
U n i v e r s i t y o f S o u t h B o h e m i a i n Č e s k é B u d ě j o v i c e 

F a c u l t y o f S c i e n c e 

Acid/base properties and reactivity 

of square planar complexes 

P h . D . T h e s i s 

O l g a D v o ř á č k o v á , M S c . 

S u p e r v i s o r : d o c . Z d e n ě k C h v a l , P h D . 

F a c u l t y o f H e a l t h a n d S o c i a l S c i e n c e s 

U n i v e r s i t y o f S o u t h B o h e m i a i n Č e s k é B u d ě j o v i c e 

v 

Č e s k é B u d ě j o v i c e 2 0 2 2 





This thesis should be cited as: 

Dvořáčková, O., 2022: Acid/base properties and reactivity of square planar complexes. 

Ph.D. Thesis. University of South Bohemia, Faculty of Science, České Budějovice, Czech 

Republic, 92 pp. 

Annotation 

Complexes of platinum and other transition metals are important compounds with many 

applications including anticancer treatment. This thesis is based on the computational studies 

dealing with the properties and reactivity of square planar complexes. We showed that the 

central metal atom acts as a Lewis acid in standard coordination bonds but is able to interact 

as a Lewis base when being in contact with a Lewis acid. Substitution(s) of the nonleaving 

ligand(s) enabled a fine-tuning of the reactivity of Pt(II) compounds. 
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1. Introduction 

1.1 P la t inum 

Presented work is based on theoretical studies of platinum complexes. Platinum is one 

of the rare transition metals. Despite its high melting point (1768 °C), the oldest known uses 

are reported from Egypt as early as in the 7 t h century B C . On the Pacific coast of South 

America the pre-Columbian blacksmiths were able to incorporate platinum into masks and 

jewelry at least 2000 years ago (possibly as Pt-Au alloy) [1]. Its discovery for the Western 

science was one of the unexpected results of Spanish exploitation of their South American 

colonies, bringing it to Europe during the 18 t h century first as an unknown silvery metal 

"platina del Pinto" (little silver from the river Pinto). Charles Wood, a metallurgist currently 

dwelling in Carthagena in New Spain (Cartagena, Colombia), took platinum samples to 

Jamaica. In 1741 he sent some of it to his relative, English doctor and scientist Wi l l i am 

Brownrigg, who after a thorough investigation presented his discoveries about this metal to 

the Royal Society of London in 1750 [2]. 

The interest of the contemporary European scientists in the "eighth metal" was finally 

sparked by the publication Relation histdrica del viage a la America Meridional written by 

Jorge Juan and Antonio de Ulloa, after their appointment on an 8-year French Geodesic 

Mission (which main goal was to settle the question of Earth's curvature) to Ecuador [3,4]. 

During the French Revolution, a Commission of prominent French scientists, 

including Antione Lavoisiere, was set up to formulate the unified system of weights and 

measures. Lavoisier himself collaborated on the determination of one cubic centimeter of 

distilled water. Nevertheless, in 1799 the metric system was officially confirmed during the 

reign of Napoleon. Platinum was chosen as the stable material for the valid kilogram 

prototype {Kilogramme des Archives) made by the former King 's goldsmith with plenty 

experience in platinum melting, Marc E . Janety, equaling one cubic decimeter of water at 

4°C [5]. From 1899 until 2019 the International Prototype of Kilogram (a.k.a. grand K) was 

in use, which consisted of platinum alloy Pt-lOIr (10% iridium in mass) and offered even 

higher hardness than Pt alone (together with the known resistance to oxidation, high density, 

low magnetic susceptibility etc.) [6]. Since 20 t h May 2019, the kilogram definition has been 

based on the Planck's constant [7]. 

Practical use of platinum, together with other related metals known as Platinum Group 

Metals, has been on the rise roughly since the middle of the 20 t h century, thanks to the 

demands of automobile industry, o i l refineries, electronics, special medical alloys, as well 
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as jewelry. Currently, half of the world's Pt demand is saturated by the mines in South Africa 

(specifically the Bushveld Igneous Complex near Pretoria), one third comes from Russia, 

and the rest comes from the U S A , Canada and Zimbabwe [8]. 

A steady rise in the interest of the scientific community in platinum was followed by 

a steep increase in the publication numbers after the year 1990 (Fig. 1). In the last ten years, 

the most frequent areas of platinum research are physical, inorganic or multidisciplinary 

chemistry, material chemistry, electrochemistry, and oncology (Fig. 2). 
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Figure 1. Number of papers in the Web of Science database with the keyword "platinum" in the 
years 1945-2020. 
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Figure 2. Ten most popular research areas based on platinum referenced in the Web of Science 
database in the last 10 years, as of April, 2021. 
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1.2 P la t inum complexes and cancer treatment 

Treating cancer has been one of the major goals of medicine since the second half of 

the 20th century. Sadly, this quest still continues, as cancer counts are a leading cause of 

death worldwide (just second after cardiovascular diseases), with almost 10 mill ion deaths 

in 2020 and more than 16 mill ion projected in 2040 [9]. St i l l , cancer is far from being a 

"modern disease". Bone lesions ascribed to cancer (osteocarcinomas) were identified in 

human and animal (even dinosaur) fossils [10]. First written information about "a disease 

that cannot be cured" comes from Egyptian papyri about 5000 years old. The terms carcinos 

(Greek), cancer (Latin), and oncos (Greek) come from the famous ancient physicians 

Hippocrates ( 5 t h ^ - t h century B C ) , Celsus and Galen (both 2 n d century A D ) , respectively. 

More insights into the mechanism of cancer brought the widespread use of microscope 

in the 18 t h and 19 t h century, leading to the proposition of a cell theory ("Omnis cellula e 

cellula") by a German scientist Rudolf Virchow in 1858 [11] and the description of the 

metastasis process by an English surgeon Campbell De Morgan around the year 1874 [12]. 

In the beginning of the 20th century the hypothesis of the genetic basis of cancer was 

elaborated by a German scientist Theodor Boveri, namely as the abnormal cell multiplication 

arising from chromosomal abnormalities, and the disability of cells to control their inherent 

tendency to divide whenever possible. Boveri even predicted the existence of tumor 

suppressor mechanisms and is perhaps the first who suggested that hereditary factors (genes) 

are linearly arranged along chromosomes [13]. 

The process of cell division became an important target in the cancer treatment. The 

most clinically successful cytostatic drug still in use against various types of cancer is 

cisplatin, or cis-diamminedichloroplatinum(II) (Fig. 3). 

H 3 N ^ ^ C l 

Figure 3. Chemical structure of cisplatin. 

Cisplatin is a very simple planar molecule, which had been known since 1844 as 

"Peyrone's chloride" [14]. However, its cytostatic properties were first discovered by 

Rosenberg et al. in 1965 [15]. Interestingly, it happened in an experiment investigating the 

growth of E. coli in the presence of electric field. The microorganisms showed remarkable 

filamentous nature - the cells were growing without dividing themselves. As it turned out, 
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the cause of this feature was not the electric field but the dissolved electrode material, 

platinum, which reacted with the ammonium chloride buffer [16]. 

It took another almost 15 years to the final approval of cisplatin as the first-line 

treatment of testicular cancer by the US F D A in 1979 [17]. Its severe nephrotoxicity together 

with debilitating nausea and vomiting are treated by extensive hydration and administration 

of serotonin receptor antagonists [18,19]. Sti l l other unwanted side effects remain 

(ototoxicity, peripheral neuropathy). Nowadays, cisplatin continues to be one of the most 

used anticancer drugs [20]. This drug started the interest in similar transition metal-based 

anticancer substances with lesser toxicity and/or activity against more types of cancer and 

less prone to acquired resistance of some tumors [21]. 

Of the over 3000 synthesized platinum compounds, about 30+ have entered clinical 

trials but only three are in everyday clinical use as registered marketed drugs - except 

cisplatin these are carboplatin {cis-[Pt(l,l-cyclobutanedicarboxylate)(NH3)2]} and 

oxaliplatin {cis-[Pt(oxalate)(7?,7?-l,2-diaminocyclohexane)]} [22]. Three more, nedaplatin 

[cis-[Pt(glycolate)(NH3)2]}, lobaplatin [Pt(lactate)(l,2-diamino-methylcyclobutane)] and 

heptaplatin {Pt(cis-malonatol)[(4R,5R)-4,5-bis(aminomethyl)-2-isopropyl-l,3-dioxolane]} 

are approved in Japan, China and South Korea, respectively (Fig. 4) [23]. 

o 

Figure 4. Structures of clinically used platinum anticancer drugs: (a) carboplatin, (b) oxaliplatin, (c) 
nedaplatin, (d) lobaplatin, (e) heptaplatin. 

1.2.1 Structure, reactivity and synthesis of cisplatin and transplatin 

Platinum-based compounds encompass several intriguing structural features. First of 

all, the planarity of cisplatin and other metal complexes was explained by Alfred Werner in 
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1893 by means of his now well-known coordination theory of complex compounds, for 

which he was awarded the Nobel Prize in 1913 [24]. 

Secondly, it was the study of kinetics of substitution reactions in square planar 

platinum complexes which led I. I. Chernyaev to a discovery of what he called trans-

influence in 1926: the rate of substitution in square or octahedral metal complexes is more 

affected by the opposite (= trans) ligand than by the neighbor (= cis) ones [25]. Trans-effect, 

i.e., the destabilization of the ligand in the trans-position, decreases in the series of ligands 

approximately as follows: C 2 H 4 , C N " , C O , N O , H " > C H 3 " , CeHs", S C ( N H 2 ) 2 , N 0 2 " , S C N " , 

I" > Br", CI", pyr > N H 3 , H 2 0 , O H " , F " [26]. 

In the beginning the origin and mechanism was explained by an electrostatic model, 

specifically the polarization between the central metal and the ligands [27]. A later, rather 

elegant model by Dewar and Chatt & Duncanson was shown to work only with 7t-acceptor 

ligands [28]. Eventually a concerted action of o-donation and 7t-back donation was identified 

as the causal mechanism: the trans-effect can be viewed as a competition of the ligands in 

the trans direction to donate the electron density into the same orbital on the metal [29] and 

into the o* orbital of the metal-leaving group bond [30]. 

Two phenomena can be distinguished in the trans-effect: (1) kinetic, meaning 

influence on the rate of substitution which may include the transition state stabilization by 

7i-back-donation; (2) thermodynamic (or structural trans effect or trans influence), 

influencing M-trans ligand bond lengths and stabilities in the reactant structure. 

The syntheses of cisplatin [31] and transplatin [32] are a nice illustration of the trans-

effect. For both compounds, the reaction starts with four chlorine ligands bound to platinum 

- the K 2 [P tCU] complex. In the case of cisplatin synthesis, the chlorines are exchanged by 

iodines in the saturated solution of K I . A subsequent addition of ammonia then results in the 

formation of a yellow compound cis-[PtI 2(NH3) 2]. In aqueous solution of A g N 0 3 the two 

iodines precipitate as A g l and in the dissolved cis-[Pt(H 2 0) 2 (NH3) 2 ] complex the water 

ligands are replaced by chlorines reacting with KC1. To prepare transplatin, all four chlorines 

leave when applying ammonia and heat yielding [P t (NH3 )4 ] 2 + Cl 2 . After adding HC1 the 

desired product trans-[PtCl 2(NH3) 2] precipitates as a yellow powder. 

Trans-effect is also a basis for the Kurnakow test, a method for distinguishing cis/trans 

isomers of square planar complexes [33]. It uses thiourea [SC(NH 2 ) 2 ] which subsequently 

displaces all four ligands in cisplatin (starting with chlorines) but only two chlorines in 

transplatin, forming a deep yellow solution of { P t [ S C ( N H 2 ) 2 ] 4 } 2 + C l 2 or a white precipitate 

{ P t [ S C ( N H 2 ) 2 ] 2 ( N H 3 ) 2 } 2 + C l 2 , respectively. 
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1.2.2 The mechanism of action ofcisplatin 

The mechanism by which cisplatin manifests its selective toxicity to tumor cells is 

rather complex. It includes either passive and/or active transport over the cell membrane, 

transfer to the nucleus, hydrolysis, formation of D N A adducts, and recognition by damage-

response proteins [34]. Subsequent signal transduction pathways activated by these 

interactions lead to cell-cycle arrest, attempts to repair the D N A lesions, and apoptosis or 

necrosis [35]. 

Rosenberg et al. first tested platinum compounds [Pt(II) as well as Pt(IV) species] on 

sarcoma and leukemia tumors in mice with unexpectedly high regression rates [36]. They 

noted a narrow dose-response curve, which accounts for the need of precise dosing, and 

hypothesized on three possible modes of action: a) a high uptake into the tumor and long 

lifetime inside, b) a higher sensitivity of tumor tissue compared to normal cells, and c) a 

stimulation of the immune system of the host [37]. Following analyses in mammalian cells 

showed irreversible inhibitory effects of Pt compounds on D N A synthesis [38]. 

The dependency of cisplatin hydrolysis on chloride ions concentration is crucial for 

the mechanism of action inside the patient body - naturally high plasma chloride level 

(-100 m M ) prevents the premature hydrolysis connected with a rise of toxicity. From the 

same reason already Cleare & Hoeschele in their early work stressed out the need of the use 

of saline instead of aqueous solutions for the drug administration [39]. Crossing the cell 

membrane happens either via passive diffusion or by active transport [40]. Relatively low 

chloride concentration in the cytoplasm (4-20 mM) then promotes the aquation of the 

molecule, which may proceed in two steps. Losing the first CI" cisplatin changes into the 

reactive positively charged species cis-[PtCl(NH3)2(H20)]+ which is the active form of the 

drug interacting with D N A [41]. In diluted solution the monoaqua form can undergo a 

second aquation to form cis-[Pt(NH3)2(H20)2]2+ which shows about 100 times faster speed 

of binding to D N A than the monoaqua form. Taking into account the specific local D N A 

microenvironment that may substantially speed up the second aquation step, the actual active 

form of the drug which reacts with D N A is still a matter of debate [42]. 

Binding to nuclear D N A as a primary cellular target of cisplatin was confirmed by 

numerous works both in vitro and in vivo [32,43]. Several early studies noted the 

dependency of the process on the concentration of chloride anions in the solution and 

6 



concluded that the rate-limiting step is the hydrolysis of the molecule to cis-

[PtCl(NH3)2(H20)]+ [44]. After a thorough research, several specific sites of interaction with 

the D N A chain were confirmed, which include interstrand but mainly intrastrand crosslinks 

leading to the distortion and unwinding of the double helix [45]. 

Solving the exact mechanism of aquation and D N A binding of cisplatin with respect 

to transition states and intermediate structures was enabled by the advancement of computer-

aided quantum chemical modeling. Several studies showed that the first and second CI —> 

H2O substitution reactions proceed over pentacoordinated transition states, confirmed 

preferential dGpG sequence target on the D N A strand forming 1,2-GG intrastrand adducts 

and highlighted the important role of hydrogen bond formation through the whole process 

[46]. 

1.2.3 Comparison of cytostatic activity ofcis and trans isomers 

A clear difference between the effects of cis- vs. trans-diamminedichloroplatinum(II) 

was found in the pioneering work of Rosenberg et al. who found the trans isomer is inactive 

against cancer cells [16]. The same result was reported by Cleare & Hoeschele [39,47], who 

tested more than 60 platinum compounds and summarized their findings into four essential 

requirements for anticancer activity of Pt complexes: 1) neutral charge of the complex; 2) a 

pair of cis-leaving groups; 3) leaving groups should be bound with similar and adequate 

strength (too labile means too toxic, too tight means less active); 4) nonleaving, so called 

"carrier ligands" should be relatively inert and neutral (preferentially amine ligands). Cleare 

& Hoeschele suggested the importance of the nonleaving groups for the selectivity of the 

complexes. 

There are several reasons for the lack of anticancer activity of trans-complexes: 

transplatin hydrolyses four times faster; it reacts with ammonia and glutathione 

approximately 30 and two times faster, respectively, than cisplatin [48]. Thus transplatin is 

a less specific drug with more prospective targets leading to its faster deactivation [49]. 

Moreover, the D N A crosslinking ability of transplatin is lessened by the easier displacement 

of the monoadducts by trans-labilizing nucleophiles (glutathione, thiourea). Due to steric 

reasons trans-platinum complexes form interstrand adducts with D N A . However, their 

formation is at least 10 times slower and are more easily repaired compared to intrastrand 

cross-links of cisplatin [50]. 
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Still , the question of the inactivity of trans-isomers is far from being settled. 

Transplatin was shown to bind D N A similarly to cisplatin in many in vitro studies 

[47,49,51]. The cytotoxic potency of trans-platinum complexes with bulky carrier ligands 

(such as aromatic amines, iminoethers, cyclohexylamine, ramified aliphatic amines) is 

dramatically increased [52]. More importantly, some of the novel trans-platinum derivatives 

are endowed with in vivo antitumor selectivity, thus showing that even platinum complexes 

with trans geometry may have favorable toxicological and pharmacokinetic profiles [53]. 

1.2.4 The toxicity and cross-resistance of platinum complexes 

Adverse side effects have been a major obstacle since the beginning of the use of 

platinum anticancer drugs. One of the known causes is the activity of proteins in blood 

plasma - one day after cisplatin administration, 65-98 % of the drug was found to be bound 

by proteins [54]. Thiol-containing plasma proteins are probably responsible for both 

deactivation and unwanted side effects [54b,54c,55]. 

Tumor cells can be intrinsically resistant to cisplatin (e.g. colon cancer, non-small-cell 

lung cancer) or acquire the non-responsiveness during the drug exposure over time [56]. 

Cellular resistance to cisplatin is caused by many processes: altered membrane transport 

leading to decreased cellular accumulation, inactivation of the drug by intracellular thiols 

(increased levels of glutathione or glutathione-S-transferase activity, increased levels of 

intracellular metallothioneins), decreased D N A binding/increased D N A repair or toleration 

to D N A damage [34,57]. 

Preparation of new anticancer compounds should aim for clinical advantages over 

cisplatin: lower toxicity, activity against cancers with intrinsic or acquired resistance, or 

ability to be administered orally [58]. Manipulation of the structure of the leaving group(s) 

appears to influence the tissue and intra-cellular distribution of the platinum coordination 

complexes, but it is unlikely to prevent the cross-resistance. It was hypothesized that the 

modification of the carrier ligands could lead to a different spectrum of D N A lesions and 

therefore may circumvent the problem of cross-resistance [47]. For example, carboplatin 

with its bidentate cyclobutanedicarboxylate leaving group is more stable than the two 

chloride groups of cisplatin, resulting in a lower reactivity and toxicity [59]. In the case of 

oxaliplatin the bulky 1,2-diaminocyclohexane carrier ligand forms plat inum-DNA adducts, 

which are more effective in blocking D N A replication and elicit D N A repair mechanisms 

differently than cisplatin leading to an improved cytotoxic effect. In addition, the anticancer 
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effects of oxaliplatin are optimized when it is administered in combination with other 

anticancer agents (such as 5-fluorouracil, gemcitabine, cisplatin, or carboplatin), 

topoisomerase I inhibitors, and taxanes [60]. Another example, compound A M D 4 7 3 

(picoplatin, cis-[PtCi2(NH3)(2-methylpyridine)]) with steric hindrance due to the pyridine 

ring was designed primarily to be less susceptible to the inactivation by thiols [61]. Indeed, 

it was shown to be active in cisplatin-resistant cell lines, with no renal toxicity but with dose-

limiting myelotoxicity in a mouse model [62]. 

Attention is also returning to some of the earliest tested platinum compounds, Pt(IV) 

complexes, which possess high activity, low toxicity due to higher stability of platinum 

complexes in this oxidation state, and the ability to be effective oral agents (e.g. satraplatin) 

[63]. Like cisplatin, they form mono- or bifunctional adducts with D N A [64]. According to 

experimental results, it is generally accepted that the anticancer activity of platinum(IV) 

compounds is exerted only after in vivo reduction to the corresponding Pt(II) molecules 

[64b]. Thus, bioactive moieties can be used as the axial ligands which after the release could 

be harnessed to target other cellular processes and boost up the antiproliferative effect or 

fight the unwanted side effects [65]. 

1.2.5 Recent computational chemistry contributions 

The computational chemistry has grown to a fully respected field of chemistry which 

is able not only to reproduce and explain experimental results but also to pinpoint the precise 

reaction mechanisms of known proceses and substances, as well as to uncover new 

promising ones. It profits from the evergrowing hardware performance and the use of more 

effective and precise methods of theory. In pharmacology the molecular modeling is a 

standard tool for the pre-selection of the potential drug candidates making the drug 

development more effective, faster and cheaper. 

First theoretical studies of reactions of biologicaly important platinum complexes 

emerged in the 80s and were carried out in vacuo using semiempirical methodology [66], 

but quickly the ab initio methodology with the relativistic pseudopotentials was adopted 

[67]. Kozelka et al. employed molecular modeling in the binding studies of cisplatin with 

oligonucleotides [68]. Gradually more computationaly demanding methods and bigger basis 

sets were used for the description of electronic & geometric structures [69]. 

Thanks to the methodology evolution the elusive transition state in the cisplatin 

hydrolysis reaction could be described first by Chval & Sip, who confirmed the 
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pentacoordinated nature of the transition state [46a]. Soon the effect of the level of theory 

on the results was the target of numerous papers [70]. 

The precise mode of interaction of the cytotoxic compounds with the final target, 

which is often D N A , continues to be frequent goal of the studies until today [44b-d,71]. 

Nevertheless, other cellular interaction partners have been resolved as well ( R N A , proteins 

[72]). 

In the quest of searching for the new drugs to tackle the problem with intrinsic or 

acquired resistance, quantitative structure-activity relationship (QSAR) prediction models 

for the anticancer activity were put forward as early as in 1982 by Abdul-Ahad & Webb 

[73]. The idea of selecting a small number of predictors, which would forecast the cellular 

toxicity was followed 23 years later by Mont i et al., who selected 4 predictors (out of 197) 

of cellular toxicity for 16 Pt complexes using semi empirical methodology [74]. Sarmah & 

Deka used D F T and M M modelling and proved the usefulness of these methods in the 

prediction of cytotoxicity [75], with many followers, pointing at various important 

parameters, such as solubility, lipophilicity, stability in plasma, redox potential, vibrational 

spectra, rate of aquation, type of ligands etc. [76]. 

Finaly, there are several recent studies searching for the trans-effect strength 

quantification. A t first the relative strengths of ligands were quantified by the changes of 

electron occupations of 5d platinum atomic orbitals and the trans-effect is driven by the 

changes of the electron density [29]. Similar conclusion was suggested by Guegan et al. who 

correlated the changes of the trans-effect strengths in octahedral complexes by the 

differences in electrophilicity at given sites around the metal cation [77]. Pinter et al. 

explained the trans-effect as an increase of Pauli repulsion towards the trans ligand caused 

by the electron accumulation when a ligand with the high donation ability is present [30]. 

Metal octahedral complexes with chromium were studied by Tsipis [78], who 

quantified the kinetic part of trans-effect by intrinsic bond dissociation energy [79], whereas 

the ground-state part, trans-influence, by vibrational frequencies and bond lengths. He 

suggested a unified trans-philicity concept, combining both structural and kinetic part of 

trans-effect with 5 1 3 C N M R chemical shifts as the sole descriptor. 

Yet another predictor of bond strengths and ligand lability in several square planar Pt 

complexes was studied by Ponce-Vargas et al. [80]. They recognized the metal-ligand bond 

strength as the most important quantificator of the rate of hydrolysis and used the intrinsic 

bond strength index (IBSI) [81], which is praised for its ability to deliver a bond strength 

intrinsic to the considered atom pair. It is based on the independent gradient model (IGM) 
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[82] and stemms from the electron density analysis. It can be further differentiated into two 

parts, I B S F and I B S P , reflecting the o-donation and 7t-back-donation channels, respectively. 

1.3 Lewis acid & base theory 

1.3.1 Historical excursion 

Gilbert Newton Lewis (1875-1946) is considered by many as the most influential 

scientist, who did not receive the Nobel Prize [83]. 

