapter 3.1.1, Table 1),
both more positively charged complexes and larger oxidat.on \ umbers favor shorter dno distances and

longer dozo distances.
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8 B NHO. d EEE NH/O bond
B 02/HO bon. B 02/HO bond
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Figure 7. The distribution of donor-acceptor d distance for NH/O and O2/HO interactions of cobalt(lll) and
copper(ll) coordinated amino acids with a water molecule (Figure 1). The geometrical parameter d represents dno

for NH/O and dozo for O2/HO interaction.

4 Conclusions



Results of the MO6L-GD3/def2-TZVPP calculations on hydrogen bonds between glycine complexes and
water molecules with rigid monomers indicate a strong influence of the complex charge on the interaction
energies. For the NH/O hydrogen bond, where coordinated glycine is a H-donor, the interaction energies
are significantly stronger for positively charged than for neutral complexes. For O1/HO and O2/HO
hydrogen bonds, where coordinated glycine is a H-acceptor, interaction energy is stronger for negatively
charged than for neutral complexes. The interaction energies are also influenced by metal oxidation
number, coordination number, and metal atomic number, however, thes> factors have a smaller influence

than complex charge.

Comparison of interaction energies of the neutral complexes shcw. thz. the strongest are NH/O hydrogen
bonds, followed by O2/HO, and the weakest are O1/HO. Tis i the consequence of the partial positive
charge transferred from the metal ion to the coordinater ~lycine, which favors interactions where glycine

is a H-donor and disfavors interactions where glycir.” is a H-acceptor.

After complete geometry optimization of the stuu’=d systems, the calculated strength of hydrogen bonds
increases, since non-coordinated interac’in., water molecule forms more favorable and/or simultaneous
interactions. The position of the frr2 werer significantly influences the interaction energies, however,

charged complexes still form stro.qer interactions.

Data obtained from cnsta. stru ctures from the CSD are in good agreement with the calculated data.
Results for copper(l11) and +,obalt(ll) amino acid complexes forming NH/O and O2/HO hydrogen bonds
with a free water molecule, showed that the d distribution is in good agreement with the results for
optimized systems. In addition, the data from the CSD shows that dno distances are shorter for cobalt(l11)
complexes, while dozo distances are shorter in copper(ll) complexes. This is in agreement with the
calculated influence of complex charge on interaction energies. Namely, larger oxidation numbers of
cobalt(l11) favor a larger number of positively charged amino acid complexes causing stronger NH/O
hydrogen bonds and shorter dno distances, while copper(ll) forms smaller number of positively charged

complexes which favors stronger O2/HO hydrogen bonds and shorter do2o distances.



Abbreviations

Csbh Cambridge Structural Database

H-donor hydrogen bond donor

H-acceptor | hydrogen bond acceptor

DFT Density Functional Theory

Gly glycine

CCSD(T) | Coupled-Cluster with Single, Doub.> and Perturbative Triple Excitations

CBS Complete Basis Set
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