Building on the idea of an electron-pair bond [84], in a book Valence and the structure 

of atoms and molecules [85] and subsequent series of several papers [86], among other 

themes Lewis dealt with various theories of acids and bases. He tried to propose the most 

unifying theory: starting with then accepted Arrhenius theory of aqueous solutions [87], he 

offered a generalization of an acid or base being "a substance which gives up or takes up 

hydrogen ions" (proposed also by Br0nsted and Lowry) [88]. But he didn't stop there and 

denounced the "modern cult of the proton" as well as the solvent-based model proposed by 

Franklin and Cady & Elsey [89]. Finally, he acknowledged the electronic structure as the 

solemn fundamental cause of the acid-base behavior [85]. The International Union of Pure 

and Applied Chemistry ( IUPAC) currently defines Lewis acid as "a molecular entity (and 

the corresponding chemical species) that is an electron-pair acceptor and therefore able to 

react with a Lewis base to form a Lewis adduct, by sharing the electron pair furnished by 

the Lewis base". Inversely, Lewis base is "a molecular entity (and the corresponding 

chemical species) able to provide a pair of electrons and thus capable of coordination to a 

Lewis acid, thereby producing a Lewis adduct" [90]. 

Lewis supported his acid-base theory by showing experimentally that the acidic 

behavior was not confined to the proton alone, but was exhibited by electron-pair acceptors 

in general - particularly striking in this regard were the reactions between metal halides and 

organic amines in nonaqueous solvents [86a]. Although there have been some efforts (by 

Lewis and others) to further classify Lewis acids and bases as primary and secondary 

according to the speed of neutralizing reactions, or whether the involved chemical species 

needs to undergo some kind of internal activation or some auxiliary bonds need to be broken 

so the initial unstable complex dissociates into respective fragments [86b,91], the ascent of 

quantum mechanics did finally prove the universality of Lewis ' theory. 

Today, the Lewis acid-base theory-based studies involve solar cells and chemical 

batteries, heterogeneous catalysis, pollutant removal, hydrogen storage etc. Quite recently, 
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the Lewis acid-base nomenclature was enriched with so-called frustrated Lewis pairs - a 

situation where the formation of a dative bond is hindered sterically, offering a unique route 

to new reactivity [92]. 

1.3.2 Lewis acidity/basicity of the metal center 

The central metal ion in metal coordination compounds is a textbook example of Lewis 

acid, accepting electron density from the lone-pairs of its ligands into its empty or partially 

occupied d orbitals. This is the prevailing effect responsible for the o-bond formation which 

is called o-donation. Coordination bonds may have also the Tt-character caused by %-

(back-)donation. Strictly speaking, the metal acts as a Lewis base in 7t-(back-)donation but 

the transferred charge is much lower than in accompanying o-donation. In square-planar 

complexes, the strength of these effects depends on the nature of the ligands and determines 

the kinetics (trans effect) and the mechanism of substitutions reactions. Ligand with strong 

o-donation and Tt-back-donation ability promotes substitution reactions of the ligand trans to 

it and the reactions proceed by dissociative and associative mechanisms, respectively. 

Ligands with weak o-donation and 71-back-donation abilities induce the least reactivity of 

the trans ligand [29]. 

Already in the late 20s and 30s, Walter Hieber synthesized what was later confirmed 

as coordination complexes of iron and cobalt with carbonyls and hydrogen, and he noted 

that transition metal carbonyl complexes could act as proton acceptors, showing strong 

nucleophilicity [93]. Next, Wilkinson and Birmingham [94] confirmed this observation -

they noted that their newly prepared compound, biscyclopentadienylrhenium hydride, is 

soluble in diluted acids, i.e. the central Re atom could act as a base and be protonated. 

In the 60s, the interest in the Lewis acid-base chemistry with basic transition metals 

was sparked by the synthesis of the square-planar d 8 Vaska's complex, [IrClCO(P(C6H5)3)2], 

which readily undergoes oxidative addition with a number of oxidants, acids and 

electrophiles (e.g. C O , SO2, C h , CH3I, BF3) generating an 18-electron octahedral Ir(III) 

species [95]. Hodali et al. reported the preparation of square-planar d 8 Pt(II) analog, with 

bidentate ligands l-thiomethyl-2-diphenylphosphinoethane and l-thiomethyl-2-

diphenylarsinomethane, and its reaction with BF3 [96]. 

The basicity of square planar transition metal complexes can be manifested by inverse 

hydration - H-bond contacts with H2O (or HC1) molecules via the non-classical M H - O - H 

interaction, which is mediated by a charge transfer, as was shown experimentally as well as 
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computationally for e.g. platinum [97] and gold [98]. Lately, intramolecular stabilization 

with O H groups was found in numerous cases of transition metal catalysts, leading to the 

change of conformation and subsequently enantioselectivity or stereoselectivity of the 

catalytic process [99] - for example the catalysis by Pd [100], R h and Ir [101], and ferrocenes 

[102]. 
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2. Methodology 

2.1 Theoretical background 

The methods of quantum chemistry include wide range of models offering various 

degrees of precision of the results. Although the description of any chemical system is 

theoretically possible by means of the Schrodinger equation [103], the solution for more than 

one electron is analytically impossible forcing the use of numerical methods with the need 

of approximations. 

Born and Oppenheimer showed that due to the difference in the mass of protons and 

electrons (~1800x), atomic nuclei motions are much slower with respect to the electrons and 

so the nuclear part of the Schrodinger equation can be neglected (Born-Oppenheimer 

approximation) [104] and only internuclear repulsion is added to the total energies. 

In the first step N-electron Schrodinger equation is approximated by a set of N 1-

electron equations. Every electron moves in the mean field of the other electrons. The set of 

1-electron equations is solved iteratively minimizing the total energy of the system (Hartree-

Fock (HF) or self-consistent field (SCF) method) [105]. The final form of the wave function 

is expressed as the Slater determinant of one-electron wave functions (spin-orbitals) which 

ensures its antisymmetry [106]. 

The approximation of molecular orbital by a linear combination of atomic orbitals 

( M O - L C A O ) was put forward by Pauling [107] and Lenard-Jones [108]. The mathematical 

description of M O ' s uses a combination of orbital basis functions multiplied by coefficients, 

which are then varied to locate the energy minimum. Due to the calculations of two-electron 

integrals Gaussian-type basis functions are usually used [109], although they decay too 

quickly with increasing distance, which is overcome by the use of linear combination of 

several primitive Gaussians forming the so called contracted Gaussian type orbital (CGTO) . 

Single basis function may be flexile enough for the core electrons but the valence orbitals 

are usually described by more than one basis function is used to reach a reasonable accuracy. 

It leads to the construction of the split-valence double-^ (DZ), triple-^ (TZ) etc. basis 

functions. Very popular are Pople's 6-31G D Z and 6-311G T Z basis functions [110]. 

To allow the polarization of an orbital when participating in the chemical bond 

formation or in the presence of another charged particle, polarization functions - basis 

functions with higher angular momentum (7+1) - can be added [111]. For the correct 

description of weak bonds, very electronegative atoms or anions, long-reaching diffuse 

functions (with small cj exponents) are very important enabling the electron movement 
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further from the nuclus [112]. These functions are usually marked by the '+' sign in the basis 

set designation. Thus, 631+G(d,p) basis set contains one set of diffusion functions and one 

set of polarization'd ' functions on the main group of elements and one set of polarization 

'p' functions on the hydrogen atoms. 

For heavier elements (like Pt) the reduction of the basis set size is welcomed and 

relativistic effects become important for inner shell electrons. As the inner orbitals are not 

so important in the reactions/chemical bonding (frozen core approximation), their influence 

can be reduced into an effective core potential (ECP), i.e. the Coulomb potentials of the 

nucleus and core electrons are replaced by the pseudopotentials acting on the valence 

electrons whose basis sets are designed to reproduce relativistic allelectron behaviour. 

Nowadays, the database system of basis sets and pseudopotentials is avialble for all 

the elements of the periodic table and it can be easily downloaded from the internet 

(https://www.basissetexchange.org/). 

The facts that electrons move just in the mean field of the other electrons and the wave 

function is described by a single determinant leads to a large error since the electron 

correlation is missing. Part of the electron correlation can be included by means of Moller

Plesset perturbation theory up to nth order (MPn methods) [113] or configuration 

interaction (CI) [114]. Currently, the coupled clusters (CC) method is considered as the most 

appropriate method, with which the chemical accuracy can be reached (less than 2 kcal/mol 

[115]. This method is based on the H F method and the multielectron wavefunction is 

constructed using the exponential cluster operator. C C method was developed by Čížek and 

Paldus in the late sixties [116]. 

Density functional theory (DFT) is a relatively cheap alternative to the above

mentioned methods which include the correlation energy. It is based on HohenbergKohn 

theorems [117]: The groundstate properties of the system are determined by the ground

state electron density which minimizes the energy functional. Except the Coulomb and 

external potentials, the energy functional contains also the exchangecorrelation term (E x c ) 

describing manypartical interactions [118]. However, the exchangecorrelation functional 

does not exist, therefore its form is only approximated, giving rise to different flavors of 

D F T methods. 

In his lifelong excitement in D F T , John Perdew famously compared the evergrowing 

precision of E x c approximations to the biblical Jacob's ladder [119]. The lowest rung is 

occupied by local (spin) density approximation [ 117b, 120], followed by generalized gradient 
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approximation ( G G A ) [121]. Meta -GGAs add the orbital kinetic energy density [122], 

hyper-GGAs (hybrid functionals) add the exact exchange information [123] and so on. 

Hybrid functionals include a contribution of exchange energy from Hartree-Fock 

theory, the most popular still being the Becke's functional augmented by Lee-Yang-Parr 

correlation functional B 3 L Y P [123a, 124]. Various functionals were shown to be able to 

describe various chemical behavior and/or systems accordingly to the experimental values, 

but the search and development of more universal functionals still continues [125]. 

Many commonly used D F T functionals cannot describe the systems where the 

dispersion energy is dominant since it arises from non-local electron correlation. Probably 

the simplest way to solve this problem is the use of functionals with an empirical (C6/R 6) 

pair-wise term for the dispersion energy [126]. To correct the behavior of the dispersion 

function in the short-range, an additional damping function can be applied [127]. 

To compare the reactivity of different parts of a molecule and to quantify the amount 

of transferred charge, it is practical to calculate atomic charges, although due to the 

continuous nature of the electron distribution, the atomic charges are not a physical 

observable. Several methods of partitioning the electron density into atomic contributions 

have been derived - for example based on wavefunctions [128], natural bond orbitals [129], 

fitting to the electrostatic potential [130], etc. The unpleasant problem of some of the 

methods is the basis set dependence of the results [131]. Natural population analysis (NPA) 

is based on the summation of the localized 1-center natural atomic orbitals populations and 

is less dependent on the basis set size. 

The interaction energy between two fragments of the complex can be calculated as a 

difference in energy of the complex and the sum of the energies of the isolated fragments. If 

both fragments are fully optimized, then the interaction energy includes also their 

deformation energies. However, since basis functions of the whole complex are more 

flexible than the basis functions of both fragments, the stability of the complex is 

overestimated with respect to the two fragments and this artificial increase of stability is 

called the, basis set superposition error (BSSE) [132]. B S S E is larger for smaller basis sets 

and decreases with their extent. Most often B S S E is evaluated by the counterpoise correction 

method [133]. It uses 'ghost' atoms from the other fragment when the energy of the given 

part is calculated. The method was adapted also for continuum solvent calculations (see 

below): ghost atomic orbital functions were located inside the complex cavity [134]. 

The interaction/binding energy between two fragments can be decomposed by the 

extended transition state - natural orbital for chemical valence methodology ( E T S - N O C V ) 
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[135]. Based on the extended transition state theory the binding energy can be divided into 

the individual contributions of electrostatic, orbital, Pauli and deformation energies [136]: 

AEtotal = AEorb + AEpauli + AEelstat + AEdef 

The energy required to bring the separated fragments from their equilibrium geometry 

to the structure in the molecule is referred to as the deformation or preparation term, AEdef. 

The AEeistat energy corresponds to the classical electrostatic interaction between the 

fragments. The repulsive Pauli interaction between occupied orbitals on the two fragments 

is described by the AEp a u i i term. Finally, AE o r b represents the stabilizing interactions between 

the occupied molecular orbitals of one fragment with the unoccupied molecular orbitals of 

the other fragment during the bond formation, as well as the mixing of occupied and virtual 

orbitals within the same fragment (intra-fragment polarization). 

N O C V combines the concepts of bond-order, bond-orbitals, and charge rearrangement 

with the deformation density. It uses eigenfunctions of the deformation density matrix 

( N O C V ) to describe the bond formation in molecules from atoms or fragments. Moreover, 

the related eigenvalues can be used as valence indices as well as a measure of the change in 

the electron density associated with the bond formation. The combination with the ETS 

method provides the means of the chemical bond analysis in terms of orbitals, describing the 

charge rearrangement and the corresponding energy contributions from these orbitals to the 

chemical bond [135]. These contributions are either stabilizing (if the orbital E o r b and/or 

electrostatic E e i s t interactions dominates) or destabilizing (if higher Pauli repulsion Ep a u i i 

and/or geometry deformation Edef prevails). E T S - N O C V is a suitable method for studying 

various types of chemical bonds: donor-acceptor [135a, 137], covalent [1359a, 138], and 

weak intra- and intermolecular interactions [139]. The method is also able to decompose the 

activation energies of reactions offering the explanation of the transition states 

(de)stabilization [140]. Among other chemical phenomena which were studied by E T S -

N O C V methodology belong the sigma hole- and halogen-bonding [141]. 

As the theoreticaly studied reactions and other chemical processes usually take place 

in the solution (most often in water), it is necessary to take into account the effect of solvent. 

There are two main methods with varying degree of complexity and computing demands: 1) 

explicit solvation, where the water molecules are placed in the vicinity of the explored 

system (due to huge number of possible configurations it is used usually in molecular 

dynamics simulations); and 2) implicit (continuum) solvation models, where the solvent is 

treated as a polarizable continuous dielectric medium acting on a solute placed in a cavity. 

17 



In polarizable continuum models ( P C M ) [142] the solute cavity is created as a set of 

overlapping spheres centered at the respective atoms. Other spheres can be added to smooth 

the surface and/or mimic the solvent-excluding surface area. The solute's electric field 

polarizes the continuum which creates a charge distribution on the cavity surface. It further 

affects the electron density of the solute and this mutual influence is solved iteratively via a 

solvent self-consistent reaction field (SCRF) method [143]. 

Currently, computational chemistry offers a wide range of inexpensive methods for 

studying the properties of new drugs or chemical compounds. In pharmacology molecular 

modeling serves as the first selection tool and only the most promising candidates can be 

involved in the subsequent more demanding phases of pharmacological testing. 

2.2 Computat ional details 

Several different functionals were used - partly due to historical reasons to allow the 

comparison with previous results, and to check the effect of the functional on the precision 

of the results. 

The proper choice of the method was crucial only in the paper OD1 to calculate 

properly the binding energies between M X and YZ3 structures. OD2 and OD3 papers dealt 

with relative values being not sensitive to the chosen functional and thus, "traditional" 

B 3 L Y P functional was chosen. Energies were always calculated with D3 empirical 

dispersion correction as recommended [144]. 

Pople's 6-31+G(d) basis set (BS) of the double-^ quality for main group elements 

offers reasonable geometries for relatively low cost which was important when all structures 

along the large number of reactive pathways (including the transition state structures) had to 

be optimized (papers OD2 and OD3). In OD1 we could effort to use the very reliable 6-

311++G(2d,2p) BS of the triple-^ quality since we performed only geometry optimizations 

of the minima on the potential energy surface. Inner electrons of the metal atoms (Pt, Ir) 

were treated by pseudopotentials with relativistic corrections [145]. Outer electrons were 

described by the double-^ quality M W B - 6 0 BS augmented by the set of diffuse functions 

(with exponents a s = 0.0075, a p = 0.013, ad = 0.025) and one (with exponent af(Pt)= 0.98 in 

OD2 and OD3) or two sets (with exponent af(Pt)= 0.466, 1.419 in OD1) of polarization 

functions [146]. Polarization / functions shorten Pt-ligand bonds [46a]. Total energies and 

wave function properties were always evaluated with the MWB-60(2fg)/6-311++(2df,2pd) 

BS with additional g , /and d sets of functions on Pt, heavy main group element and H atoms, 
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respectively [146]. Ir was described by Stuttgart effective core potentials with the split-

valence triple-^ BS (def2-TZVPPD). 

In the paper OD1 at first a selected model structure was treated by 17 various D F T 

methods and the results were compared with C C S D ( T ) method as the benchmark. M 0 6 - 2 X -

D3 and B 3 P W 9 1 - G D 3 B J methods were found to give the best/closest agreement and were 

used for the calculations. In the papers OD2 and OD3, no benchmarking was done, but the 

results of B 3 L Y P - G D 3 B J functional [123a, 127b] were compared to M 0 6 - 2 X [147] and 

PBEO [148] functionals. 

A l l optimizations and energy evaluations were performed in the Gaussian 09 (rev. 

D.01) program [149]. 

A l l structures along the reaction pathways were located either as the local minima 

(reactants, products) or the saddle points of the first order (transition states) by the analysis 

of the Hessian matrix having correct number of negative eigenvalues: zero and one for the 

minima and transition state structures, respectively. A zero-point energy and thermal 

contributions to energetic properties were calculated using the canonical ensemble at 

standard gas phase conditions (T = 298.15 K ; p = 101325 Pa). In OD2 and OD3 papers the 

energy of reactants and products was obtained by the Boltzmann averaging (at T = 298 K ) 

over all possible conformers. Activation free energies were evaluated with respect to the 

lowest lying transition state structure. Both gas phase as well as solvent (water) environment 

effects were analyzed - the latter with the self-consistent reaction field method of integral 

equation formalism variant of polarizable continuum model ( IEFPCM) [150]. 

Atomic charges were calculated by natural population analysis as implemented in 

N B O 3.1 and N B O 5.0 programs excluding p orbitals as valence for transition metals [151]. 

When calculating binding energies in vacuum, basis set superposition error (BSSE) 

was treated by the counterpoise correction [133]. B S S E corrections in the P C M regime were 

calculated with ghost atomic orbital functions localized inside the cavity having the same 

size as the whole complex [134]. The contribution of deformation energy was taken into 

account in the case of OD1 and OD3 papers (where in some cases the Edef exceeded 

lOkcaymol) . 

The binding energies between two fragments were decomposed by the E T S - N O C V 

methodology [135a] on selected optimized structures, as implemented in the Amsterdam 

Density Functional 2014.05 package (ADF) [152]. 
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3. Results and discussion 

Metal coordination compounds are textbook examples of Lewis acid-base interactions 

where the electron density flows from the lone pair of the ligand (Lewis base) into a free 

atomic orbital of the central metal ion (Lewis acid). The metal center in the square planar 

complexes forms four coordination bonds. These standard interactions and reactivity of the 

Pt(II) complexes are to large extent determined by the nature of the coordinating atom. Pt(II) 

drugs have to have a low reactivity ensured by the non-leaving ligands with low o-donation 

and 7i-back-donation abilities. The non-leaving ligands rely on nitrogen as the coordinating 

atom and thus, we focused on pyridine and amine ligands as the representatives of aromatic 

and non-aromatic ligand environments, respectively. In OD2 and OD3 papers we studied 

how the substitution of these ligand in the trans- position with respect to the leaving group 

affects the complex reactivity. 

To compare the influence of the ligand substitution on the strengths of trans- and cis-

effects we analyzed also the kinetics of the hydrolysis reactions on the platinum complexes 

pyriplatin and cis-amminedichloropyridineplatinum and their derivatives based on the 

substituted pyridine (pyrX) ligand. The latter complex enabled us to analyze also the 

influence of the charge of the complex on the strengths of the above effects. A l l these results 

are summarized in the section 3.1. 

However, at the same time the Pt(II) and Ir(I) metal centers may act as Lewis bases 

providing electron density from the doubly occupied 5dz 2 atomic orbital. These interactions 

occur in the perpendicular direction to the complex and are responsible for the nonbonding 

interactions of the metal center called the inverse hydration [97] or intrinsic hydrogen 

bonding [153] which may also contribute to the stabilization of the P t - D N A adducts [154]. 

A detailed description of these interactions with strong Lewis acids is shown in the OD1 

contribution and summarized in the section 3.2. 

3.1 Pt(II) center as the Lewis acid, b inding properties and reactivity of its complexes. 

Reactivity of square-planar complexes and stabilities of their bonds are governed by 

the trans effect. Pt(II)-complexes used in the antitumor treatment have to be relatively little 

reactive to have the time to reach D N A as its intracellular target. A l l currently used drugs 

have nonleaving ligands based on nitrogen as the metal binding atom. That is why we 

decided to study the influence of the molecular environment of the bound nitrogen on the 

reactivity and binding properties of the Pt(II)-complexes. We considered the nitrogen atom 
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in two molecular environments: (1) as a part of the aromatic system: in the pyridine ring and 

its derivatives (pyrX ligands); (2) a part of nonaromatic system: in the amine group and its 

derivatives (NH2X ligands). To obtain easily comparable data the other three ligands were 

the same for both system: two amine NH3 ligands in cis positions and the leaving CI" ligand 

in the trans position being replaced by the solvent water molecule. Detailed analyses of these 

results were published in the papers OD2 and OD3 and are briefly summarized in the 

subsections 3.1.1 and 3.1.2. More recently we have studied also the kinetics of hydrolysis 

reactions on pyriplatin and cis-aminedichloropyridineplatinum. These unpublished results 

are shown in the subsections 3.1.3-4. 

3.1.1 Tuning the reactivity of the Pt(II) complexes by the substitutions) on the trans-
coordinated either pyridine or amine ligands 

The schematic representation of the structures along the reaction pathways is shown 

in Fig . 5. 

I 
H 3 N ^ P t - ' ' i l l l N H 3 H 3 N ^ P f Mf 
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Figure 5. Schematic representation of the two studied sets of reactions. Pt(II)-complex with a) 
aromatic (designated as trans-Pt-pyrX complexes), and b) non-aromatic (designated as trans-Pt-

N H 2 X complexes) ligand in the trans position with respect to the leaving CI" ligand. 

The dative character of the P t - N bond can be clearly documented by the fact that the 

binding energies of the P t - N , P t - C l and P t - 0 bonds depended on the basicity of the pyrX 

ligand which was quantified by the energy of the 2p(N p y r x) natural atomic orbital (NAO) 

oriented along the N p y r x - C 4 axis. Such a good correlation was enabled by a negligible 71-

back-donation from the Pt(II) center toward the ligands for all the bonds due to the positive 

charge of the complexes. The basicity of N H 2 X ligands has lower predicting power due to 
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the possible presence of nonbonding X cis-NH3 interaction leading to variable and hardly 

predictable changes of electrostatic energy. 

Several substituents X were used, some with electron-donating or electron-

withdrawing capabilities: O H , CI, F , Br , N 0 2 , N H 2 , S H , C H 3 , C = C H , D M A 

(dimethylamine). Both pyrX and NH2X ligands showed a comparable variability of the bond 

strengths due to substitution effects. However, substitutions of the pyrX ligand in the ortho 

position showed the highest variability with respect to the kinetics of the substitution 

reactions stabilizing some of the transition state structures by electrostatic interactions. This 

was caused by the coplanar orientation of the pyrX, leaving and entering ligands which 

enabled the ortho-pyr substituents with H-bond donor ability (0-NH2, o -OH, o-SH) to 

interact with CI" leaving ligand stabilizing the TS structure and lowering the activation 

barrier of the aquation reaction. The o-NH2-pyr pathway showed the fastest reaction rate 

(> 2000 times higher than the slowest m-CCH/p -N0 2 ) . 

We also studied the influence of the substitution effects on the stability of Pt-ligand 

bonds. Electron-donating substituents strengthened the Pt-pyr bond and weakened the P t -

C l and Pt-w ones. Energy decomposition analysis showed that the changes of electrostatic 

energy were the main cause of the P t - N p y r x bond strength variability. B y similar reasoning, 

trans influence can be explained in the Pt-NH2X system as well . 

In the gas phase, the X ' s on the pyridine ring can be ordered according to their ability 

to promote the hydration reaction as follows: N H 2 > O H > S H ~ C H 3 > D M A > H > F > CI 

~ C C H ~ Br > N 0 2 . 

The hydrolysis reaction Gibbs free energy profiles, together with the changes of 

structure (selected bond lengths), charges and binding energies during the five reaction steps 

for three trans-Pt-pyrX complexes (X = H , para-NH2, para-N02) in both environments are 

depicted in Fig . 6. It shows several trends: 1) hydrolysis reactions were always endergonic; 

2) the Pt-Npyrx bond gradually shortened in the course of reaction; 3) the electron-donating 

or withdrawing substituting groups had a clear effect on the CI" and pyrX BEs ; 4) the 

negative charge was drained off the Pt atom, pyrX and H2O ligands (totaling 0.4-0.5 e) and 

piled up on the CI"; 5) water environment had a clear damping effect on the electrostatics. 
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Figure 6. Gibbs free Energy profiles, bond lengths, binding energies, and charges of the three 
selected trans-Pt-pyrX complexes in the five reaction steps. R and P represent reactant and product 
structures with infinite separation of the metal complex from the entering water molecule and the 

leaving CI" ion, respectively, while in R_w and P_C1 structures these fragments interact by H -
bonds. Solid lines, gas phase; dashed lines, water solvent. 

In the case of the compounds with non-aromatic ligands, the effects of several 

nonleaving ligands present in pharmacologically active Pt drugs were studied: the 

cyclopropyl (CyP) and cyclohexyl (CyH) X substituents of the N E h X ligands (present in 

JM11 and JM118, respectively [155,156]), and the bidentate 1,2-diaminocyclohexane 

( D A C H ) and l,2-bis(aminomethyl)cyclobutane ( B A M C B ) ligands (present in oxaliplatin, 

Fig. 4b, and lobaplatin, Fig . 4d, respectively). The above-mentioned active drugs differ by 
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the nature of both nonleaving and leaving ligands and thus, it is impossible to extract just 

the influence of the nonleaving ligands from the kinetic data. We placed the nonleaving 

ligands into the complexes with the same ligand environment as shown in Fig . 7. 

ci ci ci ci 

a) b) c) d) 
Figure 7. Structural representation of trans-Pt-NH2X complexes substituted by the ligands that are 
present in anticancer Pt drugs (the carbohydrate substituents are shown in blue): a) cyclopropyl, b) 

cyclohexyl, c) bidentate 1,2-diaminocyclohexane, and d) l,2-bis(aminomethyl)cyclobutane 

A larger positive inductive +1 effect is connected with the increase of the size of the 

saturated cycloalkyl substituents (in the row H < CH3 < C y P < C y H ) . The enhancement of 

electron-donating ability leads to the increase of electron density on the P t - N E h X bond 

resulting in its strengthening and due to the trans effect the accompanying change is the 

weakening of the P t - C l and Pt -w bonds. BEs of the ligands as well as activation Gibbs free 

energies were logarithmically dependent on the number of hydrocarbon electrons. 

The chelation (i.e., the formation of the bidentate D A C H ligand from the 

monofunctional C y H one) leads to a slight decrease of the +1 effect in the direction of the 

P t - C l bond compaired to C y H , but simultaneously it increases the +1 effect along the other 

axis of the complex. For bifunctional Pt(II) drugs this may facilitate the second leaving group 

substitution. 

In the water solvent, the reactivity of the complexes decreases in the order C y H ~ C y P 

> D A C H ~ B A M C B > H . Our results should help to understand the differences in the 

biotransformation of the Pt(II) drugs based on these substituents. 

3.1.2 The effect of methodology 

For trans-Pt-pyrX complexes, the influence of the chosen B 3 L Y P functional on the 

height of the activation barriers and Pt-ligand bond lengths was checked by utilizing two 

other functionals, M 0 6 - 2 X and PBEO in the gas phase. In the solvent, these calculations were 

performed only with the M 0 6 - 2 X functional. 

Very good correlation (R 2 > 0.94) was found for the Pt-ligand bond lengths (with 

B 3 L Y P results being systematically longer). Reasonable correlation was found also for 
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activation Gibbs free energies which were systematically lower by 2.8 + 0.5 kcal/mol and 

higher by 0.9 + 0.4 kcal/mol for the M 0 6 - 2 X and P B E 0 - D 3 B J functionals, respectively. 

Comparison of the solvent results between B 3 L Y P and M 0 6 - 2 X revealed a much 

smaller correlation in the case of P t - C l bond distance in the TS, and an almost nonexistent 

correlation of activation Gibbs free energies. Even though the typical electron-donating N E h 

and electron-withdrawing NO2 substituents showed a similar effect on the activation barrier 

height (a lowering and an increase, respectively) in the para and ortho positions, other 

A(AG*) differences are probably too small compared to the precision of our calculations. 

3.1.3 Hydrolysis of pyriplatin and its derivatives 

Pyriplatin ([Pt(NH3)2(pyridine)Cl]+; designated as cis-Pt-pyrH; Fig . 8) is the cis-

isomer of the trans-Pt-pyrH complex described above. It should help us to uncover the 

importance of the cis ligands for reactivity of Pt(II) complexes and reveal to what extent one 

can modify the reaction rates by the substitution of the ligand in the cis position. 

N H 3 

Figure 8. Structure of pyriplatin (cw-[PtCl(NH3)2(pyrX)]+) (X = H) and its derivatives (X = C H 3 , 
NO2, NH 2 ) 

Pyriplatin is a promising drug which forms monofunctional adducts with N7 atoms of 

guanine bases but still inhibiting D N A transcription probably due to steric hindrance, 

intercalation and/or H-bond formation [157]. It shows very promising results, significantly 

distinct from cisplatin and oxaliplatin, as was shown by the synergistic effect of pyriplatin 

and cisplatin when administered simultaneously [158]. 

We studied hydrolysis mechanism of this drug and its substituted derivatives. For the 

comparison purposes the same methodology as in the OD2 and OD3 papers was used. NH2 

and NO2 substituents in the para position (designated as pNEh and pNCh) were chosen as 

the representatives of electron donating and withdrawing groups, respectively. The influence 

of the substituent's position on the pyrX ligand was studied for the CH3 substituent leading 

to pCH3, mCH3 and 0CH3 systems which correspond to the CH3 substitution on the para-, 
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meta- and ortho- positions of the pyrX ligand, respectively. The main kinetic data are 

summarized in Table 1. 

Table 1: Activation Gibbs free energies (in kcal/mol) for hydrolysis reactions of pyriplatin and its 

derivatives (cis-Pt-pyrX) in the gas phase (AG* g as) and in the water solvent (AG*W). Reaction Gibbs 

free energies (AG™) and kinetic constants (k„) are shown only for water solvent. The data for the 

pyriplatin's trans isomer (trans-Pt-pyrX: see above and the paper OD2) are also shown for a 

comparison. Available theoretical AG^w value for pyriplatin hydrolysis [159] is shown in parenthesis. 

A l l energies are in kcal/mol. n.a. not available at present. 

A G ^ g a s A G * w k „ [ s 1 ] A G * ™ A G ^ g a s A G * w k „ [ s 1 ] A G * ™ 

s y s t e m / 

s u b s t i t u e n t ( X ) 
c i s - P t - p y r X t r a n s - P t - p y r X 

H 3 1 . 9 2 6 . 1 ( 2 3 . 5 ) 4 . 4 9 x 1 0 " 7 7 . 2 3 3 . 2 2 5 . 9 6 . 9 2 x 1 0 " 7 7 . 2 

p N H 2 3 1 . 2 2 4 . 1 1 . 3 5 x 10- 5 
7 . 6 3 2 . 6 2 5 . 4 1 . 5 9 x 1 0 - 6 . 9 

p N 0 2 3 2 . 8 2 6 . 7 1 . 6 8 x 1 0 " 7 n . a . 3 4 . 3 2 7 . 2 7 . 3 4 x 1 0 - 7 . 5 

p C H 3 3 1 . 4 2 5 . 6 1 . 0 3 x 1 0 6 6 . 4 3 3 . 0 2 5 . 8 7 . 0 9 x 1 0 " 7 7 . 1 

m C H 3 3 1 . 4 2 5 . 6 1 . 1 0 X 1 0 " 6 7 . 1 3 2 . 7 2 5 . 8 7 . 5 0 x 1 0 " 7 7 . 0 

o C H 3 3 3 . 0 2 6 . 6 1 . 9 9 x 1 0 " 7 7 . 4 3 2 . 8 2 5 . 5 1 . 2 0 x 1 0 6 7 . 2 

In the gas phase the presence of the pyrH ligand in the cis- position with respect to the 

leaving CI" ligand leads to a higher lability of the complex with respect to the hydrolysis 

reaction compared to the trans- isomer. It may look as a surprising result since the pyrH 

ligand has larger 71-back-donation ability than the amine ligand. Therefore, the leaving CI" 

and entering water ligands should be stabilized better in the trans-Pt-pyrH-TS structure. 

However, this is not the case here since negligible 71-back-donation was observed in trans-

Pt-pyrX complexes due to the positive charge of the complex [OD2]. On the other hand, the 

cis-Pt-pyrH-TS structure is probably stabilized more effectively by electrostatic interactions 

since as the A(AG*) gas phase difference of 1.3 kcal/mol for its favor fully diminished being 

inverted to -0.2 kcal/mol in the water solvent (Table 1). 

The effect of para-X substituents on the rate of the hydrolysis is almost the same for 

the cis- and trans-Pt-pyrX complexes in the gas phase. The electron donating NH2 ligand 

lowers A G * value while electron withdrawing NO2 has the opposite effect. The difference in 

the A G * values (A(AG*)) between pN02 and pNH2 is 1.6(1.7) kcal/mol for cis-(trans-)Pt-

pyrX complexes which means that substituent effects are very similar and may influence the 

rate of the hydrolysis of these complexes by up 1-2 orders of magnitude in the gas phase. 

Fig. 9 brings a possible evidence of this phenomenon: A G * values are to a large extent 

determined by the binding energies of the leaving CI" ligand and this ligand is bound in both 
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complexes by similar strength even through in cis-Pt-pyrX complexes it is able to donate 

more electrons to the complex. Note also a lower response of the transferred charge to the 

nature of the pyrX ligand (a corresponding line in Fig . 9 is steeper) which reflects the fact 

that the communication between the ligands occurs mainly in the trans- direction. 

- 2 3 7 . 5 

- 2 4 0 . 0 

= • - 2 4 2 . 5 

J , - 2 4 5 . 0 

| - 2 4 7 . 5 

= • - 2 5 0 . 0 u 
*Z - 2 5 2 . 5 

u f - 2 5 5 . 0 

- 2 5 7 . 5 

- 2 6 0 . 0 

O t r a n s - P t - p y r X 

• c i s - P t - p y r X 

y = - 1 0 2 9 x - 7 2 1 
R 2 = 0 . 9 5 4 

y = - 5 1 0 x - 4 9 2 
R 2 = 0 . 9 9 3 

- 0 . 5 0 - 0 . 4 9 - 0 . 4 8 - 0 . 4 7 - 0 . 4 6 - 0 . 4 5 - 0 . 4 4 

q(CI) [e] 

Figure 9: Dependence of the gas phase binding energies of the CI" ligand on its N P A charges in cis-
Pt-pyrX and trans-Pt-pyrX complexes. 

The solvation lowered substantialy the activation Gibbs energies in all studied systems. 

However, the solvation increased the A(AG*) difference between the pNCh and pNH2 

pathways up to 2.6 kcal/mol for cis-Pt-pyrX system which corresponds exactly to two orders 

of magnitude in the reaction rate. For the trans-Pt-pyrX system the A(AG*) difference 

remained almost the same as in the gas phase (1.8 kcal/mol). 

Meta- and para- positions of the CH3 substituent showed exactly the same reactivity in 

agreement with the previous study od Dabbish et al. who studied the influence of the position 

of the CH2Ph3P + substituent in the pyrX ligand on the cis-Pt-pyrX system reactivity 

[159,160]. In our case the ortho-CH? substitution decelerated the hydrolysis by about one 

order of magnitude which is however exactly the opposite result to the influence of the ortho-

CH2Ph3P + substituent in the cited study. 

3.1.4 Hydrolysis of cis-amminedichloropyridineplatinum and its derivatives 

Amminedichloropyridineplatinum c/5-[PtCl2(NH3)pyr] is an interesting reference 

system since its ortho-CH3 (2-picoline, picoplatin) and meta-CH3 (3-picoline) derivatives 

were shown to have cytotoxic properties [161]. Picoplatin (ZD0473) already entered Phase 

II clinical trials in the treatment of lung and breast cancer [162]. These complexes are similar 

to cisplatin being neutral and having two leaving CI" ligands in cis orientation (Fig. 10). 
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H 3 N Pt CI H 3 N Pt CI 

Figure 10. Structures of a) as-[PtCl2(NH3)(pyrX)] complex (X = H) and its derivatives (X = CH3, 

NO2, NH2), and b) picoplatin (a's-[PtCl2(NH3)(2-picoline)]) as the example of an anticancer 
derivative 

We studied the influence of the substitution effects on the kinetics of the first activation 

step of the complex. Both CI" ligands were considered as the possible leaving groups. As in 

case of pyriplatin it enabled us to evaluate and compare the influence of substitution effects 

of the ligands in the cis- and trans- positions with respect to the leaving on the reactivity but 

here for the system with neutral charge. The main kinetic data are summarized in Table 2. 

Table 2: Activation Gibbs free energies for the first step of hydrolysis reactions of cis-

amminedichloropyridineplatinum (X=H) and its derivatives substituted on the pyridine ring in the 

gas phase (AG*gas) and in the water solvent (AG*W). Reaction Gibbs free energies (AGrw) and kinetic 

constants (k„) are shown only for water solvent. The reaction may occur by the replacement of the 

CI" ligand trans- and cis- position to the pyrX ligand (trans-Ck and cis-Ck pathway, respectively). 

Available theoretical [163] and experimental [164] results for the AG* and k„ values, respectively, 

are shown in parenthesis. A l l energies are in kcal/mol. 

A G ^ g a s A G * w k „ [ s 1 ] A G r w A G ^ g a s A G * w k „ [ s 1 ] A G r w 

l e a v i n g l i g a n d / 

s u b s t i t u e n t ( X ) 
t r a n s - C h c i s - C h 

H 2 6 . 0 2 4 . 6 6 . 0 2 x 1 0 6 4 . 7 3 1 . 3 2 4 . 5 6 . 9 9 x 1 0 6 6 . 4 

p N H 2 2 5 . 7 2 3 . 6 3 . 1 4 x 1 0 " 5 4 . 4 3 0 . 9 2 4 . 0 1 . 6 8 x 1 0 " 5 5 . 8 

p N 0 2 2 5 . 8 2 4 . 7 4 . 8 0 x 1 0 6 5 . 1 3 1 . 4 2 4 . 7 5 . 1 7 x 1 0 6 7 . 0 

p C H 3 2 5 . 9 2 4 . 3 9 . 2 8 x 1 0 6 4 . 9 3 0 . 9 2 4 . 1 1 . 4 6 x 1 0 " 5 6 . 2 

m C H 3 2 5 . 8 2 4 . 1 
1 . 2 8 x 1 0 " 5 

( 4 . 4 7 x 1 0 " 5 ) 
4 . 9 3 1 . 1 2 4 . 1 

1 . 2 4 x 1 0 " 5 

( 1 . 0 3 x 1 0 - 4 ) 
6 . 1 

0 C H 3 2 5 . 7 
2 4 . 5 

( 2 2 . 9 ) 

7 . 2 8 x 1 0 6 

( 3 . 1 9 x 1 0 " 5 ) 
5 . 1 3 2 . 4 

2 5 . 5 

( 2 3 . 1 ) 

1 . 2 9 x 1 0 6 

( 2 . 2 1 x 1 0 " 5 ) 
5 . 3 

Unlike the pyriplatin the preferred site for the nucleophilic attack to the cis-

amminedichloropyridineplatinum is clearly the CI" ligand in the trans- position to the pyrX 

ligand in the gas phase. To a large extent it has to be caused by electrostatic stabilization of 

the TS structure since no preferable site was detected in the water solvent. Moreover, there 

29 



is no intrinsic difference in the lability of the two CI- ligands in the czs-[PtCl2(NH3)(pyrX)] 

complexes: the binding energies are almost exactly the same (Fig. 11 right panel) at the 

expense of the higher electron donation of the cis-Cl" ligand (Fig. 11 left panel, cf. F ig . 9). 

1 4 5 0 1 Otrans-CI " 1 4 ° 1 

-0.53 -0.52 -0.51 -0.50 -0.49 -0.48 -0.47 " 1 / u " l b u i b u " 1 4 u 

q(CI) [e] E b i n d (trans-CI) [kcal/mol] 

Figure 11: Dependence of the gas phase binding energies of the two CI" ligand in cis-
[PtCl2(NH3)(pyrX)] complexes on its N P A charges (left panel); mutual dependence of the binding 

energies of the two CI" ligands (right panel). 

In the solvent the difference of the trans- effect strengths of the amine and pyridine 

ligands is below the precision of our theoretical calculations. There is only a slight 

thermodynamic preference for the hydrolysis reaction on the trans-CI" ligand being by 1.3 + 

0.6 kcal/mol less endergonic than the reaction on the cis-Cl". 

Substitution effects on the pyrX ligand in the neutral cis-[PtCl2NH3(pyrX)] complex 

lead to small changes of the hydrolysis rates being only within one order of magnitude for 

both reactive CI" centers in both the gas phase and the water solvent. It is a lower sensitivity 

of the reaction rates than in the positively charged cis/trans-[Pt(NH3)2Cl(pyrX)] + complexes 

discussed above. In the gas phase it can be at least partly explained by a lower donation 

ability (by ca. 20%) of the pyrX ligand towards neutral complexes compared to the positively 

charged ones. However, in the water solvent the N P A charges of the pyrX ligand are almost 

the same regardless of the charge of the complex. Clearly, further analyses are necessary to 

understand this phenomenon. 

3.1.5 Comparison of the results with other theoretical studies and experimental data 

Our calculated kinetic constants are in a very good agreement with the experimental 

data for 2- and 3-picoline complexes [164] differing by ca. one order of magnitude at most 

(Table 2). 

Agreement with other theoretical studies is much worse since our A G * values are 

always higher. The highest difference of 2.6 kcal/mol is for pyriplatin (Table 1) for which 
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however no experimental data are available. For 2-picoline our results are closer to 

experimental values than the results of Sarmah & Deka [163]. 

Only crystal structures of 2-picoline and 3-picoline drugs are available [164]. 

Compared to the experimental structures our optimized bond lengths are systematically 

longer by a few hundredths of A (Table 3) which probably reflects the use of the DZ-quality 

basis set for geometry optimizations. 

Table 3: Comparison of the gas phase and water solvent optimized bond lengths of the 2-picoline 

and 3-picoline drugs with the experimental crystal structures [164]. 

c o m p o u n d 2 - p i c o l i n e 3 - p i c o l i n e 

t h i s w o r k 
e x p . 

t h i s w o r k 
e x p . 

b o n d g a s p h a s e w a t e r s o l v e n t 
e x p . 

g a s p h a s e w a t e r s o l v e n t 
e x p . 

P t - N i 2 . 0 7 0 2 . 0 5 6 2 . 0 1 7 2 . 0 5 9 2 . 0 4 4 2 . 0 0 8 

P t - N 2 2 . 1 0 8 2 . 0 8 2 2 . 0 3 0 2 . 1 0 8 2 . 0 7 4 2 . 0 3 9 

P t - C h 3 . 3 3 5 2 . 3 7 7 2 . 2 9 9 2 . 3 3 5 2 . 3 7 2 2 . 2 9 6 

P t - C I 2 2 . 3 2 9 2 . 3 7 7 2 . 3 2 2 2 . 3 2 5 2 . 3 7 3 2 . 3 0 9 

3.2 Pt(II) and Ir(I) metal centers as Lewis bases 

In the paper OD1 we have shown that the metal center (Pt(II), Ir(I)) in the square planar 

complexes may behave also as a Lewis base center. Doubly occupied 5dz 2 orbital which is 

oriented above and below the plane of the complex enables the formation of the dative bonds 

with electron deficient group 13 trihalides and trihydrides YZ3 (Y = B , A l , Ga; Z = H , F , CI, 

Br). These interactions lead to the formation of M X 4 - Y Z 3 adducts with the pentacoordinated 

square pyramidal conformation of ligands around the metal M atom (Figs. 12 & 13). These 

adducts are stabilized mainly by donor-acceptor M Y bonds which can be basically 

described by the charge transfer from the 5dz2 orbital of Pt(II) or Ir(I) to empty valence p z 

orbital of Y (Fig. 14). 

Figure 12. Example of the most stable MX4-YZ3 adducts: a) IrH(NH3)3-GaF3; 
b)Pt(CH3)2(NH3)2-GaF3. 
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Figure 13. Example of the most stable pincer M X - Y Z 3 adducts: a) Ir(NNN)(CH 3)-GaF 3; 
b)Pt(NCN)(CH 3)-GaF 3. 

y = 8 . 8 5 7 2 e 4 2 5 " " 

Figure 14. Dependence of the binding energies on the absolute value of the transferred charge for 
I r X Y Z 3 adducts. 

Binding energies of the adducts of the Ir(I) complexes reached up to ca. -85 kcal/mol 

and were by about 30 kcal/mol higher than those of the Pt(II). Ir(I) center is even a stronger 

Lewis base than ammonia with a higher interaction energy accompanied by the more 

important contribution of the charge transfer energy. The strongest Lewis acid was GaF3, 

closely followed by AIF3. The adduct formation led to pyramidalization of YZ3 subunit and 

prolongation of Y - Z bonds. These structural changes were further enhanced by Pauli 

repulsion between Z atoms and the metal complex. The M Y dative bonds had covalent (for 

Y=B) or charge-transfer (for Y = A l , Ga) character. However, despite their covalency the 

M B bonds were weaker than their A l and Ga counterparts due to larger deformation energies 

of BZ3 subunits. 
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4. Conclusions 

In this work the Lewis acid/base properties of the metal Pt(II) and Ir(I) centers were 

studied by theoretical D F T calculations. 

Kinetics of substitution reactions of square-planar complexes are strongly dependent 

on the electron donating/accepting abilities of the ligands. Here we focused on ligand 

substitution effects on the aromatic pyrX and non-aromatic NH2X nonleaving ligands which 

enabled us to study the fine-tuning of the reactivity of Pt(II) complexes. The electron-

donating and electron-withdrawing substituents X decrease and increase the activation free 

energy A G * , respectively. The influence of ligand substitution(s) on the changes of the 

activation free energy A(AG*) were similar for Pt(II) complexes with pyrX and NH2X 

ligands. The A(AG*) variability due to substitution effects reached up to a value of 1.9 

kcal/mol when taking all the substituents into consideration in the water solvent. 

Surprisingly, quantitatively very similar changes of the reactivity of the Pt(II) 

complexes were achieved also by substitution of the pyrX ligand in the cis position with 

respect to the leaving ligand as shown by the comparisons of the reactivities of cis-Pt-pyrX 

/ trans-Pt-pyrX complexes and the labilities of c i s -Cl" / trans-Cl" ligands in cis-

[PtCl2(NH3)(pyrX)] complexes. The latter Pt(II) complexes showed lower a sensitivity of 

the reaction rates with respect to the pyrX ligand modifications probably due to the neutral 

charge. We belive that our results improved understanding of the differences in the 

pharmacokinetics of the active Pt(II) anticancer compounds. 

Metal's weak interactions are responsible for the recognition of the metal center in the 

environment and the metal center behaves as a Lewis base being the electron donor. The 

binding energy of these interactions depends strongly on the acidity of the interacting 

molecule. It is low for water but quite high for stronger Lewis acids like group 13 trihydrides 

and trihalides. 
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Abstract 

The stability and properties of donor-acceptor adducts of square-planar Pt(II) and Ir(I) 
complexes (designated as PtX, IrX, or generally M X complexes) with trihydrides and 
trihalides of group 13 elements of general formula YZ3 (Y = B , AI , Ga; Z = H , F, CI, Br) 
were studied theoretically using D F T methodology in the gas phase. M X complexes were 
represented by wide range of the ligand environment which included model complexes 
[Ir(NH 3 ) 3 X]° and cis-[Pt(NH 3)2X 2]° (X = H , C H 3 , F, CI, Br) and isoelectronic complexes 
[Ir(NNN)(CH 3 )]° and [Pt(NCN)(CH 3 )]° with tridentate N N N and N C N pincer ligands. M X 
complexes acted as the Lewis bases donating electron density from the doubly occupied 
5dz2 atomic orbital of the metal M atom to the empty valence pz orbital of Y whose evidence 
was clearly provided by the natural atomic orbital (NAO) analysis. This charge transfer led 
to the formation of pentacoordinated square pyramidal M X - ( Y Z 3 ) adducts with M Y dative 
bond. Binding energies were -44.7 and -75.2 kcal/mol for interaction of G a F 3 as the 
strongest acid with P t N C N and I r N N N pincer ligands complexes. Only M B bonds had 
covalent character although M X B Z 3 adducts were the least stable due to large values of 
Pauli repulsion and deformation energies. The highest degree of covalent character was 
found for adducts of B H 3 in all series of structures studied. A l and Ga adducts showed 
remarkably similar behavior with respect to geometry and binding energies. 

The Supporting Information is available free of charge on the A C S Publications website at 
DOI: 10.1021/acs.inorgchem. 8b02765. 
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O Supporting Information 

A B S T R A C T : The stability and properties of donor—acceptor 
adducts of squareplanar P t ( l l ) and I r ( l ) complexes (designated as 
P t X , I rX, or generally M X complexes) with trihydrides and trihalides 
of group 13 elements of general formula Y Z 3 ( Y = B, A l , G a ; Z = H , 
F, CI, Br) were studied theoretically using D F T methodology in the 
gas phase. M X complexes were represented by wide range of the 
l igand environment which included model complexes [ I r ( N H 3 ) 3 X ] ° 
and cis- [ P t ( N H 3 ) 2 X 2 ] ° ( X = H , C H 3 , F, CI, Br) and isoelectronic 
complexes [ I r ( N N N ) ( C H 3 ) ] ° and [ P t ( N C N ) ( C H 3 ) ] ° with triden

tate N N N and N C N pincer ligands. M X complexes acted as the 
Lewis bases donating electron density from the doubly occupied 5 d z

2 

atomic orbital of the metal M atom to the empty valence p z orbital of 
Y whose evidence was clearly provided by the natural atomic orbital 
( N A O ) analysis. This charge transfer led to the formation of pentacoordinated square pyramidal M X  ( Y Z 3 ) adducts with M  Y 
dative bond. Binding energies were —44.7 and —75.2 k c a l / m o l for interaction of G a F 3 as the strongest acid with P t N C N and 
I r N N N pincer ligands complexes. O n l y M  B bonds had covalent character although M X  B Z 3 adducts were the least stable due 
to large values of Paul i repulsion and deformation energies. The highest degree of covalent character was found for adducts of 
B H 3 in all series of structures studied. A l and G a adducts showed remarkably similar behavior with respect to geometry and 
binding energies. 
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• INTRODUCTION 
Chemica l and physical properties of group 13 trihalides and 
trihydrides including their interactions as Lewis acids with 
Lewis bases were subject of many previous studies. 
Molecules with nitrogen as the interacting atom were mostly 
used as Lewis bases (e.g., N H 3 / N 2 , 2 H C N , 3 ' 4 R C N , 5 

F C H 2 C N , CI C H 2 C N , 6 piperidine) . ' Other systems included 
S e M e 2 , T e M e 2 ( M e = methyl) 8 9fluorenone, 9 or unsaturated 
hydrocarbons. 1 0 1 2 

M e t a l coordination compounds are textbook examples of 
donor—acceptor bonds in which the central metal ion acts as a 
Lewis acid and the ligands as Lewis bases. Nevertheless, there 
is an increasing number of studies about complexes with at 
least one of the bonds being opposite in nature: a central metal 
ion as a Lewis base donates electron density to an acidic ligand. 
The basicity of metal complexes was revealed already i n 1955 
by W i l k i n s o n and Birmingham who observed the protonation 
of di^cyclopentadienylrhenium hydride in acidic medium." 
The formation of a donor—acceptor bond between the square

planar d 8 complex and B F 3 as a Lewis acid was first observed 
by Scott et al. for [ I r C l C O ( P ( C 6 H 5 ) 3 ) 2 ] complex . 2 1 The five 

coordinated adducts of B F 3 with Pt( l l ) complexes such as 
[P t ( l  t h iome thy l 2 d ipheny lphosph inoe thane )Cl 2 ] , [Pt(S— 
P)C1 2 ] (S—P = lthiomethyl2diphenylarsinoethane) and 
[Pt(S—P)I 2 ] were experimentally characterized 30 years ago . 2 2 

The basicity of the square planar complexes is manifested 
also i n interactions wi th solvent water molecules. T h e 
nonclassical P t ( l l )    H O H interact ion (socalled inverse 
h y d r a t i o n ) 2 3  2 6 is stabilized mainly by the charge transfer 
from the metal complex toward the water molecu l e . 2 ' 
Similarly, the nature of nonclassical P t ( l l )    H C l interactions 
is based on the charge transfer." Also , the A u ( l ) center was 
shown to be a hydrogen and halogen bond accep tor . 2 9 ' 3 0 A u 
exhibits a stronger cdonation ability than A g and C u group 11 
metals ." 1 M a n y examples of meta l   H H  b o n d s f rom 
experimental studies were shown in the review of Mar t in . " " 

Currently, the main interest is focused on metal complexes 
acting as the Lewis bases on boron ambiphilic (bridged) 
l i g a n d s . 3 3 , 3 4 Besides the boron moiety, they contain a standard 
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ligand usually based on the nitrogen or phosphorus atoms 
which stabilize the M —> B ( M - B ) dative bond. These systems 
offer interesting applications, e.g., i n organic synthesis." 
A n o t h e r example is P d - H O H - b o n d i n P d ( 0 ) olefin 
complexes of hydroxy-containing ligands which affected the 
stereochemistry and the rate of palladium-catalyzed allylic 
alkylations." V e r y recently, the structure and catalytic activity 
of P d ( H ) - I n ( I I I ) and P d ( l l ) - G a ( l l l ) acetate-bridged com
plexes was determined experimentally. 3 7 W e may hypothesize 
that G a C l 3 interactions wi th cisplatin play some role also in 
vivo since G a C l 3 was proposed to improve efficacy and to 
lower toxicity of a combined anticancer treatment of cisplatin 
and etoposide. 3 8 

Studies dealing wi th interactions of metal complexes wi th 
free unbridged Lewis acids are still rare. Adducts of M ( 0 ) 
complexes were experimentally studied wi th G a C l 3 and wi th 
AICI3, B F 3 theoretically, by the groups of B r a u n s c h w e i g 3 9 , 4 0 

and S a k a k i , 4 1 , 4 2 respectively. The cage structures wi th the 
prepyramidalized boron center showed lower deformation 
energies which resulted in stronger interactions wi th Pt(0) 
complexes. " Strong bonding connected wi th large charge 
donation was observed for the T-shaped [ ( P M e 3 ) 2 M — E X 3 ] 
complexes ( M = N i , Pd , Pt; E = B, A l , Ga , In, T l ; X = H , F, CI, 
Br, I) i n the theoretical work of Frenking and co-workers . 4 4 

The structure of [ R h ( C O ) 4 ] [A1 2 C1 7 ] and [ R h ( C O ) 4 ] [ G a 2 C l 7 ] 
adducts were determined by von Ahsen et a l . 4 5 

Nonetheless, we have not found any experimental and/or 
theoretical work which would explain the nature of these 
interactions on wider range of structures for the metal 
complexes in the positive oxidation state of the metal center. 
In this contribution, we evaluated the Lewis basicity of the 
square planar complexes wi th isoelectronic P t ( l l ) and I r ( l ) 
metal centers which differed i n their ionization potential and 
the oxidation state. Bo th I r ( l ) and P t ( l l ) complexes were 
studied wi th two distinct types of the ligand environment: l ) 
[ I r ( N H 3 ) 3 X ] ° and cis- [ P t ( N H 3 ) 2 X 2 ] ° complexes ( X = H , C H 3 , 
F, CI, B r ) ; and 2) isoelectronic [ l r ( N N N ) ( C H 3 ) ] ° and 
[ P t ( N C N ) ( C H 3 ) ] ° complexes based on N N N and N C N 
tridentate pincer ligands, respectively (Scheme l ) . M e t a l 
complexes wi l l be abbreviated as P t X and I r X or generally as 
M X complexes ( X = H , C H 3 , F, CI, Br, N C N , N N N ) . 

Pincer ligands increase substantially the stability of metal 
complexes w i th respect to unwanted l igand substitution 
reactions. T h e y also enable to fine-tune the electronic and 
steric properties of the metal center, thereby increasing the 
number of possible applications including catalysis. 4 6 P t ( l l ) 
complexes wi th N C N pincer l igand used in this study were 
recognized as bui lding blocks i n the construction of new 
(macromolecular) organometallic materials. 4 ' 

M X interacted wi th Lewis acids which included trihalides 
and trihydrides of group 13 elements of general formula Y Z 3 ( Y 
= B, A l , G a ; Z = H , F, CI, B r ) . The use of neutral subsystems 
decreased the importance of electrostatic interactions which 
would be dominating for charged species i n the gas phase. W e 
w i l l focus on the formation of the pentacoordinated (with 
respect to M ) square pyramidal M X Y Z 3 adducts wi th P t - Y and 
I r Y bonds (generally designated as M Y bonds; Scheme 2 A ) . 
T h e nature and stability of the M Y dative bonds and 
corresponding electronic and structural changes in M X and 
Y Z 3 species w i l l be described and characterized. 

Scheme 1. Structures of Metal Pt(ll) and Ir(l) Complexes 
Used in This Study" 

X = H , C H 3 , F , C I , B r 

" E x c e p t for the metal 's C H 3 a n d N H 3 l igands, the h y d r o g e n a toms are 
not s h o w n for clar ity ( a m i n o groups i n N C N a n d N N N l igands are 
methy la ted ) . 

Scheme 2. Formation of the Dative M - Y Bond and 
Schematic Drawing of Charge Transfer" 
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metal squa re p lanar comp l ex 

Y = B , A I , G a Z = H, F, CI, B r 

" ( A ) F o r m a t i o n o f the dat ive M - Y b o n d . E l e c t r o n transfer to Y Z 3 

leads to the change o f hyb r id i za t i on o n a t o m Y a n d py ramida l i za t ion 
o f Y Z 3 (see be low ) . (B ) S chemat i c d raw ing o f the charge transfer 
be tween the o c c u p i e d 5 d z

! N A O o f M X a n d vacant p z N A O o f Y Z 3 . 

• M E T H O D S 

A l l ca lculat ions were p e r f o r m e d at the D F T level . T o choose the mos t 
appropr i a t e f u n c t i o n a l for s t ruc ture o p t i m i z a t i o n s a n d ene rgy 
evaluat ions we p e r f o r m e d test compu ta t i ons o n the m o d e l cis-/ 

f r a « s - [ P t ( H 2 0 ) 2 F 2 ] - B H 3 structures. A l l the cons ide red funct ionals 
con ta ined emp i r i ca l d i spers ion correc t ions . T h e c o m p a r i s o n o f D F T 
geometr ies a n d energies w i th C C S D a n d C C S D ( T ) b e n c h m a r k 
results is s u m m a r i z e d i n T a b l e s S I a n d S2 , respect ive ly . In 
c o m b i n a t i o n w i th 6-311++G(d ,p ) basis set for the m a i n g roup 
e lements a n d Stuttgart quazirelat iv ist ic energy-averaged effective core 
p o t e n t i a l s 4 8 , 4 9 w i th a pseudo-orb i ta l basis set a u g m e n t e d b y the set o f 
diffuse (wi th exponents as = 0 .0075, a p = 0.013, a d = 0.025) a n d one 
set o f po la r i za t ion (a£Pt)= 0.98) f u n c t i o n s 5 0 for the P t a t o m ( M W B -
60(f ) basis set) the B 3 P W 9 1 - G D 3 B J a n d M 0 6 2 X - D 3 funct ionals gave 
the best agreement w i th C C S D reference structures ( T a b l e S i ) . W e 
o p t i m i z e d all structures b y b o t h funct ionals a n d the differences i n 
b i n d i n g energies were never larger than 2 k c a l / m o l . B o t h funct ionals 
gave qual i tat ively the same results, but we d e c i d e d to present M 0 6 2 X -
D 3 ( M 0 6 2 X f u n c t i o n a l 5 1 c o m b i n e d w i th D 3 G r i m m e d i s p e r s i o n 5 2 ) 
o p t i m i z e d structures s ince this func t iona l was a l ready used w i th 
success fo r re lated s y s t e m s . 4 1 H o w e v e r , the subsequent geomet r y 
opt imiza t ions were p e r f o r m e d w i th larger basis set hav ing two sets o f 
po la r iza t ion funct ions o n each a t o m : M W B - 6 0 ( 2 f ) ( « f ( P t ) = 0.466, 
1 . 4 1 9 ) 5 0 fo r the Pt a t o m a n d 6-311++G(2d ,2p ) basis set for the m a i n 
g roup e lements . Ana l ogous l y , Ir was desc r ibed b y Stuttgart effective 
core potent ia ls w i th the split-valence d e f 2 - T Z V P D basis set. T h i s 
m e t h o d o l o g y is labe led as M 0 6 2 X - D 3 / B S 1 in fur ther text. T h e nature 
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o f the ob t a i ned stat ionary po in t s was always c h e c k e d b y the 
evaluat ion o f the H e s s i a n matrix. C o n t r i b u t i o n s f r o m the nuc lear 
degrees o f f r e e d o m to the energet ic propert ies were ca lcu lated us ing 
the canon i ca l ensemb le o f idea l gas at s tandard cond i t i ons ( T = 298 
K, p = 101.325 kPa ) . 

T h e in teract ion energies A £ I N T be tween M X a n d Y Z 3 subsystems 
were ca lcu lated as 

C^MX + EYzi) + A E B S S E (1) 

where EMduct is energy o f w h o l e adduc t a n d E M X a n d £ Y Z 3 a r e energies 
o f the M X meta l c o m p l e x a n d Y Z 3 t r ihal ide o r t r ihydr ide , respectively. 
Geome t r i e s o f b o t h parts were taken f r o m the o p t i m i z e d adduct . T h e 
basis set s u p e r p o s i t i o n er rors A E B S S E were ca l cu la ted b y the 
counte rpo ise m e t h o d . 5 3 

T h e b i n d i n g energies i n c l u d e d de fo rma t i on energies o f b o t h the 
meta l c o m p l e x ( A E ^ ) a n d Y Z 3 mo lecu l e ( A E g 3 ) : 

AE„,„J = AE n 
(2) 

W i t h respect to b i n d i n g energies, the best agreement w i th reference 
C C S D ( T ) ca lculat ions was ob ta ined for M 0 6 2 X - D 3 5 1 , 5 2 a n d B L Y P -
D 3 B J 5 4 - 5 6 f u n c t i o n a l d e p e n d i n g o n whe the r o r no t A E B S S E was 
i n c l u d e d ( T a b l e S2 ) . E n e r g y prof i les a n d wave func t i on proper t ies 
were de t e rm ined at the M 0 6 2 X - D 3 / 6 - 3 1 1 + + G ( 2 d f , 2 p d ) single-point 
calculat ions. T h e use o f B S S E cor rec ted C C S D ( T ) energies as 
re ference values m a y systemat ica l l y underes t ima te the b i n d i n g 
energies s ince B S S E o f C C S D ( T ) was b y few t imes larger (6.7 a n d 
6.5 k c a l / m o l for cis a n d trans i somers , respect ively) than those o f any 
D F T m e t h o d (respect ive values are 0.9 a n d 0.8 k c a l / m o l for M 0 6 2 X -
D 3 ) . T h e Pt a t o m was augmen ted b y the sets o f diffuse a n d 
po lar iza t ion funct ions in ana logy to BS1 a n d b y the extra set o f 
po lar iza t ion g-functions ( a g ( P t ) = 1 . 2 0 8 ) 5 0 ( M W B - 6 0 ( 2 f g ) basis set). 
Ana logous l y , Ir was desc r ibed b y d e f 2 - T Z V P P D basis set as taken 
f r o m the Basis Set Exchange d a t a b a s e . 5 7 , 5 8 T h e s e ca lculat ions are 
labe led as M 0 6 2 X - D 3 / B S 2 in fur ther text. 

A l l op t im iza t ions a n d single-point ca lculat ions were carr ied out b y 
the Gauss i an 09 ( G 0 9 ) p r o g r a m p a c k a g e . 5 9 A t o m s in mo lecu les 
( A I M ) topo log i ca l analysis o f the e lec t ron dens i ty at b o n d crit ical 
po ints ( B C P ' s ) was p e r f o r m e d b y the A I M A U p r o g r a m 6 0 a n d natural 
popu l a t i on analysis ( N P A ) part ia l charges were d e t e r m i n e d f r o m the 
Na tu ra l A t o m i c O r b i t a l ( N A O ) analysis b y the N B O 3.1 p r o g r a m . 6 1 

A d d i t i o n a l s ingle-point ca lculat ions were c o n d u c t e d us ing the 
A m s t e r d a m D e n s i t y F u n c t i o n a l 2 0 1 7 package ( A D F ) 6 2 to de te rmine 
the f ragment energy d e c o m p o s i t i o n s a c co rd ing to the ex tended 
transi t ion state t h e o r y 6 3 c o m b i n e d w i th natura l orbitals for chemica l 
va lence ( E T S - N O C V ) 6 4 , 6 5 Gas-phase b i n d i n g energies A E B i m J were 
d e c o m p o s e d to Pau l i ( A E P a u l i ) , e lectrostat ic ( A E e k t ) , orb i ta l ( A E o r b ) , 
and d i spers ion ( A E d i s p ) energy cont r ibu t ions . In these calculat ions, 
scalar relativistic effects were treated w i th in the Z e r o t h O r d e r Regular 
A p p r o x i m a t i o n ( Z O R A ) 6 6 T h e B L Y P - D 3 B J func t iona l (cf. above ) 
was used in c o m b i n a t i o n w i th the all-electron Q Z 4 P ( Z O R A ) basis 
set fo r all a toms. 

• RESULTS 
Relative Stabilities of the Adducts with M-Y and X-Y 

Bonds. F o r P t N C N and I r N N N complexes, the adducts wi th 
the M - Y bonds represented the global m i n i m u m on the 
potential energy surface. The same was also true for the 
adducts of I r X ( X = H , C H 3 , CI, B r ) , P t C H 3 and P t H (except 
P t H - B H 3 ) . F o r some of the I r F - Y Z 3 adducts and all the adducts 
of P t X ( X = F, CI, Br ) complexes, the formation of the 
structure wi th the M - Y dative bond represented a local 
m i n i m u m since X - Y Z 3 interactions (direct electron donation 
from halogen ligand to Y atom) were more advantageous. The 
differences in Gibbs free energies between adducts wi th M - Y 
and X - Y dative bonds are summarized i n the Table S3. 
Al though most of the higher energy M - Y adducts would be 
present only in negligible concentrations i n the 1:1 reaction 

mixture (based on Bol tzmann equil ibrium population) the 
structures wi th the M - Y bond may be present under the excess 
of Y Z 3 as shown for the I r M e C l ( P C y 3 ) 2 ( G a M e 3 ) ( G a M e 2 ) 
c o m p l e x . 6 ' Regardless the exper imental avai labi l i ty we 
analyzed electronic properties of all 1:1 adducts wi th the M -
Y bond to obtain data from a wider range of chemically distinct 
structures. T h e y should be viewed as mode l systems that 
enabled us to provide a general description of physicochemical 
properties of the M - Y dative bonds. 

Dative Character of the M-Y Bonds. Charge transfer 
interactions are often characterized by the energy difference 
between H O M O of the donor and L U M O of the acceptor. 
W i t h i n much more localized N A O ' s the formation of the M - Y 
bond can be simply viewed as the charge transfer from the 
doubly occupied 5 d z

2 N A O of M into the empty valence p z 

N A O of Y (Scheme 2B) . The Figure 1 shows the dependence 

A E ( 5 d z 2 - p z ) ( a .U . 
- 0 . 4 

- 1 . 6 4 2 4 - 0 . 8 2 6 4 

•• 0 . 9 4 0 1 

• M X - B Z 3 , P t X - A I F 3 , P t X - G a F j 

• l r X - A I Z 3 , l r X - G a Z 3 , P 1 X - Y Z 3 ( Y = A l , G a ; Z = H, C I , Br ) 

• P t X - B F 3 ( X= CI , B r ) , P t B r - B C I 3 

F i g u r e 1 . D e p e n d e n c e o f the transferred charge A q o n the energy 
difference be tween o c c u p i e d 5 d z

J N A O o f M X a n d vacant p z N A O o f 
Y Z 3 ca lcu lated at M 0 6 2 X - D 3 / B S 2 / / M 0 6 2 X - D 3 / B S 1 level . B o t h M X 
a n d Y Z 3 we re fu l l y o p t i m i z e d as i so l a t ed s t ruc tures . P o i n t s 
c o r r e s p o n d i n g to adducts o f M X complexes w i th p i n c e r l igands a n d 
C H 3 , H , F, CI , a n d B r l igands are labe led b y crosses ( x ) a n d circles 
(•), respect ively. T h r e e weak ly b o u n d adducts (b lack •) were 
exc luded f r o m regress ion analyses. 

of the transferred charge A q on the energy difference between 
these two N A O ' s ( A £ ( 5 d z

2 - p z ) ) . Energies of both N A O ' s 
were evaluated for isolated fully opt imized M X and Y Z 3 

molecules (Table S4) which should enable to predict the 
amount of A q for any pair of M X and Y Z 3 molecules. The 
values of Aq together wi th structural and electronic properties 
of M - Y bonds are shown i n the Tables 1, 2, and S5 and S6 for 
adducts of P t N C N , I r N N N , and P t X and I r X ( X = H , F, CI, 
B r ) , respectively. 

If we exclude three very weakly bound van der Waals 
structures (black points i n Figure l ) , then we obtain the 
regression line wi th the R2 value of 0.797 (not shown i n Figure 
l ) . Such a good correlation suggests similar changes of 
electron density connected wi th the formation of the dative M -
Y bond for all the systems studied. The role of the electrostatic 
field should be small at least at the init ial stage since we 
consider two coplanar interacting species wi th the dipole 
moment of M X oriented perpendicularly wi th respect to the 
direction of the charge transfer. However , a substantial 
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Table 1. P t N C N - Y Z 3 Adducts" 

Y Z 3 d(Pt-Y) oc p(BCP) VV(BCP) Aq 
B H 3 2.279 101.1 0.064 -0.017 -0.378 
BF, 2.309 101.9 0.067 -0.058 -0.265 
BC13 2.218 107.0 0.086 -0.100 -0.473 
BBr 3 2.183 108.8 0.093 -0.115 -0.532 
A1H3 2.553 102.1 0.039 0.098 -0.277 
A1F3 2.434 104.8 0.051 0.142 -0.252 

AICI3 2.446 108.5 0.052 0.129 -0.343 
AlBr 3 2.450 109.9 0.052 0.125 -0.366 
GaH 3 2.680 100.1 0.042 0.073 -0.243 
GaF3 2.468 107.8 0.068 0.104 -0.313 
GaCl 3 2.502 109.7 0.065 0.086 -0.366 
GaBr3 2.526 111.3 0.063 0.074 -0.403 

" P t — Y b o n d lengths (<J*(Pt—Y), in A ) ; m e a n values o f P t — Y — Z angles 
(oc, i n deg ) ; l oca l topo log i ca l propert ies o f Pt-Y b o n d s ca lcu la ted at 
the pos i t i on o f B C P s : the e lec t ron dens i ty (/ J (BCP ) ) a n d the 
Lap lac i an o f e lec t ron dens i ty ( V 2 / J ( B C P ) ) ; t ransferred charge ( A q , in 
e) . T h e data were ca lcu lated at M 0 6 2 X - D 3 / B S 2 / / M 0 6 2 X - D 3 / B S 1 
level. 

Table 2. I rNNN-YZ 3 Adducts" 

Y Z 3 d(Ir-Y) oc p(BCP) VV(BCP) Aq 
B H 3 2.189 105.2 0.088 -0.095 -0.596 
BF, 2.140 106.7 0.108 -0.186 -0.516 
BC13 2.075 110.7 0.125 -0.190 -0.731 
BBr 3 2.050 112.2 0.130 -0.200 -0.778 
A1H3 2.458 104.9 0.053 0.128 -0.417 
A1F3 2.385 107.2 0.063 0.155 -0.355 
A1C13 2.367 110.5 0.066 0.162 -0.475 
AlBr 3 2.360 111.5 0.067 0.165 -0.501 
GaH 3 2.544 105.3 0.063 0.070 -0.426 
GaF3 2.413 110.1 0.082 0.093 -0.439 
GaCl 3 2.419 112.0 0.082 0.080 -0.542 
GaBr3 2.418 112.8 0.083 0.077 -0.563 

" Ir—Y b o n d lengths (d(lr—Y), i n A ) ; m e a n values o f I r—Y—Z angles 
(oc in deg ) ; l oca l topo log i ca l proper t ies o f Ir-Y b o n d s ca lcu lated at the 
pos i t i on o f B C P s : the e lec t ron dens i ty (/ J (BCP ) ) a n d the Lap l a c i an o f 
e lect ron dens i ty ( V 2 / J ( B C P ) ) ; t ransferred charge ( A q , in e ) . T h e data 
were ca lcu lated at M 0 6 2 X - D 3 / B S 2 / / M 0 6 2 X - D 3 / B S 1 level . 

improvement of the correlation between A £ ( 5 d z

2 — p z ) and A q 
was achieved when the structures were divided into two sets 
wi th separate linear regression functions constructed for each 
of them (Figure l ) . This reflected the A q delocalization over 
the whole Y Z 3 molecule and the dependence of A q on Y — Z 
b o n d polari ty and po la r izab i l i ty . 1 4 Delocal iza t ion of A q 
occurred mostly via the occupation of the antibonding orbitals 
of Y — Z bonds B D * ( Y — Z ) which led to the elongation of those 
bonds (cf. below). To ta l population in the three B D * ( Y — Z ) 
orbitals ranged between 0.010 e ( in P t C l - B H 3 ; cf. below) and 
0.359 e ( in P t B r - A l B r 3 ) . It decreased systematically wi th 
decreasing atomic number of Z (Br > CI > F > H ) but no clear 
trends were found wi th respect to M , X , and Y . 

The M X - B Z 3 and P t X Y F 3 , ( Y = A l , Ga)adducts belonged to 
the group wi th the higher lAql at a given value of A £ ( 5 d z

2 — p z ) 
(blue points in Figure l ) probably due to the M - B bond 
covalency and the polarity of Y — F bonds, respectively. For the 
M X Y Z 3 bonds ( Y = A l , G a ; Z = H , CI, Br ) wi th charge-
transfer character (see below), the A £ ( 5 d z

2 — p z ) / A q depend
ence was impacted by neither M nor the X ligands. Since the 
transferred charge A q originated from nonbonding 5 d z

2 N A O 

of the M atom, the structures of the M X complexes were little 
affected by the M Y bond formation. 

The N O C V analysis showed that A £ e l s t term correlated wi th 
A £ o r b for the adducts wi th the same M Y bond (Figure 2) . The 

A E E L S T (kca l /mol) 
-200 -180 -160 -140 -120 -100 -80 -60 -40 -20 0 

I -200 

F i g u r e 2. C o r r e l a t i o n be tween A £ o r b a n d A £ e l s t terms for the M X Y Z 3 

adducts ca lcu la ted at B L Y P - D 3 B J / Q Z 4 P / / M 0 6 2 X - D 3 / B S 1 level. 
O n e regress ion l ine was cons t ruc ted for adducts o f b o t h A l a n d G a 
(b lack l ine ) . Po in ts c o r r e s p o n d i n g to the adducts o f I r N N N a n d 
P t N C N are d i s t ingu ished b y crosses ( x ) . 

same effect was also observed for energy decomposit ion along 
the standard coordination P t — O H 2 bond i n square planar 
P t ( l l ) compl exes which could mean that it is a c o m m o n 
descriptor of the donor—acceptor bonds at least i n this type of 
complexes. A possible explanation at least for the systems in 
this study is that the N O C V analysis is performed for the 
interaction of distorted M X and Y Z 3 subsystems as found i n 
the final M X Y Z 3 adducts. The distortion of Y Z 3 is dependent 
on the charge transfer (cf. be low) wh ich is the main 
contributor to A £ o r b (cf. below), and at the same time, the 
pyramidalization of Y Z 3 enhances substantially A £ e l s t inducing 
the dipole moment in this subsystem. Contrarily, the charge 
transfer and polarization effects are enhanced by increasing 
electrostatic fields between the interacting species. Thus, the 
A £ e l s t / A £ o r b ratio resulting from the mutual linear dependence 
of the two terms is probably the property of the specific 
interaction. W h e n performed on a statistically relevant number 
of complexes, this analysis should enable to distinguish the 
structures wi th different nature of interaction and to group 
together similar systems. 

Three groups of adducts were recognized according to the 
relative importance of A £ o r b / A £ e l s t terms (Figure 2 ) : ( l ) Fo r 
M X - A 1 Z 3 and M X - G a Z 3 adducts, A £ e l s t reached the highest 
values at given value of A £ o r b and A £ e l s t was the dominating 
stabilizing contribution for M X - A 1 Z 3 and M X - G a Z 3 inter
actions which reflected the charge-transfer character of M A I 
and M - G a bonds (see below). (2) For M X - B Z 3 adducts, the 
main stabilizing contribution came from A £ o r b , and M - B bonds 
had covalent character. M X - B F 3 adducts were the exception, 
having slightly higher values of A £ e l s t due to polarity of B—F 
bonds but still belonging to this group of structures. (3) The 
relative importance of A £ o r b wi th respect to A £ e l s t was further 
enhanced for M X - B H 3 adducts (Figure 2) . Due to the 
nonpolarity of the B — H bonds and high energy of B D * ( B — 
H ) orbitals (population in these three orbitals reached the 

3619 DOI : 10 .1021/acs . i no rgchem.8 t>02765 
Inorg. Chem. 2 0 1 9 , 5 8 , 3 6 1 6 - 3 6 2 6 



Inorganic Chemistry A r t i c l e 

maximum value of only 0.033 e i n I r H - B H 3 and being below 
0.024 e for all other adducts), the transferred charge Aq 
resided almost entirely on the B atom. A s a result, the boron 
N P A charges changed from positive values to negative ones 
upon the adduct formation, while slight negative N P A charges 
of H atoms remained almost unchanged. Thus, B H 3 is the only 
Y Z 3 structure in which Y — Z bond polarity was overturned, and 
the total dipole moment of the pyramidalized B H 3 subunit was 
oriented away from the M X complex. Qualitatively, the same 
results as described i n the previous paragraph were obtained 
also for Y Z 3 adducts wi th N H 3 and P t ( P M e 3 ) 2 (see below). 

The dominant contribution to A £ o r b (72 ± 7% and 76 ± 6% 
of its value for adducts of P t X and I rX, respectively) originated 
from the formation of the <7-donor—acceptor M Y bond 
(Figure 3). It was formed by the overlap of the occupied 5 d z

! 

Transferred charge |zvq| (e) 

F i g u r e 3. T o p pane l : con tours o f the m o s t impor t an t de fo rma t i on 
dens i ty con t r i bu t i on I A £ " r b l , w h i c h co r responds to the charge transfer 
du r i ng the I r N N N - B B r 3 adduc t formation ( I A E £ r b l = - 1 2 6 . 7 k c a l / 
m o l ) . T h e b l u e / r e d con tours c o r r e s p o n d to a c cumu l a t i on/dep l e t i on 
o f e lec t ron dens i ty b y ± 0 . 0 0 2 a.u. B o t t o m pane l : T h e corre la t ion 
be tween absolute values o f I A £ " r b l a n d lAq l for all s tud ied adducts . 
l A E ^ I a n d lAq l were ca lcu lated at B L Y P - D 3 B J / Q Z 4 P / / M 0 6 2 X - D 3 / 
B S1 a n d M 0 6 2 X - D 3 / B S 2 / / M 0 6 2 X - D 3 / B S 1 leve ls o f t heo r y , 
respectively. 

orbital of the metal wi th empty valence p z orbital of Y , and the 
transferred charge is part ly delocal ized over whole Y Z 3 

molecule (cf. above). The absolute value of this contribution 
IA£" r b l correlated very wel l wi th the absolute value of the 
transferred N B O charge using the second-order polynomial 
function for the joint data set of both P t X and I r X adducts 
(Figure 3). The zero intercept of this correlation may be 
interpreted by negligible contribution of other N O C V pairs to 
the charge transfer. F o r example, two ^-orbital contributions 
accounted for 11 ± 4% of A £ o r b having the same average 
values for P t ( l l ) and I r ( l ) adducts. The same strengths o f Y ^ 
M ^-donation and M —> Y ^-back-donation can be expected 
based on previous results for M ( P M e 3 ) - Y Z 3 complexes ( M = 
N i ( 0 ) , Pd(0 ) , P t (0 ) ) which showed this charge cancellation 
for much higher ^-orbital contributions (ranging between 12.7 
and 29.8% of A £ o r b ) . 4 4 Pt(II) as the metal i n the higher 

oxidation state is a weaker electron donor (Lewis base) than 
I r ( l ) which is in agreement wi th relative energies of their 5 d z

2 

orbitals (cf. above and Table S4). 
Stability of the M-Y Dative Bonds. T h e data about 

deformation and binding energies together wi th b inding 
ethalpies and Gibbs free energies are summarized in Tables 
3 and 4 for adducts of P t N C N and I r N N N , respectively. The 
data for the other adducts ( X = H , C H 3 , F, CI, B r ) are shown 
i n Tables S7 and S8 i n the Supporting Information. Since 
P t N C N and I r N N N complexes are isoelectronic, A £ d i s p values 
were dependent mainly on the nature of Z having the values of 
- 1 2 . 4 ± 1.2, - 1 4 . 0 ± 1.7, - 2 2 . 5 ± 0.5, and - 2 5 . 2 ± 0.5 k c a l / 
m o l for the adducts of Y H 3 , Y F 3 , Y C 1 3 and Y B r 3 , respectively. 

B ind ing energies of all optimized adducts as a function of the 
nature of M X and Y Z 3 species are depicted i n Figure 4. They 
range between —32.9 and —85.4 k c a l / m o l for the I r X Y Z 3 

adducts. P t X complexes formed by about 30 k c a l / m o l weaker 
adducts wi th b inding energies between —3.3 and —55.4 k c a l / 
mo l . Fo r all M X complexes the most stable bonds were formed 
wi th G a F 3 as the strongest acid. V e r y stable adducts wi th both 
types of metal complexes gave also trihalides of A l and Ga, 
namely, A l F 3 and A l B r 3 closely followed by A1C1 3 , G a C l 3 , and 
G a B r 3 . Th is is in agreement wi th the previous comparison of 
G a F 3 and G a C l 3 ac id i ty . 1 4 

B o r o n formed the weakest adducts, the smallest A £ B i n d 

difference wi th respect to A l and G a analogues was found 
for trihydrides in all X ligand series. The adducts of A l and G a 
trihydrides were much less stabilized than all the correspond
ing trihalides ( Y Z 3 where Y = A l , G a ; Z = F, CI, B r ) . O n the 
contrary, the adducts of B H 3 were always more stable than 
those of B F 3 . Furthermore, stability of P t X - B H 3 adducts was 
comparable or even higher than those of B C 1 3 and BBr 3 (F igu re 
4) . Compar ing A l and G a analogues, G a F 3 ( Z = F ) gave 
slightly more stable adducts than did A l F 3 , but for Z = H , CI, 
and Br, the trend was opposite. 

The adduct formation was promoted by X ligands wi th a 
strong ff-donation ability such as H ~ and C H 3 ~ which 
increased the energy of the 5 d z 2 N A O as the main source of 
electrons for the M Y dative bond (cf. above). Fo r P t X and I r X 
complexes ( X = C H 3 ~ , H ~ , F~, C l ~ , Br~) the following order 
was obtained for the stability of the adducts wi th respect to X : 
C H 3 " ~ F T > F " > C I " > B r " . 

Figure 5 shows that I A £ I N T I were roughly similar for all Y 
atoms, but B formed much shorter covalent bonds wi th M . 
The absolute values of interaction energy I A £ I N T I can be 
estimated from the geometry o f adducts a l though the 
dependence on the M — Y distance is exponential wi th a steep 
curve at short M — Y distances. Attempts to express the b inding 
energies were less successful mainly for P t X Y Z 3 adducts which 
were very sensitive to relat ively larger values of A £ p J f

3 

deformation energies. 

A l and G a formed similar adducts wi th almost the same 
I A £ I N T I and M — Y distances. B o t h types of adducts could be 
extrapolated by just one c o m m o n curve wi th the R2 value of 
0.883 instead the two curves shown i n the Figure 5. Similar 
covalent radii of A l and G a were explained by the transition 
series contraction (the higher nuclear charge of G a is not fully 
screened by valence 3d electrons) . 6 9 In our case, higher values 
of Paul i repulsion A £ P a u l i of G a Z 3 adducts were almost exactiy 
compensated by more negative sum of ( A £ o r b + A £ e l s t ) terms 
compared to A 1 Z 3 adducts (see Tables 3, 4, S7, and S8). 

R o m m et a l . 7 0 analyzed many different donor—acceptor 
molecular complexes based on organic donor molecules. Just 
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Table 3. P t N C N - Y Z 3 Adducts" 

YZ3 AEpauli AEorb AE™ AES1™ A£B1»d A H 2 9 8 A G 2 9 8 

B H 3 86.2 -47.1 -59.2 -10.9 8.4 1.8 -17.8 3.5" 9.1" 
BF, 94.2 -59.0 -53.1 -11.7 20.4 2.3 -10.0 -8.9 3.2 
BC13 148.8 -86.4 -88.4 -22.0 31.4 6.9 -8.2 -6.8 6.2 
BBr 3 168.9 -98.3 -99.6 -25.0 34.4 8.9 -9.2 -7.5 5.8 
A1H3 75.7 -53.8 -45.0 -13.5 7.3 2.2 -26.1 -6.2 f c -0 .2 b 

A1F3 84.6 -66.9 -58.5 -15.3 16.0 2.5 -41.5 -39.5 -26.5 

AICI3 105.0 -74.6 -69.3 -23.2 20.5 4.7 -34.4 -17.4 b -9.7 b 

AlBr 3 118.7 -83.1 -73.5 -25.8 22.1 5.7 -33.0 -17.6 b -9.7 b 

GaH 3 66.5 -47.1 -36.1 -13.2 5.1 1.9 -20.9 -5.3" 0.4'' 
GaF3 107.4 -84.0 -68.8 -15.4 17.9 2.9 -44.7 -42.8 -29.9 
GaCl 3 115.9 -82.7 -69.8 -22.9 19.6 4.4 -33.1 -18.6 f c -10.7 b 

GaBr3 136.8 -95.7 -76.8 -25.7 22.8 6.9 -30.1 -17.5 b -10.9 b 

" E T S - N O C V energy d e c o m p o s i t i o n terms A E P m ] i , A E e l s t ) A E o r b , a n d A E d i s p ob ta ined at B L Y P - D 3 B J / Q Z 4 P / / M 0 6 2 X - D 3 / B S 1 level . A E j J 3 , 

A £ ^ C N , A E B i n d , A H 2 9 8 , a n d A G 2 9 8 energy values ca lcu lated at M 0 6 2 X / B S 2 / / M 0 6 2 X - D 3 / B S 1 level . A l l values are i n k c a l / m o l . ^Ca l cu l a t ed w i th 
respect to d ime r i c Y 2 Z 6 structures. 

Table 4 . I rNNN-YZ 3 Adducts" 

YZ3 ABPilllll Alielst A£„b A£dlsp AEL? A E : , T N AEBM A H 2 9 8 A G 2 9 8 

B H 3 121.7 -69.7 -93.1 -10.7 17.0 1.5 -37.1 -14.2 b -6 .2 b 

BF, 155.6 -105.4 -103.8 -11.9 44.3 2.8 -32.9 -29.8 -16.5 

BCI3 223.7 -139.8 -152.2 -21.8 53.0 7.8 -42.7 -39.3 -28.1 
BBr, 250.0 -155.2 -167.4 -24.7 54.7 9.9 -47.5 -43.9 -29.9 
A1H3 109.3 -83.5 -68.4 -13.1 13.5 2.0 -46.7 -25.4 b -18.5 b 

A1F3 113.1 -100.9 -78.6 -14.7 23.8 2.9 -67.9 -64.3 -51.1 
A1C13 146.2 -115.7 -99.1 -22.8 29.9 5.7 -66.2 -47.5 b -39. l b 

AlBr 3 162.1 -124.2 -105.7 -25.4 30.6 6.8 -66.8 -50.0 b -41.5" 
GaH 3 112.3 -85.6 -63.1 -13.0 12.0 2.2 -39.5 -22.7 b -16.1" 
GaF3 146.1 -125.3 -95.9 -14.9 26.2 2.5 -75.2 -71.4 -57.5 
GaCl 3 167.2 -130.3 -106.0 -22.5 29.4 5.4 -66.5 -50.5 b -42.0b 

GaBr3 177.6 -134.1 -109.2 -24.8 30.0 5.9 -64.8 -50.5 b -42.9b 

" E T S - N O C V energy d e c o m p o s i t i o n terms A E P a u l i ) 

ABgP™, A E B i n i ) A H 2 9 8 , a n d A G 2 9 8 ene i 
w i th respect to d ime r i c Y 2 Z 6 structures. 

AE„, AE„ r b , a n d AE , ^ ob ta ined at B L Y P - D 3 B J / Q Z 4 P / / M 0 6 2 X - D 3 / B S 1 level . A E g 3 , 
A E ^ 1 ™ , A E B i n d , A H 2 9 8 , a n d A G 2 9 8 energy values ca lcu la ted at M 0 6 2 X - D 3 / B S 2 / / M 0 6 2 X - D 3 / B S 1 level. A l l values are in k c a l / m o l . " C a l c u l a t e d 
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F i g u r e 4. D e p e n d e n c e o f b i n d i n g energies o f P t X ( uppe r part ) a n d I rX ( lower part ) w i th Y Z 3 o n the nature o f X a n d Z . See Tab l e s 3, 4, S7, a n d S8 
for n u m e r i c values. 

one hyperbolic curve was obtained for all these complexes 

when experimental enthalpies of formation were plotted 

against the difference between the distance of the d o n o r -

acceptor molecules and the scaled sum of covalent radii of 

interacting a toms. ' 0 Fo l lowing this idea, the set of covalent 

atomic radii from ref 69 and the scaling factor 0.82 gave a 

reasonable dependence of our calculated interaction energies 
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d(M-Y) (A) 

F i g u r e 5. E x p o n e n t i a l d e p e n d e n c e o f the absolute value o f in teract ion 
energy I A E r a T l o n the M - Y distance d ( M - Y ) ca lcu lated at M 0 6 2 X -
D 3 / B S 2 / / M 0 6 2 X - D 3 / B S 1 level. Po ints c o r r e s p o n d i n g to the adducts 
o f I r N N N a n d P t N C N are d i s t ingu ished b y crosses (x). T h r e e weak ly 
b o u n d adducts (green po in ts ) were exc luded f r o m regress ion analyses. 

of all adducts ( including boron ones) on the modified M — Y 
distance (Figure S i ) . 

T h e B Z 3 compounds were better electron acceptors 
compared to their A 1 Z 3 and G a Z 3 counterparts. However, 
the highly stabilizing A £ o r b terms were compensated by larger 
values of destabilizing steric energy ( A £ P a l ] l i + A £ e l s t ) for most 
of the B Z 3 adducts. Especially high values of A £ P a u I i were found 
for adducts of B C 1 3 and B B r 3 as the result of the large overlap 
of bulky occupied electron clouds of C I and Br atoms wi th the 
M X complexes. Distances of C I and B r atoms from the plane of 
M X complexes were smallest in the B Z 3 adducts since much 
shorter M - B and B — Z bonds (the shortest M - B bonds were 
detected for M X - B B r 3 adducts) could not be compensated by 
substantially bigger M - B - Z angles (Tables 1 and 2 and S5 and 
S6) comparing to A l and G a complexes. 

Lower binding energies of M X - B Z 3 adducts were caused by 
high B Z 3 deformation energies Afip^f which had substantially 
larger values compared to their A l and G a analogues. A £ p j 3 

was facilitated by a higher charge transfer and i n the same time 
it was enhanced by bigger Paul i repulsion A E P a u I i (cf. below). 
Larger deformation of B Z 3 decreased Paul i repulsion between 
the Z atoms and the M X complex at given M - B bond length. 

M-Y Bond Covalency. A I M analysis showed that 
covalency of the M - Y bond depends on the nature of Y . The 
electron densities ( p ( B C P ) ) and the Laplacians of electron 
density ( V V ( B C P ) ) calculated at B C P s of the M - Y bonds are 
depicted i n Tables 1, 2 and S5, S6 for X = N N N , N C N and X 
= H , C H 3 , F, CI, Br, respectively. V V ( B C P ) for the M - B 
bonds i n most of the M X - B Z 3 adducts was negative proving an 
accumulation of the electron density between the M and B 
atoms and covalent nature of the M - B bonds (Figure 6 A ) . 
However, V 2 / ? ( B C P ) was positive for M - A l and M - G a bonds 
reflecting a depletion of electron density between the bonding 
atoms and an ionic character of these bonds wi th respect to the 
topology of electron density along the bond path (Figure 6 B ) . 
W e call these interactions as the charge-transfer bonds. 
Complementarity, the highest p ( B C P ) were found for M - B 
bonds wi th the order of B C P electron density: M - B > M - G a > 
M - A l . The absolute values of I A £ I N T I could be expressed as a 
power function of p ( B C P ) but depended on the nature of Y 
atom (Figure S2). 

The M - Y bond length d id not influence the character of M -
A l bonds since their charge-transfer nature remained even at 

F i g u r e 6. T o t a l e lec t ron dens i ty d i f ference isosurfaces ca lcu la ted at 
M 0 6 2 X - D 3 / B S 2 / / M 0 6 2 X - D 3 / B S 1 leve l f r o m I rH-BB r 3 ( A ) a n d IrH-
A l B r 3 (B ) adducts a n d f r o m the iso lated I r H a n d Y B r 3 structures 
whose total e lec t ron densit ies were ca lcu lated at their d e f o r m e d 
geometr ies as f o u n d i n the adducts . B lue a n d red isosurfaces s h o w 
e lect ron a c cumu la t i on (+0.005 a.u.) a n d dep le t i on (—0.005 a.u.) 
regions, respectively. 

very short distances i n our testing computations on the I r H 
A l B r 3 adduct (see Table S9). However, the covalent character 
of the M - B bond was changed to the charge-transfer one only 
at very long M - B distances (>3.0 A ) as found for the I r H - A l B r 3 

complex (Table S9) and i n optimized structures of weakly 
bound P t X - B F 3 ( X = CI, Br ) and P t B r - B C l 3 adducts. I r H - B B r 3 

and I r H - A l B r 3 were chosen for testing computations since they 
showed the highest p ( B C P ) o f the M - Y bond from all covalent 
and charge-transfer adducts, respectively (Figure 6) . 

Structural and Electronic Changes in YZ 3. Geometrical 
changes of the fragments can be quantified b y their 
deformation energies. A B ™ deformation energies were by 
about one order of magnitude larger than corresponding A £ ^ 
values. Thus, M X - Y Z 3 adduct formations led to substantial 
structural and electronic changes of the Y Z 3 subsystem while 
the geometry of the M X complex remained almost unaffected. 
A £ D e

3 energies were roughly proport ional to A £ I N T . B Z 3 

halides (Z= F, CI, B r ) showed a steeper dependence of A f i ™ 
on A £ I N T than d id A 1 Z 3 and G a Z 3 counterparts (Figure S3) 
which led to smaller binding energies ( A £ B i n d ) of B Z 3 adducts 
(cf. above). Charge transfer Aq during the adduct formation 
was connected wi th the change of hybridization on the Y atom 
from sp 2 to sp 3 promot ing the Y Z 3 pyramidalization. The 
elongation of the Y — Z bonds was caused by delocalization of 
the transferred charge into antibonding B D * ( Y — Z ) orbitals 
(cf. above). 

These structural changes are closely connected wi th the 
reduction of Paul i repulsion between Z atoms and the M X 
complex. Paul i repulsion was another driving force for Y Z 3 

distortion which enhanced the effect of the charge transfer. Fo r 
example, the largest values of both transferred charge and Pauli 
repulsion were found for adducts of B B r 3 (cf. above). The 
optimized structure of isolated B B r 3 ~ anion had by 0.124 A 
longer B—Br bonds than the neutral B B r 3 molecule and its 
pyramidalization corresponded to the M — Y — Z bond angle of 
106.7° . However, in the I r N N N - B B r 3 adduct the transferred 
charge of just —0.778 e (compared to —le in B B r 3 ~ ) led to the 
elongation of the B—Br bond by 0.177 A and the increase of 
the I r - B - B r angle to 113.8° (Table 2) . In contrast, for Y H 3 

trihydrides m u c h lower values of Pau l i repulsion were 
determined, also being much less sensitive wi th respect to 
the nature of the Y atom compared to the adducts of 
corresponding trihalides. Thus, the adducts of B H 3 had only by 
a few k c a l / m o l higher A £ P a u l i than the adducts of A 1 H 3 and 
G a H 3 which resulted in very similar deformation and binding 
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F i g u r e 7. D e p e n d e n c y o f the e longat ion o f the Y — Z b o n d s (ca lculated f r o m M 0 6 2 X - D 3 / B S 1 o p t i m i z e d geometr ies ) o n A q (pane l A ) a n d o n 
A £ P a u l l (pane l B ) for Y Z 3 ha l ides ( Z = F, CI, B r ) . T h e adducts o f Y H 3 hydr ides (green po in ts ) are no t i n c l u d e d in either extrapolat ions. Po in ts 
c o r r e s p o n d i n g to the adducts o f I r N N N a n d P t N C N are d i s t ingu ished b y crosses ( x ) . 

energies (cf. above). Figure 7 shows linear dependency of the 
Y — Z bond elongation on both Aq and A £ P a u l i values. Ve ry 
instructive straight regression lines wi th zero intercept could be 
obtained for all halides. However, Y — H bonds were much less 
elongated at given values of Aq and A E P a u I i (green points in 
Figure 7) . 

Comparison with NH3-YZ3 Adducts. A m m o n i a N H 3 is 
often used as a mode l compound representing a strong 
base. 1 ' 7 1 O u r results on N H 3 - Y Z 3 adducts are summarized in 
the Figure 8 and the Tables S10 and S l l and are in excellent 
agreement w i th previous experimental results. N H 3 - Y Z 3 

20 
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• N H 3 B Z 3 (Z#H) • N H j - G a Z , 

F i g u r e 8. N H 3 Y Z 3 adduc ts : ( A ) D e p e n d e n c e o f b i n d i n g energies o n 
the nature o f Z (cf. F igure 4 ) . (B ) T o t a l e lec t ron dens i ty difference 
isosurfaces ca lcu lated f r o m the N H 3 - A 1 F 3 adduc t a n d f r o m the 
isolated N H 3 a n d A 1 F 3 structures whose total e lec t ron densit ies were 
calculated at their d e f o r m e d geometr ies as f o u n d i n the adducts (cf. 
F igure 6 ) . B lue a n d red isosurfaces show e lec t ron a c cumu la t i on 
(+0.0025 a.u.) a n d dep le t i on (—0.0025 a.u.) reg ions, respectively. ( C ) 
D e p e n d e n c e o f the transferred charge A q o n the energy difference 
be tween o c c u p i e d 2 p z N A O o f N H 3 a n d vacant p z N A O o f Y Z 3 . B o t h 
N H 3 a n d Y Z 3 were ful ly o p t i m i z e d as iso lated structures (cf. F igure 
l ) . ( D ) C o r r e l a t i o n o f A £ o r b a n d A £ e l s t terms fo r the N H 3 Y Z 3 

adducts . O n e regress ion l ine was cons t ruc ted for adducts o f b o t h A l 
and G a (b lack l ine) (cf. F igure 2 ) . A £ o r b a n d A £ e k t terms were 
de t e rm ined at B L Y P - D 3 B J / Q Z 4 P / / M 0 6 2 X - D 3 / B S 1 leve l ; the other 
propert ies were d e t e r m i n e d at M 0 6 2 X - D 3 / B S 2 / / M 0 6 2 X - D 3 / B S 1 
level. 

adducts were less stable than I r X - Y Z 3 but more stable than 
most P t X - Y Z 3 adducts (except those wi th X = H , C H 3 and Y = 
A l , Ga) (Figure 8 A ) . 

A £ e l s t is much more important contributor to A £ B i n d in case 
of N H 3 - Y Z 3 adducts compared to M X - Y Z 3 due to permanent 
dipole moment of N H 3 . Charge transfer (and A £ o r b ) is 
important only for N H 3 - B Z 3 adducts. N H 3 - B H 3 was the only 
adduct wi th larger value of A £ o r b compared to A £ e l s t (Figure 
8 D ) . Fo r A l and G a adducts, the A £ e l s t term reached 2 times 
larger values than those of A £ o r b , and the bonding between the 
two subunits clearly had electrostatic character. The most 
stable adduct was N H 3 - A l F 3 since it was the only adduct 
studied wi th negative steric energy ( A £ P a u l i + A £ e l s t < 0) . M u c h 
lower A £ P a l ] l i term was a decisive factor of systematically higher 
stabilities of N H 3 - A 1 Z 3 adducts compared to their G a 
analogues since differences in A £ e l s t and A £ o r b terms were 
much lower (cf. Figure 8 D ) . A l l N - Y bonds (including N - B ) 
had charge-transfer character ( V 2 / ? ( B C P ) > 0) . The trans
ferred charge was drained mainly from H atoms of N H 3 

(Figure 8B) polarizing even more N — H bonds upon the 
adduct formation. 

Comparison with Pt(PMe3)2-YZ3 Adducts. P t X Y Z 3 

adducts showed surprisingly similar binding energies as the 
previously published P t ( P M e 3 ) 2 - Y Z 3 ones (Figure S 4 A ) . 4 4 

Adducts of P t H and P t C H 3 complexes were slightly more 
stable by ca. - 6 . 3 ± 4.2 k c a l / m o l while P t N C N and P t X ( X = 
F, CI, Br ) complexes formed less stable adducts by 4.5 ± 3 . 1 
k c a l / m o l and 11.8 ± 2.0 kca l /mo l , respectively. Clear ly such a 
good agreement in b inding energies might be accidental 
considering differences in l igand environments and oxidation 
states of the plat inum atom. However, A £ P a l ] l i , A £ e l s t , and 
A £ o r b terms, transferred charge and Pt—Y distances also 
correlated very well, and the lower the b inding energy 
difference between corresponding P t ( l l ) and Pt (0) adducts, 
the better was an agreement i n their numerical values. A s a 
result similar properties of the systems were found: G a F 3 was 
the strongest base. O n l y adducts of boron (and especially B H 3 ) 
had prevailing covalent character, while adducts of A l and G a 
were stabilized mainly by electrostatic energy (Figure S4B) . 

• CONCLUSIONS 
Detailed analyses of the adducts formation between the square 
planar M X complexes and Y Z 3 trihydrides and trihalides of 
group 13 elements revealed that the main stabilization came 
from the donor—acceptor M - Y bond which could be basically 
described as a charge transfer from the 5 d z

2 N A O of P t ( l l ) or 
I r ( l ) to empty p z N A O of Y . It led to pyramidalization of Y Z 3 

subunit and prolongation of Y — Z bonds. These structural 

3623 DOI : 10 .1021/acs . i no rgc l i em .8 t>02765 
Inorg. Chem. 2 0 1 9 , 5 8 , 3 6 1 6 - 3 6 2 6 



Inorganic Chemistry A r t i c l e 

changes were further enhanced by Paul i repulsion between Z 
atoms and the M X complex 

The I r X complexes are stronger Lewis bases wi th by about 
30 k c a l / m o l higher binding energies than the P t X ones. The 
strongest Lewis acid was G a F 3 . 

The M - Y dative bond has covalent ( Y = B ) or charge-
transfer (Y= A l , Ga) character. However, despite the covalency 
the M - B bonds are weaker than their A l and G a counterparts 
due to larger deformation energies of B Z 3 subunits. 

A l and G a adducts have considerably similar properties 
including the M - Y bond lengths and binding energies. Larger 
values of A £ P a u l i for G a adducts are compensated by more 
negative ( A E o r b + A £ e l s t ) sum of energies. 

Neutra l P t ( l l ) complexes wi th ligands showing strong a-
donation ability may probably form adducts of comparable 
strength as Pt (0) ones. 

In the case of experimental synthesis of 1:1 P t X Y Z 3 adducts, 
an attention has to be paid to the choice of the ligands since 
ligands wi th free lone pairs (such as halogens, O H ~ , C O , 
S ( C H 3 ) 2 ) could be more advantageous targets for Y Z 3 Lewis 
acids than the central P t ( l l ) atom. 

The presented electronic (chemical) behavior of the M X -
Y Z 3 adducts is not dependent on the nature of X ligands or 
even on the metal M . Therefore, it might represent a general 
description of the formation of adducts between the square 
planar metal complexes and the group 13 hydrides and halides. 
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Abstract 

The kinetics of the hydration reaction on trans-[Pt(NH3)2(pyrX)Cl] + (pyr = pyridine) 
complexes (X = O H , C l , F, Br, N 0 2 , N H 2 , S H , C H 3 , C = C H , and D M A ) was studied by 
density functional theory calculations in the gas phase and in water solution described by the 
implicit polarizable continuum model method. A l l possible positions ortho, meta, and para 
of the substituent X in the pyridine ring were considered. The substitution of the pyr ligand 
by electron-donating X ' s led to the strengthening of the P t - N l ( p y r X ) ( P t - N p y r x ) bond and 
the weakening of the trans P t - C l or P t - O w bonds. The electron-withdrawing X ' s have 
exactly the opposite effect. The strengths of these bonds can be predicted from the basicity 
of sigma electrons on the N p y r x atom determined on the isolated pyrX ligand. As the pyrX 
ring was oriented perpendicularly with respect to the plane of the complex, the nature of the 
X---C1 electrostatic interaction was the decisive factor for the transition-state (TS) 
stabilization which resulted in the highest selectivity of ortho-substituted systems with 
respect to the reaction rate. Because of a smaller size of X ' s , the steric effects influenced less 
importantly the values of activation Gibbs energies A G * but caused geometry changes such 
as the elongation of the P t - N p y r x bonds. Substitution in the meta position led to the highest 
A G * values for most of the X ' s . The changes of A G * because of electronic effects were the 
same in the gas phase and the water solvent. However, as the water solvent dampened 
electrostatic interactions, 2200 and 150 times differences in the reaction rate were observed 
between the most and the least reactive mono-substituted complexes in the gas phase and 
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the water solvent, respectively. A n additional NO2 substitution of the pyr-NO"2 ligand further 
decelerated the rate of the hydration reaction, but on the other hand, the poly-NEh complexes 
were no more reactive than the fastest 0-NH2 system. In the gas phase, the poly-X complexes 
showed the additivity of the substituent effects with respect to the Pt-ligand bond strengths 
and the ligand charges. 

The Supporting Information is available free of charge at 
https ://pubs. acs.org/doi/10.1021 /acsomega.OcO 1161. 
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A B S T R A C T : The kinetics of the hydration reaction on t r a n s - [ P t ( N H 3 ) 2 ( p y r X ) C l ] + (pyr 

v > C 3 N O O " ' 

pyridine) complexes ( X = O H " C P , F~, B r " , N 0 2 " , N H ^ S H " C H 3 , C = C H , and D M A ) 
was studied by density functional theory calculations in the gas phase and i n water solution 
described by the implici t polarizable cont inuum model method. A l l possible positions ortho, 
meta, and para of the substituent X in the pyridine ring were considered. The substitution of 
the pyr l igand by electron-donating X ' s led to the strengthening of the P t — N l ( p y r X ) (Pt— 
Npyrx) bond and the weakening of the trans Pt—CI or P t — O w bonds. The electron-

withdrawing X's have exactly the opposite effect. The strengths of these bonds can be 
predicted from the basicity of sigma electrons on the N p y r X atom determined on the isolated 
p y r X ligand. A s the p y r X ring was oriented perpendicularly with respect to the plane of the 
complex, the nature of the X---C1 electrostatic interaction was the decisive factor for the 

transition-state ( T S ) stabilization which resulted in the highest selectivity of ortho-substituted systems with respect to the reaction 
rate. Because of a smaller size of X's , the steric effects influenced less importantly the values of activation Gibbs energies A G * but 
caused geometry changes such as the elongation of the P t — N p y r X bonds. Substitution in the meta posit ion led to the highest A G * 
values for most of the X ' s . The changes of A G * because of electronic effects were the same in the gas phase and the water solvent. 
However, as the water solvent dampened electrostatic interactions, 2200 and 150 times differences in the reaction rate were observed 
between the most and the least reactive mono-substituted complexes in the gas phase and the water solvent, respectively. A n 
additional N 0 2 substitution of the p y r N 0 2 l igand further decelerated the rate of the hydration reaction, but on the other hand, the 
p o l y - N H 2 complexes were no more reactive than the fastest o - N H 2 system. In the gas phase, the p o l y - X complexes showed the 
additivity of the substituent effects with respect to the Pt—ligand bond strengths and the l igand charges. 

• INTRODUCTION 
Plat inum anticancer complexes are administered i n their 
inactive neutral form as prodrugs, and at least one hydrolysis 
step is needed for their activation. The activated drug reacts 
rapidly with D N A or proteins, and the hydrolysis step is the 
rate-determining step of the whole process. Because plat inum 
binding to proteins is probably responsible for the side effects 
of the drug, 1 the activation should not be too fast to enable the 
drug to reach the nuclei of the malignant cells. Thus, the rate 
of hydrolysis is one of the important factors which should be 
considered for new drug development. 

The reactivity of square-planar Pt( l l ) -complexes is driven by 
the trans effect; that is, the stability of the l igand is strongly 
influenced by the ligand i n the trans pos i t ion . 2 ' It is a kinetic 
phenomenon whose origin lies in reactant destabilization a n d / 
or the transit ion state ( T S ) stabilization. T h e reactant 
destabilization is manifested itself by the Pt—trans ligand 
b o n d elongation, and it is sometimes called the trans 
inf luence. 1 0 The trans effect can be explained by different a-

donation and ^-back-donation abilities of the ligands and 
depends on the nature of the coordinating atom and its 
hardness.' However, the chemistry of currently used drugs 1 1 is 

rather l imi ted because only slowly hydrolyzing compounds are 
needed, considering the length of the delivery route. Thus, the 
non-leaving groups are always bound to the central P t ( l l ) by a 
nitrogen atom and are either two ammines or a diammine with 
an attached carbohydrate residue. The non-leaving group 
influence interactions with the proteins affecting cellular 
uptake of the drug and the repair of D N A - d r u g les ions . 1 2 

The influence of the leaving groups on the biotransformation 
kinetics of the drug is less clear but two chlorine atoms i n the 
first-generation drug cisplatin were displaced by bidentate 
groups (e.g. cyclobutanedicarboxylate or oxalate group) bound 
by the oxygen atom to the plat inum central atom in the 
second- and third-generation drugs. T h e mechanism of 
hydrolysis of bidentate groups is still not well understood, 

R e c e i v e d : M a r c h 16, 2020 

A c c e p t e d : A p r i l 24, 2020 

P u b l i s h e d : M a y 14, 2020 

h t t p s : / / d x . d o i . o r g / 1 0 . 1 0 2 1 / a c s o m e g a . 0 c 0 1 1 6 1 
ACS Omega 2 0 2 0 , 5, 1 1 7 6 8 - 1 1 7 8 3 

http://pubs.acs.org/journal/acsodf
https://dx.doi.org/10.1021/acsomega.0c01161


ACS Omega ht tp ://pubs .acs .org/ journa l/acsodf A r t i c l e 

and it is not clear i n which form these drugs react wi th 
D N A . 1 3 - 1 5 

The substitution effects were explored on Pt( l l ) -complexes 
wi th different Af,Af,Af-tridentate and Af,Af-bidentate ligands 
which mainly differ in 7r-back-donation ability. Strong n-
acceptor ligands increase the electrophilicity of the P t ( l l ) 
center increasing the rate of the subst i tut ion. 1 6 2 2 

Complexes wi th aromatic monodentate ligands having 
anticancer properties were also reported including those 
based on pyridine and its derivatives. 2 3 2 / T o minimize the 
inactivating interactions wi th thiols, a sterically hindered 
complex A M D 473 wi th 2-picoline (2-methylpyridine) ligand 
was synthesized. 2 8 The reactivity of P t ( l l ) complexes wi th 2-
and 3-picoline as ligands was experimentally compared by 
Sadler and co-workers. The complex wi th 2-picoline showed a 
45 times slower hydration reaction of the C I - l igand i n the 
trans posi t ion which was attributed to the steric effect of the 
methyl group on the pyridine r i n g . 2 9 Hydrolysis of A M D 473 
and its b inding to guanine were studied also t h e o r e t i c a l l y . 3 0 - 3 2 

The influence of the substitution in the para posit ion of the 
pyridine ring on the spin densities and N M R spectra was 
studied for analogues of the R u ( l l l ) complex N A M I . 3 3 

Monofunct ional Pt complexes, which offer unique ways of 
transmembrane transport and D N A interactions, form another 
promising group of anticancer drugs. Pyriplat in and phenan
thriplatin contain three non-leaving ligands: two ammines wi th 
pyridine and phenanthridine, respec t ive ly . 2 3 , 3 4 Despite rather 
negligible D N A structure deformation, the inh ib i t ion of 
transcription was seen i n vitro as wel l as i n v i v o . 3 5 ' 3 6 The 
antineoplastic effect of phenanthriplatin was discovered by 
Lippard and c o - w o r k e r s . 3 , 3 8 V e r y recently, the importance of 
stacking interactions for the b inding of phenanthriplatin to 
D N A was shown i n studies of Vec lan i at al. and Almaqwashi et 
a l . 3 9 ' 4 0 

The replacement of chloride ligands by water ligands in 
cisplatin and its derivatives was a subject of many previous 
s t u d i e s 4 1 - 4 6 and was recently reviewed by A h m a d 4 ' and by 
K o z e l k a . 4 8 

The substitution on the pyr r ing affects the electron density 
on the coordinating atom through the inductive and resonance 
effects. In this study, we explored how the substitutions on the 
aromatic non-leaving group in the trans posi t ion influence the 
reactivity o f the P t ( l l ) - c o m p l e x e s . W e used trans-[Pt-
( N H 3 ) 2 ( p y r X ) C l ] + ( py rX = pyridine wi th the X substituent) 
complexes ( X = O H - , C I - , F - , B r - , N 0 2

- , N H 2 , S H - , C H 3 , 
C = C H , D M A = dimethylamine) as the model compounds. 
W e studied how the stability of Pt—pyrX, Pt—CI, and Pt—w (w 
= water) bonds and the kinetics of the hydration reaction are 
affected by the nature and the posi t ion of the X in the p y r X 
ligand (Scheme l ) . 

A l l possible positions ortho, meta, and para of the X in the 

pyr ring were considered. X was represented by electron-

Scheme 1. Reac t ion M e c h a n i s m o f the H y d r a t i o n React ions 

Studied i n T h i s C o n t r i b u t i o n " 
N H 

N — Pt — CI 

X-R 

_ N H 3 A I ^ O H 
) N — P C Jj I ^ C I 

N H 3 

X-TS 

N H 

N — n — O H 2 

N H , 

X-P 

donating ( N H 2 , O H , and S H ) and electron-withdrawing ( C = 
C H , and N 0 2 ) groups as wel l as by halides (F, CI, and Br) 
wi th mixed (resonance) donating and (inductive) withdrawal 
effects. 

Because of a large number of optimized reaction pathways, 
only results for X = N H 2 and X = N 0 2 as the main 
representatives of electron-donating and electron-withdrawing 
groups, respectively, together wi th reference non-substituted X 
= H structures are shown in most tables i n the text. Complete 
versions of the respective tables can be found in the Supporting 
Information. 

Finally, the metal complexes wi th poly-substituted p y r X 
(poly-X) ligands were considered. The reasons were threefold: 
( l ) to evaluate more generally the limits for A G * values due to 
substituent effects; (2) to test the additivity of substituent 
effects wi th respect to the bond strengths, bond lengths, N P A 
ligand charges, and A G * values; and (3) to provide an 
independent set of structures for the validity testing of the 
2 p . c ( N p y r X ) natural atomic orbital ( N A O ) energy as the 
predictor of the Pt—ligand bond strengths and A G * activation 
free energies (see below). W e used N H 2 and N 0 2 ligands as 
the representatives of electron-donating and electron-with
drawing groups, respectively. Furthermore, we used fluorine as 
the ligand wi th a small size and high electronegativity. Its 
derivatives may have interesting properties and found many 
applications mainly as agrochemicals and pharmaceuticals. 4"" 
A l l p o l y - X ligands considered i n this contribution are shown i n 
Scheme 2. 

Scheme 2. P o l y - X Ligands C o n s i d e r e d i n T h i s Study and 
T h e i r Des igna t ion ( X = F , N H 2 , N 0 2 ) 

op-X om-X 2m-X 2 o p - N H 2 

" A l l r eac t ion pathways p r o c e e d e d ove r p e n t a c o o r d i n a t e d X - T S 

t ransi t ion state structures. 

• RESULTS AND DISCUSSION 
Structure Labeling. The designation of the complexes 

wi th p y r X ligands reflects the posi t ion of the X on the pyr ring 
wi th respect to the N p y r X atom: ortho (o-), meta (m-), and para 
(p-). Thus, reactant structures are denoted as o-(m-, p - ) X - R . 
F o r corresponding transitions states and product structures, 
the letter ' R ' is replaced by ' T S ' and ' P ' , respectively. X - R and 
X - P structures represent isolated complexes without weakly 
bound H 2 0 and C I - ligands, respectively, and they were used 
for the evaluation of bonding properties and the electronic 
structure. 

The same principle w i l l be used for the complexes wi th the 
p o l y - X ligand for which o-(m-, p - ) X wi l l be replaced by the 
designation from Scheme 2. 
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Table 1. Gas Phase N P A Charges o f the N p y r X A t o m ( q ( N p y r X ) , i n e) Ca lcu la ted i n the Isolated p y r X Ligands and i n the X - R and 
X - P Complexes 

PyrX X-R X-P 

X/position o- m- P- o- m- P- o- m- P-
H -0.459 -0.503 -0.452 
DMA -0.527 -0.444 -0.504 -0.530 -0.482 -0.553 -0.504 -0.423 -0.480 
N H 2 -0.522 -0.443 -0.497 -0.551 -0.481 -0.547 -0.493 -0.426 -0.499 
Br -0.509 -0.476 -0.493 -0.535 -0.491 -0.510 -0.462 -0.439 -0.490 
SH -0.501 -0.443 -0.471 -0.537 -0.488 -0.522 -0.486 -0.436 -0.478 
OH -0.491 -0.442 -0.485 -0.564 -0.486 -0.530 -0.510 -0.433 -0.482 
F -0.486 -0.440 -0.470 -0.544 -0.489 -0.516 -0.502 -0.440 -0.467 
Cl -0.472 -0.442 -0.460 -0.531 -0.491 -0.510 -0.485 -0.441 -0.464 
C H 3 -0.479 -0.456 -0.467 -0.514 -0.496 -0.511 -0.460 -0.444 -0.462 
C = C H -0.437 -0.453 -0.453 -0.492 -0.498 -0.508 -0.445 -0.446 -0.464 
N 0 2 -0.420 -0.446 -0.430 -0.503 -0.497 -0.490 -0.467 -0.449 -0.445 

Tab le 2. P t - p y r X Interact ion ( X = H , N H 2 , N 0 2 ) i n the Gas Phase O p t i m i z e d X - R , X - T S , and X - P Structures: P t - N p y r X B o n d 
Lengths ( i n A); T o t a l N P A Charges o f the P t A t o m (q(Pt)) and p y r X Ligands (q (pyrX)) ( i n e) ; and E T S - N O C V Ene rgy 
D e c o m p o s i t i o n T e r m s A E P a u l i , A E e l s t , A E o r b , A E d i s p , A E £ r b , and A E * b O b t a i n e d at the B L Y P - D 3 B J / T Z 2 P / / B 3 L Y P / B S 1 L e v e l " 

P t - N p y t X q(Pt) q(pyrX) A E M 1 A B o r b AEjisp A C A C A B b l n J 

X-R 
H 2.081 0.617 0.241 127.6 -122.5 -61.6 -7.2 -40.7 -11.6 -65.7 
N H 2 0- 2.086 0.601 0.257 135.6 -129.9 -64.5 -9.0 -41.2 -10.9 -69.9 

m- 2.078 0.616 0.254 129.7 -127.4 -63.4 -7.4 -41.8 -10.3 -70.4 

P- 2.077 0.612 0.268 130.5 -131.0 -64.0 -7.3 -42.5 -12.1 -73.8 
N 0 2 0- 2.111 0.613 0.205 114.4 -103.3 -57.7 -10.2 -34.7 -11.6 -57.5 

m- 2.089 0.618 0.220 120.3 -108.0 -59.5 -7.3 -38.0 -10.4 -55.6 

P- 2.084 0.618 0.221 122.8 -109.6 
X-TS 

-60.6 -7.2 -38.6 -12.7 -57.5 

H 2.046 0.791 0.294 174.2 -147.2 -78.6 -7.6 -53.4 -12.5 -62.7 
N H 2 0- 2.050 0.770 0.312 192.7 -160.6 -85.9 -9.8 -57.4 -12.5 -67.1 

m- 2.044 0.789 0.304 176.9 -152.4 -80.8 -7.8 -54.8 -10.7 -67.5 

P- 2.043 0.784 0.319 177.0 -155.4 -81.5 -7.7 -55.7 -12.7 -71.1 
N 0 2 0- 2.072 0.799 0.243 159.6 -128.2 -73.2 -10.7 -45.6 -12.5 -54.5 

m- 2.053 0.797 0.269 166.8 -133.1 -75.8 -7.7 -49.8 -10.9 -52.5 

P- 2.050 0.799 0.268 169.6 -134.8 
X-P 

-77.1 -7.6 -50.5 -13.7 -52.4 

H 2.011 0.749 0.424 147.3 -153.1 -101.7 -7.5 -64.2 -19.6 -114.3 
N H 2 0- 2.016 0.736 0.439 152.7 -159.0 -105.1 -9.5 -63.9 -18.9 -120.4 

m- 2.007 0.745 0.437 151.0 -162.4 -105.8 -7.7 -66.0 -19.3 -123.7 

P- 2.005 0.738 0.450 152.6 -168.4 -107.5 -7.6 -66.8 -22.3 -130.0 
N 0 2 0- 2.038 0.780 0.369 131.8 -128.7 -97.0 -10.1 -55.2 -19.1 -102.7 

m- 2.016 0.757 0.404 139.4 -132.5 -100.1 -7.6 -61.4 -19.6 -99.3 

P- 2.014 0.757 0.404 141.0 -133.1 -100.1 -7.5 -61.5 -21.1 -98.6 

"AEhini energy values were ca lcu lated at the B 3 L Y P - D 3 B J / B S 2 / / B 3 L Y P / B S 1 level. A l l energy values are i n k c a l / m o l . T h e data for all X ' s are 
shown in T a b l e S I . 

The reaction energetics of the hydration reactions were 
determined by the supermolecular approach. Here, " _ w " and 
" _ C 1 " suffixes i n o-(m-, p - ) X - R _ w reactants and o-(m-, p - ) X -
P _ C 1 products represent entering water and leaving chloride 
anion, respectively, being associated to Pt-complexes by H -
bonding. 

Electronic Structure of the Isolated pyrX Ligands. T h e 
influence of substitution effects on the reactivity of aromatic 
systems was studied i n many previous studies. 5 5 In the p y r X 
ring, the /r-electrons are shifted i n accordance wi th the 
mesomeric effect. Fo r electron-donating N H 2 substituent, /r-
electron density is increased on atoms i n the ortho and para 
positions wi th respect to N H 2 while the opposite is true for the 
electron-withdrawing X such as N 0 2 (Figure S i ) . However, 

the <7-electrons are shifted independently and in fact contrarily 
wi th respect to /r-electrons. s o F o r p - N H 2 , the density o f a-
electrons is decreased on the N p y r X atom while the opposite is 
true for p - N 0 2 (Figure S i ) . 

L o o k i n g at atomic N P A charges, the shifts of the cr-electrons 
are masked by quantitatively larger shifts of the /r-electrons. 
Values of N P A charge of the N p y r X a tom (<j(N p y r X ) ) i n p y r X 
molecules are shown in Table 1. A s expected, in the isolated 
p y r X molecule, ( j ( N p y r X ) is increased i n electron-donating 
groups in ortho or para positions. The electron-withdrawing 
N 0 2 group lowers electron density in all ring atoms wi th the 
least effect for atoms in the meta posit ion. Thus, q ( N p y r X ) is 
almost independent on the nature of the X when being bound 
i n the meta posit ion. 
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F i g u r e 1 . Relat ive P t — p y r X (upper panels ) a n d Pt—CI a n d Pt—w ( lower left a n d r ight panels , respect ively) gas phase b i n d i n g energies ca lcu la ted 
w i th respect to the strength o f the b o n d s in the non-subst i tuted H - R a n d H-P complexes (set as 1 0 0 % ) . T h e values o f reference P t — p y r H b i n d i n g 
energies i n H - R a n d H-P complexes are —65.7 a n d —114.3 k c a l / m o l , respect ive ly ( T a b l e 2 ) . Re ference values for Pt—CI a n d Pt—w b o n d s are 
- 2 4 8 . 7 a n d - 4 6 . 8 k c a l / m o l , respect ive ly ( T a b l e 3 ) . 

Strength of the Pt-pyrX Bonds. The differences of 
g ( N p y r X ) between the positional isomers in metallic X - R and X -
P complexes were qualitatively similar to the isolated p y r X 
ligands (Table l ) and are discussed in more detail below. The 
Pt—pyrX bond was stabilized mainly by electrostatic energy 
A £ e i s t due to +e and +2 e total charges of metal complex 
fragments i n X - R and X - P (Table 2 and Tab le S i ) , 
respectively. The b inding was accompanied by the charge 
transfer and polar iza t ion effects whose extent strongly 
depended on the charge of the complex. A s expected, the 
amount of transferred negative charge from p y r X toward the 
metal was much higher i n doubly charged X - P products 
compared to X - R reactants. Fo r X = H , the respective p y r H 
charges were 0.424 and 0.241 (Table 2). The amounts of A E o r b 

energy are about one-half (52 ± 2%) and two-thirds (69 ± 
3%) of the values of A E e l s t energy in X - R and X - P , respectively 
(cf. below). 

Pt—pyrX interaction energies were almost two (1.77 ± 0.03) 
times higher for X - P than for X - R , and all stabilizing terms 
contributed to this difference (Table 2 and Table S i ) . The 
nature of the X on the p y r X ring influenced strongly the 
strength of the Pt—pyrX bond being weakened by electron-
withdrawing X ' s and made stronger by electron-donating ones. 
The binding energies were usually larger for para-X complexes 
than for o tho-X and meta-X ones (Figure l ) . F o r X - R , the 
highest value of the b inding energy was obtained f o r p - D M A - R 
( -76 .8 kca l /mo l ) while the lowest for ra-N02-R ( - 5 5 . 6 k c a l / 
mol ) . 

Electron-donating X ' s promoted higher charge transfer from 
the p y r X ligand to the Pt atom by up to 10% (Table 2 and 
Table S i ) being caused by stronger c-donation. Five most 
important E T S - N O C V deformation density contributions 
describing the formation of the P t — N p y r X bond i n H - R , FI
T S , and H - P structures are shown i n Figure S2. The o-
d o n a t i o n energy A E ^ a n d ^ - d o n a t i o n energy A E ^ f , 

contributions were the most stabilizing terms for all structures. 
The (7-donation energy A E " r b contributions correlated well 
wi th total A E o r b energies for meta-X and para-X subsets 
(Figure 2B and Figure S3) accounting for 65.2 ± 0.8, 67.1 ± 
0.9, and 61.7 ± 0.8% of their values for X - R , X - T S , and X - P 
structures, respectively. 

For ortho-X's, the correlation was worse (Figure 2B and 
Figure S3), and relative importance of A £ " r b was slightly lower 
(by 2—3%) due to the existence of X - - P t and X---ligand 
nonbonding interactions in some structures (Figure S4). 
Similar information can be also seen from the dependence of 
Pt—pyrX binding energy on the transferred q(pyrX) charge. 
The amount of the total transferred charge from the p y r X 
ligand to the metal complex correlated very wel l wi th the Pt— 
N p y r X bond strength for m - X and p - X subsets (Figure S5). Fo r 
the o - X subset, the correlation was worse wi th a less steep 
slope compared to m - X and p - X subsets and R2 values 0.807, 
0.690, and 0.799 for X - R , X - T S , and X - P structures, 
respectively (Figure S5). It reflected the existence of additional 
charge transfer channels (nonbonding interactions of X wi th Pt 
or N H 3 ligands) besides the P t — N p y r X bond (cf. Figure S4). 

The dependence of AEgJjf on the P t — N p y r X bond lengths 
was steeply linear for meta-X and para-X complexes (Figure 
2 A ) . The or tho-X complexes had clearly larger P t — N p y r X bond 
lengths for given values of A E ^ f , and the correlation between 
the two variables was also linear for all o-X's including those 
not involved in any nonbonding interactions ( o - C H 3 ) but wi th 
exception of o - D M A as the bulkiest X . o - D M A complexes 
showed a substantial P t — N p y r X bond elongation at a large value 
of A E j ^ f (Figure 2 A and Figure S3). Thus, the steric 
hindrance should be responsible for the P t — N p y r X bond 
elongation. 

N o clear trends were found for the ^-bonding energy A E ^ J , 
and A E ^ J contributions which involve n and o orbitals of the 
p y r X ring, respectively, as the main source of the transferred 
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F i g u r e 2. X - R structures: pane l A : d e p e n d e n c e o f pyr-X l i gand 
b i n d i n g energies o n the P t — N p y r X b o n d lengths. T h e o - D M A po in t 
was not i n c l u d e d in the regress ion analysis for the or tho-X subset 
(b lue l ine ) . Pane l B: d e p e n d e n c e o f the a-donat ion energy A £ " r b 

cont r ibut ions o n total A £ o r b energies. O n e regress ion l ine was 
cons t ruc ted for b o t h meta-X a n d para-X subsets i n the two graphs 
(b lack l ines ) . T h e graphs for X - T S a n d X - P structures are s h o w n in 
F igure S3. 

electrons (Figure S2). A££? b was always the second most 
stabilizing contribution, and it was enhanced slightly for the 
C C H and N 0 2 X ' s with conjugated multiple bonds with 
respect to the pyr ring. This term was much more important 
than A £ ^ which could be mixed with the cbackdonation or 
nonbonding interaction contributions in some or thoX systems 
(Figure S4). Note that the 7rbackdonation was not apparent 
in the N O C V analysis possibly due to the positive charge of 
the P t ( l l ) fragment. F o r example, the 7fbackdonation 
transferred charges of 0.005, 0.001, and 0.009 e were calculated 
by the charge decomposit ion analysis, 5 3 as provided by the 
Mul t iwfn p r o g r a m 5 4 for the P t  N p y r X bonds in H  R , p  N H 2  R , 
and p  N 0 2  R structures, respectively. 

Despite the positive charge of p y r X ligands, the negative 
N P A charge on the N p y r X atom ( q ( N p y r X ) ) increased by about 
10% (varying from 5.6% for o  N H 2  R up to 19.7% for o  N 0 2 

R, cf. Table 1) in X  R reactants and almost did not change in 
X  P products compared to the isolated p y r X ligand. It was 
caused by the polarization of the aromatic p y r X l igand upon 
binding with the positively charged metal complex. The 
transferred charge was drained from the C H and C X groups of 
the p y r X l igand roughly following the order para > meta > 
ortho (cf. E T S  N O C V deformation density contributions in 
Figure S2). 

The changes of total electron densities with respect to the 
H  R structure caused by the H » X substitution are shown in 
Figure 3 for p  N H 2  R and p  N 0 2  R structures. These 
differences reflected only pure electronic effects caused by 
the H » X substitution not considering accompanying 

B 

F i g u r e 3. E l e c t r o n dens i ty difference isosurfaces o f p - N H 2 - R ( A ) a n d 
p - N 0 2 - R (B ) structures wi th respect to the reference H - R structure 
w h i c h s h o w e lec t ron accumu la t i on (b lue : 0.0004 a.u.) a n d dep le t i on 
( r ed : - 0 . 0 0 0 4 a.u.) regions caused b y p - N H 2 ( A ) a n d p - N 0 2 (B ) 
subst i tut ion o f the p y r r ing . E l e c t r o n densit ies were ca lculated o n the 
H - R geomet r y for all a toms o f respect ive complexes except the atoms 
o f the X subst i tuent whose pos i t ions were op t im i zed . 

changes of molecular structures. The shifts of electron density 
with in the p y r X l igand were very similar to those in the isolated 
p y r X system (cf. Figure S i ) . W i t h respect to the P t ( l l ) 
fragment, the substitution by the electrondonating N H 2 group 
led to exactly opposite changes of electron density compared 
to the electronwithdrawing N 0 2 group (Figure 3). Thus, let 
us describe only the changes caused by the H » p  N H 2 

substitution here: ( l ) the strengthening of the Pt—pyrX bond 
could be clearly documented by an increase of electron density 
roughly i n the middle of this bond. (2) The electron density 
was increased i n the px orbital of the trans C l ~ l igand ( i f the x 
axis is oriented along the Pt—CI bond) . It reflected the lower a-

donation and the weakening of the Pt—CI bond (cf. below). 
(3) The changes of the total charge on the Pt atom (q(Pt)) 
were small for X  R structures (Table 2 and Table S i ) due to 
compensating effects on the 5d N A O ' s : electron density was 
increased in Sdxy but decreased in Sdx

2_y

2 orbital (Figure 3). 
However, for the water trans l igand as a weaker electrophile, 
the changes of q(Pt) were larger and q(Pt) was decreased/ 
increased for electrondonating/withdrawing X's (Table 2 and 
Table S i ) . 

W e used also the concept of the activation strain m o d e l " 
and performed the fragment energy decomposit ion of the Pt— 
p y r X bond for the structures i n Figure 3. For p  N H 2  R (p-

N O j  R ) , the Paul i , electrostatic, orbital, and dispersion 
energies were 130.5 (125.0) ,  1 3 0 . 9 (  1 1 1 . 4 ) ,  6 3 . 7 
(—61.3), and —7.2 (—7.3) kca l /mo l , respectively. A compar

ison of these values and also the ones for H  R (Table 2) 
confirmed the influence of X on the strength of the Pt—pyrX 
b o n d main ly through electrostatic energy w h i c h is i n 
agreement with the analyses on fully optimized structures 
(cf. above). 

Trans Influence: The Strength of the PtCI and Ptw 
Bonds. Trans influence is a thermodynamic phenomenon i n 
which the binding of a more strongly bound l igand weakens 
the Pt—trans l igand bond which becomes elongated. Thus, the 
electronwithdrawing X ' s strengthened the Pt—trans l igand 
bond, and the opposite was true for electrondonating ones 
(Table 3 and Table S2). The influence of the X on the 
strengths of Pt—CI and Pt—w bonds was roughly 8 and 14% of 
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Table 3. Interactions o f C I and W a t e r L igands w i t h the Rest o f the C o m p l e x i n the Gas Phase O p t i m i z e d X - R and X - P 
Structures ( X = H , N H 2 , N 0 2 ) , Respect ively: P t - C l , P t - O w B o n d Lengths ( i n A ) ; the T o t a l N P A Charges o f the C I " and 
W a t e r Ligands ( q ( C l ) , q ( w ) ) ; and E T S - N O C V Ene rgy D e c o m p o s i t i o n T e r m s A E P a u l i , A E e l s t , A E o r b , A E ^ A E ^ , and A E * b 

O b t a i n e d at the B L Y P - D 3 B J / T Z 2 P / / B 3 L Y P / B S 1 Level"'** 

X-R P t - C l q(Cl) A C A C AEjisp A C A C A C 

H 2.315 -0.477 130.5 -283.4 -95.3 -3.0 -67.5 -9.8 -248.7 
N H 2 0- 2.316 -0.482 130.4 -282.6 -94.4 -3.1 -67.0 -9.4 -247.4 

m- 2.317 -0.486 131.8 -278.3 -95.8 -3.0 -68.5 -9.7 -243.6 

P- 2.320 -0.492 128.4 -275.0 -92.5 -3.0 -65.2 -10.1 -240.0 
N 0 2 0- 2.301 -0.444 135.0 -289.8 -100.4 -2.8 -70.9 -10.4 -255.5 

m- 2.308 -0.460 135.2 -288.7 -100.7 -2.9 -72.4 -9.9 -256.0 

P- 2.309 -0.462 131.9 -289.8 -98.0 -3.0 -69.0 -10.7 -255.5 
X-P Pt-o„ q(w) A C t A C A C P 

A C A C A C 

H 2.137 0.177 60.9 -64.4 -37.9 -3.0 -27.9 -5.9 -46.8 
N H 2 0- 2.141 0.174 60.1 -63.2 -37.0 -3.0 -27.3 -5.7 -45.6 

m- 2.141 0.172 60.7 -63.4 -36.9 -3.0 -27.2 -5.7 -45.2 

P- 2.147 0.170 59.3 -62.3 -36.1 -2.9 -26.6 -5.5 -44.4 
N 0 2 0- 2.116 0.191 64.1 -67.6 -40.7 -3.1 -29.7 -6.5 -49.7 

m- 2.131 0.183 63.5 -66.2 -39.8 -3.0 -29.2 -6.2 -48.6 

P- 2.130 0.182 61.5 -65.6 -39.1 -3.0 -28.8 -6.2 -48.6 

" A l l energy values are in k c a l / m o l . T h e data for all X ' s are s h o w n in T a b l e S2. bAEhind energies were ca lcu la ted at the B 3 L Y P - D 3 B J / B S 2 / / B 3 L Y P / 
BS1 level . 

their relative value, respectively. These values were obtained 
from a comparison of b inding energies of the strongest 
respective bond wi th the weakest one (Figure l ) . Such low 
values reflected a rapid weakening of the electronic effects wi th 
increasing distance from the bound X because the relative 
change of the Pt—pyrX bond strength was more than 32%. 
This trend is visible i n Figure 3 as the decrease of the 
isosurface volume wi th the increasing distance from the X 
group. However, the increase of electron density in the 3px 

natural bond orbital ( N B O ) of the trans C l ~ ligand i n the p-
N H 2 - R structure can be still clearly seen as the result of smaller 
electron donation from C l ~ toward the central P t ( l l ) atom 
forming a weaker Pt—CI bond. Exactly the opposite was true 
for p - N 0 2 - R Note that due to much larger absolute strength 
of the Pt—CI bond, the changes of the absolute values of its 
binding energies (Table 3 and Table S2) are comparable wi th 
the binding energy changes of the Pt—pyrX bond (Table 2 and 
Table S i ) . 

Prediction of the Pt-Ligand Bond Strengths. In 
previous studies, the strength of the Pt—ligand bonds was 
proportional to the properties such as the Pt—ligand bond 
l e n g t h s 6 ' 5 6 (cf. Figure 2 A and Figure S3) , the l inear 
combinations of electron densities at bond critical b o n d s , 5 6 , 5 7 

or the populations i n 5d orbitals of the P t ( l l ) a tom. 5 ' 6 These 
properties were calculated for the optimized structures of 
whole metal complexes. 

However, our a im was to propose a predictor for the Pt— 
p y r X bond strength, which would be based just on the 
property of the isolated p y r X ligand as the putative reactant. 
First, we started wi th predictors typical for electrostatic energy 
such as the q ( N p y r X ) atomic N P A charge, the total dipole 
moment of pyrX, and the projection of the dipole moment into 
the C 4 — N p y r X bond direction. These predictors worked well 
for para-X subset but completely failed for meta-X and or tho-X 
ones (Figure S6). 

The m i n i m u m surface electrostatic potential calculated on 
the surface of the N atom of the amino groups enabled 
accurate estimation of their basicities and pKh values. 5 8 Here, 
these calculations were performed on the surface of the N p y r X 

atom, and a very good predict ion of the Pt—pyrX bond 
strength was obtained for meta and para subsets but not for 
some ortho-X's ( o - D M A , 0 - N O 2 , o - N H ^ o - O H , and o-F) 
(Figure S7) probably due to a strong interference of o - X and 
N p y r X local electrostatic fields. 

The electron shifts caused by the H —> X substitution i n the 
i sola ted p y r X r ing (see above and F igure S i ) were 
accompanied by changes of the energies of N A O ' s on the 
N p y r X atom. The energy of the 2 p . c ( N p y r X ) N A O considering 
N p y r X and C 4 atoms of the p y r X ring were oriented along the x 
axis (Figure 41) reflected the origin of electrons which were 
involved i n rj-donation as the decisive contributor to the 
formation of the Pt—pyrX dative bond (Figure 2B and Figure 
S3). Thus, the 2 p . c ( N p y r X ) N A O energy quantified c-electron 
basicity of the p y r X ligand, and it was increased for electron-
donating X substituents while the opposite was true for 
electron-withdrawing X ' s . 

Differences in A E o r b contributions to A E f f ^ f were in the 
order of units of k c a l / m o l when systems wi th different X ' s 
were compared while differences in A E e l s t could be by up to 
one order of magnitude higher (see Table 2 and Table S i ) . 
However, 2 p . c ( N p y r X ) N A O energy is still a good predictor of 
the Pt—pyrX bond strength because prevailing A E e l s t is linearly 
correlated wi th A E o r b (see below and Figure S8), as it was 
already shown in our previous studies on similar systems. 6 ' 5 9 

Polarization and charge transfer effects as parts of A £ o r b are 
strongly influenced by A E e l s t . 

The steric effect was quantified from the relation between 
complex stability and ligand basic i ty . 6 0 The graphs on panels A , 
B, E , F i n Figure 4 have a similar meaning because 2 p . c ( N p y r X ) 
N A O energies and P t — N p y r X b inding energies can be expected 
to be related to ligand basicities and complex stabilities, 
respectively. O r t h o - X substituents had mostly a stabilizing 
effect showing higher P t — N p y r X bond strengths at a given value 
of 2 p . c ( N p y r X ) N A O energy compared to meta-X and para-X 
counterparts (see Figure 4 A , B ) . 

Because Pt—pyrX and Pt—trans ligand binding energies are 
dependent quantities due to the trans influence (see above), 
the 2 p . c ( N p y r X ) N A O energies calculated on the isolated p y r X 
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Gas phase Water solvent 
2 P x < N

P y r x l N A O e n e r g y (a.u.) 

-0.28 -0.24 -0.20 -0.28 -0.26 -0.24 -0.22 

F i g u r e 4. Dependence of the Pt—pyr(X) (panels A , B ) , Pt—CI (panel 
C ) , and Pt—w (panel D ) gas phase binding energies in X - R and X - P 
complexes (A, C and B, D panels, respectively) on the 2p_ e(N p y r X) 
N A O energies calculated on the isolated pyrX ligands. Panels E, F, G, 
and H represent analogous results calculated in the water solvent. 
Points for the poly-X complexes were not included in the regression 
analyses (cf. below). Relative orientation of the 2p_ e(N p y r X) orbital 
with respect to the isolated pyrX ligand (panel I). 2p_ e(N p y r X) 
represents 2p (N p y r X ) N A O orbital oriented along the C 4 — a x i s 
which is the direction of the pyrX nucleophilic attack to form the Pt— 
N p y r X bond. 

ligand could be used also for the Pt—trans ligand bond strength 
prediction. This predictor worked very wel l for the Pt—CI 
bond strengths in X - R structures especially for para-X and 
meta-X subsets (cumulative R 2 = 0.897) but gave less 
satisfactory results for or tho-X ( R 2 = 0.604) (Figure 4 C ) . O n 
the other hand, the Pt—w bond strengths i n X - P structures 
could be well-predicted by this parameter regardless of the X 
position (cumulative R 2 = 0.864) (Figure 4 D ) probably due to 
much higher relative importance of the A £ o r b contribution. 

Note that the energy of the lone pair on the N p y r X atom 
( L P ( N p y r X ) N B O ) gave slightly worse correlation wi th Pt— 
ligand binding energies than 2 p . c ( N p y r X ) N A O energy (Figure 
S9) although both these parameters quantified a dative ability 
of the p y r X ligand. The reason may lie in the fact that 
L P ( N p y r X ) N B O is an sp 2 hybr id N B O (Figure S9I) w i th a 
variable contribution of 2 s ( N p y r X ) N A O which depended on 
the nature and the posi t ion of X and ranged from 27.9% (o-Cl) 
to 29.9% ( p - D M A ) . 

Trans Effect: The Binding Properties of the Transition 
State X-TS Structures and Kinetics of the Substitution 
Reactions. Pt—pyrX bonds in the X - T S structures were 
shortened by about 0.02—0.03 A as observed for cisplatin i n 
our previous s tudy, 4 1 but contrary to our expectation, they 
were also weakened by about 4 ± 3% compared to X - R 
structures. It was caused by a large increase of A £ P a u l i as the 
leaving C l ~ and entering water ligands l ied in the plane of the 
p y r X ligand i n most X - T S structures. This increase of A £ P a u l i 

was not compensated by a rise of A £ e l s t and A £ o r b terms 
(Table 2 and Table S i ) . 

The influence of X on b inding energies of ligands i n X - T S is 
similar to X - P and X - R structures: P t — N p y r X bonds are stronger 
for electron-donating X ' s , while Pt—CI and Pt—w interactions 
are more stabilized for electron-withdrawing X ' s (cf. above, 
Tables 4and Sand Tables S3 and S4). 

Tab le 4. P t - C l and P t - O w Bonds i n the Gas Phase 
O p t i m i z e d X - T S Structures ( X = H , N H 2 , N 0 2 ) : P t - C l , P t -
O w B o n d Lengths ( i n A); the T o t a l N P A Charges o f the CI 
and W a t e r Ligands ( q ( C l ) , q ( w ) ; i n e ) a 

P t - C l P t - O w q(Cl) q(w) 

H 2.770 2.327 -0.765 0.058 
N H 2 0- 2.710 2.384 -0.761 0.064 

m- 2.768 2.344 -0.765 0.054 

P- 2.776 2.344 -0.768 0.051 
N 0 2 0- 2.752 2.302 -0.735 0.073 

m- 2.760 2.307 -0.758 0.068 

P- 2.759 2.309 -0.763 0.067 

"The data for all X's are shown in Table S3. 

T h e substitution reaction proceeded by the associative 
interchange m e c h a n i s m 6 w h i c h assumed a comparable 
importance of the leaving ligand ( C l ~ ) destabilization in the 
reactant X - R structures and the X - T S transi t ion state 
stabilization for the height of the activation barrier ( A G * ) . 
Thus, A G * values resulted from a complex event of the X - T S 
formation which should not be predictable by a single variable. 
However, T S stabilization was important only for o - X - T S 
structures (see below), and thus, we obtained a reasonable 
correlation between the 2 p . c ( N p y r X ) N A O energy calculated on 
the isolated p y r X ligand (see above) and A G * values for m - X 
and p - X reaction pathways (Figure 5). O n l y the points which 
corresponded to the stabilized o - N H 2 - T S , o - O H - T S , and o-
S H - T S structures (see below) were considerably outside the 
linear correlation. 

Nucleophi l ic i ty of organic compounds was estimated by the 
Hirshfeld charges. 6 1 However, here the Hirshfeld charge on the 
P t ( l l ) center offered a slightly worse correlation wi th the A G * 
energies for meta and para subsets ( R 2 = 0.596) than 
2 P ; c ( N p y r X ) N A O energies (Figure S l l ) . 

In accordance wi th the influence of X on the stability of the 
Pt—CI bond (see above), the electron-donating X ' s tend to 
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Table 5. Gas Phase O p t i m i z e d X - T S Structures ( X = H , N H 2 , N 0 2 ) : E T S - N O C V Energy D e c o m p o s i t i o n T e r m s A E P a u l i , A E e l s t , 
A E o r b , A E d i s p , and A E £ r b for the Interact ion o f the J o i n t ( C I + w ) Fragment (Leav ing and E n t e r i n g L igands) w i t h the Rest o f the 
C o m p l e x W e r e O b t a i n e d at the B L Y P - D 3 B J / T Z 2 P / / B 3 L Y P / B S 1 L e v e l " ' 1 " 

A-Ep„ii A E o r b A B l i l ! p AEJJb A B b l n J 
AG* 

H 88.0 -236.2 -69.8 -6.0 -37.7 -222.9 33.2 
N H 2 0- 93.6 -243.6 -69.6 -6.8 -36.7 -225.3 29.9 

m- 87.3 -231.2 -68.5 -6.0 -37.5 -217.9 32.7 

P- 85.8 -227.4 -67.3 -6.0 -36.1 -214.2 32.6 
N 0 2 0- 91.4 -242.2 -74.0 -6.1 -39.8 -230.0 33.3 

m- 92.2 -241.8 -74.6 -6.1 -41.5 -230.4 34.4 

P- 90.8 -243.2 -73.2 -6.1 -39.4 -230.8 34.3 

" A l l energy values are in k c a l / m o l . T h e data for all X ' s are s h o w n in T a b l e S4. b A £ b i n d energies o f the (C I + w) f ragment a n d act ivat ion G i b b s 
energies A G * were ca lcu lated at the B 3 L Y P - D 3 B J / B S 2 / / B 3 L Y P / B S 1 level . 

OP-N02 

•^•om-N02 
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R ! = 0.6712 

• 
O - N 0 2 
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35 > 
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rä 
u 
£ - 1 . 0 -

33 ? 
3 2 3 

31 S 

s 
s . 2 . „ . 

-3.0-

30 

29 

-0.28 -0.26 -0.24 -0.22 -0.20 
2Px(Npyrx) N A O energy (a.u.) 

F i g u r e 5. D e p e n d e n c e o f the gas phase act ivat ion G i b b s free energies 
( A G * ) o n the energies o f 2 p _ e ( N p y r X ) N A O ' s ca lcu lated o n the isolated 
p y r X l igand (see F igure 41). O n e regress ion l ine was cons t ruc ted for 
m-X a n d p-X react ion paths whi le exc lud ing all o-X a n d po ly-X (see 
be low ) po ints . 

lower the activation A G * energy while the opposite was true 
for electron-withdrawing X ' s (Figure 6) . It was caused by much 
higher relative importance of the Pt—CI bond destabilization 
compared to Pt—water l igand stabilization i n X - T S structures. 

In the ortho position, the electronic effects were probably 
stronger than in para and meta positions (cf. N P A charges in 
Table l ) but were hardly distinguishable from the structural 
(de)stabilizations (see below), giving together the widest range 
of A G * values of 3.8 k c a l / m o l between the analyzed reaction 
profiles (Figure 6). F o r para-X's, the structural effects were 
negligible, and the A G * range of 1.8 k c a l / m o l could be 
attributed purely to electronic effects. 

T h e meta-X substitution always decreased the electron 
density on the N p y r X a tom (Table l ) , wh ich led to the 
formation of electron-deficient Pt(II) complexes compared to 
ortho and para analogues. It may be responsible for the highest 
A G * values and the least reactivity of meta substituted systems. 
Thus, the dependence of A G * on the posi t ion of X in the order 
ortho—meta—para has usually the shape of inverted " V " . The 
exceptions are D M A and C H 3 substituents, but they show very 
small A G * differences of just tenths of k c a l / m o l between the 
three isomers' reaction pathways (Figure 6) . 

Consider ing both the nature and the posit ion of X on the 
p y r X ligand, we obtained the total difference of 4.6 k c a l / m o l in 
the height of the reaction free energy barrier between the 
slowest reaction for m - C C H and the fastest one for o - N H , , It 

ortho meta para ortho meta para 

X position 

F i g u r e 6. D e p e n d e n c e o f the relative values o f the act ivat ion G i b b s 
free energy barriers ( A ( A G * ) ) o f the hyd ra t i on react ions o f the trans-

[ P t ( N H 3 ) 2 ( p y r X ) C l ] + comp lexes o n the nature a n d the pos i t i on o f 
the X in the gas phase a n d in the water solvent. A ( A G * ) was 
calculated w i th respect to the reference values (33.2 a n d 25.7 k c a l / 
m o l in the gas a n d water solvent, respect ively ) d e t e r m i n e d for the X = 
H pathway. A b s o l u t e values o f A G * are s h o w n in T a b l e 5, T a b l e S4 
and T a b l e 7, a n d T a b l e S6 fo r the gas phase a n d the water solvent, 
respectively. 

corresponds to ca. 2200-fold difference in the reaction rate at 
298 K . 

TS Structure (de)stabilizations. X - T S structures pre
served all X - " H N H 2 and X — P t nonbonding interactions 
(Figure 7) which were established already i n X - R structures, 
and thus, these interactions did not contribute importantly to 
the decrease of A G * (cf. below the case of o - D M A pathway). 
However, for most X - T S structures, the entering water and 
leaving C l ~ ligands are roughly coplanar wi th the p y r X ligand 
which means that the nucleophilic attack of the water l igand 
occurred in the plane of the p y r X ligand. Depending on the 
nature of X , it may dictate the direction of the water attack and 
stabilize/destabilize the T S structures through the electrostatic 
field of X . The most striking examples are o - N H j o - O H , and o-
S H pathways, wh ich showed the lowest activation energies 
(Figure 6) having the leaving C l ~ ligand stabilized by internal 
H N H - C 1 , O H - C 1 , and S H - C 1 contacts wi th distances 2.745 
A , 2.673 A , and 2.560 A i n o - N H 2 - T S , o - O H - T S , and o - S H - T S 
structures, respectively (Figure 7) . N O C V analysis revealed 
neither any contribution of these contacts to the orbital energy 
nor any corresponding bond critical points were found by 
Q T A I M analysis. Thus, these contacts had fully electrostatic 
nature (cf. A E e l s t values in Table 5 and Table S4) but still led 
to the substantial lowering of the reaction free energy barrier of 
corresponding substitution reactions compared to meta- and 
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gas phase 

o-NH2-TS o-OH-TS o-N0 2-TS o-DMA-TS 

Figure 7. Energetically the most feasible structures of o-NH 2 -TS, o-OH-TS, 0 - N O 2 - T S , and o-DMA-TS in the gas phase (upper structures) and in 
the water solvent (lower structures) with depicted distances of the X - - - H N H 2 , X- -P t nonbonding, and X---C1 (X--w) electrostatic interactions. The 
Gibbs energy conformational preferences ( A ( A G j o n f ) ) of the water nucleophilic attack from the semispace defined by the plane of the Pt complex 
and the position of the o-X group relative to the opposite direction are also shown (in kcal/mol). P t — N p y r X , Pt—CI, and Pt— O w bond lengths are 
shown in Table 2, Table SI and Table 4, and Table S3, respectively, for the gas phase optimized structures and in Table 7and Table S6 for the 
water solvent ones. 

Tab le 6. B o n d i n g Interactions i n X - R and X - P Structures ( X = H , N H 2 , N 0 2 ) O p t i m i z e d i n the W a t e r Solvent and Ca lcu la ted 
b y the B 3 L Y P - D 3 B J - P C M / B S 2 / / B 3 L Y P - P C M / B S 1 M e t h o d : P t - N p y r X , P t - C l , and P t - O w B o n d Lengths ( i n A ) ; the T o t a l 
N P A Charges o f the p y r X , CI , and W a t e r Ligands ( q ( p y r X ) , q ( C l ) and q (w) , Respect ively) ( i n e); A E b i n d Ene rgy Values are i n 
k c a l / m o l " 

X-R P t - N p y r X q(pyrX) AEgg Pt-CI q(Cl) AE b ° d 

H 2.052 0.284 -43.9 2.370 -0.597 -38.7 
N H 2 o- 2.064 0.292 -46.2 2.363 -0.594 -38.2 

m- 2.051 0.289 -45.3 2.363 -0.599 -38.5 
p- 2.047 0.312 -47.7 2.378 -0.610 -37.0 

N 0 2 o- 2.084 0.231 -35.4 2.341 -0.560 -42.3 
m- 2.067 0.251 -38.8 2.353 -0.576 -41.2 
p- 2.056 0.247 -39.7 2.360 -0.580 -40.8 

X-P P t - N p y t X q(pyrX) AEj£ P t - O . q(w) AEf l n J 

H 2.011 0.356 -54.3 2.118 0.195 -20.5 
N H 2 o- 2.021 0.371 -56.7 2.123 0.195 -19.7 

m- 2.008 0.364 -55.9 2.120 0.194 -19.9 
p- 2.010 0.383 -58.9 2.123 0.189 -19.7 

N 0 2 o- 2.034 0.306 -44.2 2.098 0.211 -21.7 
m- 2.014 0.327 -48.5 2.114 0.202 -21.0 
p- 2.011 0.322 -49.1 2.108 0.203 -21.4 

"The data for all X's are shown in Table S5. 

para-analogues (Figure 6). The conformation of the entering 
water l igand in the T S structure then clearly referred to the 
favored direction of the nucleophilic attack on the P t ( l l ) 
center being from the opposite semispace wi th respect to o-
N H 2 , o - O H , and o -SH substituents (Figure 7) . 

O n the other hand, 0-NO2, o-F, o-Cl , and o-Br groups made 
a nucleophilic attack more difficult because their contact wi th 
the entering water l igand was destabilizing due to unsuitable 
orientation of the water l igand in o - N 0 2 - T S (see Figure 7), 0-

F - T S , o - C l - T S , and o - B r - T S structures, respectively; never

theless, it was more advantageous than the contact wi th the 
leaving C l ~ ligand (by 2.7, 1.9, 0.9, and 1.1 k c a l / m o l for 0 -
N 0 2 , o-F, o-Cl , and o-Br reaction pathways, respectively). It is 
probably the main reason of their highest activation energies 
compared to other ortho-X's (Figure 6) . 

The steric hindrance manifested itself by the elongation of 
the P t — N p y r X b o n d (see above). It also changed the 
conformation of the o - D M A - R , o - D M A - T S , and o - D M A - P 
structures which had deformed geometries wi th the twist 
angles of 56.3, 54.4 (Figure 7), and 58.9° , respectively, 
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Table 7. A c t i v a t i o n Free Energies ( A G * ) and B o n d i n g Interactions i n X - T S Structures ( X = H , N H 2 , N 0 2 ) O p t i m i z e d i n the 
W a t e r Solvent and Ca lcu la ted by the B 3 L Y P - D 3 B J - P C M / B S 2 / / B 3 L Y P - P C M / B S 1 M e t h o d : P t - N x , P t - C l , and P t - O w B o n d 
Lengths ( i n A ) ; T o t a l N P A Charges o f the p y r X , C I and W a t e r Ligands ( q ( p y r X ) , q ( C l ) and q (w) , Respect ively) ( i n e); and 
A E b i n d and A G * Ene rgy Values i n k c a l / m o l " 

X-TS P t - N p y t X q(pyrX) AEfgd P t - C l q(Cl) P t - O w q(w) AEfef" AG* 

H 2.034 0.318 -42.9 2.837 -0.837 2.476 0.050 -18.6 25.9 
N H 2 o- 2.042 0.333 -45.0 2.806 -0.832 2.482 0.053 -18.5 24.3 

m- 2.032 0.327 -44.3 2.843 -0.841 2.469 0.050 -18.1 26.0 
p- 2.029 0.350 -47.0 2.846 -0.841 2.495 0.044 -17.3 25.4 

N 0 2 o- 2.074 0.252 -33.0 2.783 -0.821 2.431 0.067 -21.9 26.5 
m- 2.042 0.281 -37.2 2.822 -0.830 2.447 0.059 -20.2 27.3 
p- 2.035 0.272 -38.1 2.816 -0.828 2.448 0.059 -19.6 27.2 

"The data for all X's are shown in Table S6. 

between the p y r X plane and the plane of the complex defined 
by Pt and two N N H j and N p y r X atoms. This deformation 
enabled unfavorable interactions to be avoided between the o-
D M A substituent and the N H 3 ligands. However, similar 
deformation was found also for structures along o-F, o -Cl , and 
o-Br pathways, but here it enabled the formation of the 
attractive halogen X - - H N H 2 H-bond . Fo r the other structures, 
the twist angle between the two planes is close to 9 0 ° (Figure 
7) but its influence on A G * is unclear. 

The steric hindrance should lead to an increase of A G * , o-
D M A , o - C H 3 , o-Br, o-Cl , and o-F pathways have elevated A G * 
values which are wi th in 0.1 k c a l / m o l compared to their meta 
counterparts. However, the differences in A G * are too small to 
find a clear reason. F o r example, as the above described 
deformation is similar for all structures along the o - D M A 
pathway, it has little effect on A G * as it can be manifested by 
the values of 7.2, 7.2, and 8.8 k c a l / m o l which represent the free 
energy destabilizations of o - D M A - R , o - D M A - T S , and o - D M A -
P structures, respectively, wi th respect to their p - D M A 
isomeric counterparts. Note that A G * is even by 0.1 k c a l / 
m o l lower for the o - D M A pathway than for the p - D M A one 
(Figure 6 and Table S4). 

Solvent Effects. Wa te r environment dampened the 
electrostatic forces which were the most contributive to the 
stabilization of the Pt—ligand bonds of our charged complexes 
in the gas phase (see above). Thus, b inding energies of all Pt— 
ligand bonds were lowered i n the water environment (Tables 
6and 7and Tables S5 and S6). Similarly as in the gas phase, the 
Pt—ligand b i n d i n g energies c o u l d be es t imated f rom 
2 p . c ( N p y r X ) N A O energies calculated for the isolated p y r X 
ligand immersed in the polarizable cont inuum model ( P C M ) 
water solvent (Figure 4 E — H ) . The linear correlations are even 
slightly better here than in the gas phase probably due to a 
smaller relative importance of electrostatic interactions. Note 
also that the changes of electron density induced by X ' s are 
qualitatively the same as i n the gas phase (cf. Figure 3 and 
Figure S10). Thus, the findings described above for the gas 
phase should be qualitatively valid also for the water phase. 

The weakening of the Pt—ligand bonds d id not automati
cally lead to their elongation because bond length changes 
were inversely related to the changes of the ligand -» Pt 
transferred charge. T h e trend of the change (increase/ 
decrease) of the charge transfer and polarization effects 
depended on the nature of the interaction and nature of the 
complex. 

A s expected, Pt—CI was the most affected bond in the X - R 
structures being ca. six times weaker in the solvent than i n the 
gas phase because the arising C l ~ anion was stabilized by 

hydration. The charge donation from the C l ~ l igand was by 22 
+ 0.8% lower i n the water solvent which resulted i n 0.047 ± 
0.006 A Pt—CI bond elongation. The ligand environment was 
crucial for the behavior of the p y r X ligand: the charge transfer 
from p y r X is higher/ lower by 14.1 ± 1.796/17.3 ± 1.3% i n the 
solvent, and P t — N p y r X bond lengths were shortened/slightly 
elongated by 0.026 ± 0.003 A / 0 . 0 0 2 ± 0.002 A i n R - X / P - X 
structures. The P t — N p y r X bond was always weakened: by 54 ± 
1.5% i n P - X structures and by 34.4 ± 2.0% in R - X ones. The 
Pt—w bonds i n the water solvent-optimized X - P structures 
were shortened by 0.019 ± 0.004 A compared to the gas phase. 
The transferred charge from the water l igand increased by 11.7 
± 0.8%, and the P t - O w bond was weakened by 56 ± 0.7%. A s 
the result, the N P A charge of the Pt center was by 10.2 + 0.8 
and 7.9 ± 0.8% more positive in the solvent than i n the gas 
phase in R - X and P - X structures, respectively. 

The activation Gibbs energies ( A G * ) were substantially 
reduced: by 6.9 ± 0.5 k c a l / m o l compared to the gas phase 
(Table 7 and Table S6). 2 p . c ( N p y r X ) N A O energies worked 
substantially worse as the predictor of A G * values giving the R2 

value of 0.483 for meta and para subsets (cf. Figure 5). It could 
be caused by higher complexity of the reaction i n the water 
solvent and /or by a lower precision of our calculations. 

Despite a general weakening of the Pt—ligand coordination 
bonds, the relative values of the activation barriers for different 
X ' s were similar to the gas phase when driven by the electronic 
effects. Thus, the meta and para subsets gave almost the same 
maximum A ( A G * ) differences of 1.5 and 1.8 k c a l / m o l (cf. 
wi th respective values of 1.8 and 1.8 k c a l / m o l for the gas 
phase, see Figure 6). However, the water environment caused 
substantial weakening of the electrostatic forces which lowered 
spatial preferences o f the nucleophilic attack in the T S 
structures and the importance of the long-range X---C1 and 
X-- -w interactions therein (cf. A ( A G * o n f ) differences in Figure 
7). The weakening of H N H - - - C 1 and H O - C 1 stabilization 
interactions in o - N H 2 - T S and o - O H - T S , respectively (cf. 
above), resulted in the decrease of A ( A G * ) variance for the 
ortho subset to the value of 2.4 k c a l / m o l . Taken the results for 
all three subsets together, A ( A G * ) between the fastest ( 0 -
N H 2 ) and the slowest ( m - N 0 2 ) reaction was 3.0 k c a l / m o l i n 
the water solvent which corresponded to ca. 150 times change 
i n the reaction rate at 298 K . It is by about one order of 
magnitude smaller value than for the gas phase. 

Complexes with the Poly-X Ligand. The 2 p . c ( N p y r X ) 
N A O energies and the Pt—ligand bond strengths for poly-
substituted complexes were compatible wi th the results for the 
mono-substituted ligand complexes (cf. above). The mean 
deviations of 2.5 ± 1.3, 4.0 ± 2.8, 1.3 ± 0.9, and 0.7 ± 0.3 
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k c a l / m o l from the linear functions derived for the mono-
substituted complexes (Figure 4) were calculated for Pt—pyrX 
(in X - R ) , P t - p y r X ( in X - P ) , P t - C l , and P t - w binding 
energies, respectively, i n the gas phase. In the water solvent, 
the respective values were 1.4 ± 1.2, 1.9 ± 1.2, 0.4 ± 0.3, and 
0.2 + 0.2 kca l /mo l . The highest deviation values of 6.3 and 
11.2 k c a l / m o l were detected for Pt—pyrX bonds of the gas 
phase 2 o p - N H 2 - R and 2 o p - N H 2 - P structures, respectively 
(Figure 4) . Th is underestimation of the b inding energies was 
caused by the presence of two strong H 2 N H - N H 2 H-bonds 
(Figure S12) whose energies were not compensated by the 
elongation of the P t — N p y r X bond (by about 0.01 A ) (cf. above 
and values i n the Tables S9 and S10). 

T h e gas phase AG* free energy values could be also 
estimated from the 2 p . c ( N p y r X ) N A O energies of the poly-
substituted ligand complexes except for the o m - N H 2 , o p - N H 2 , 
and 2 o p - N H 2 pathways which involved o - N H 2 - - - C l electro
static stabilization of the T S structures (cf. above). F o r the 
other p o l y - X pathways, the mean deviation of the AG* values 
from the linear function in Figure 5 was 0.5 ± 0.3 k c a l / m o l . 

The additivity of the substituent effects on the pyr ring was 
already shown for proton affinities and gas phase basicities of 
the substituted pyridines 2 while electron shifts wi th in the 
p y r X ring were non-addi t ive. 6 3 In this contribution, the values 
( X p o l y ) of N P A charges, b inding energies, and bond lengths of 
the poly-substituted complexes could be estimated by a simple 
additive approach based on eq 1 

Xpoly = *H + £ » M 
I (1) 

where the summation goes over all positions ( i = ortho, meta, 
para); XH is the value for the non-substituted complex (X = 
H ) ; Ax, is the measured changes of the monosubstituted 
complexes wi th respect to the non-substituted complex ( X = 
H ) ; and n, is the number of substituents i n the posi t ion i. The 
plots o f calculated versus estimated values for the ligand 
binding energies are shown in Figure 8. Numer ica l values are 
shown in Tables S7—S12. In the gas phase, the absolute 
differences between calculated and estimated values were 
wi thin the experimental error for the b inding energies (<2.5 
kca l /mol ) , N P A charges (<0.01 e), and bond lengths (<0.01 
A ) . F o r poly-F and p o l y - N 0 2 complexes, the relative errors 
were below 20% (Tables S7, S8, S l l , and S12). Fo r the most 
sterically hindered complexes wi th the 2 o p - N H 2 ligand, this 
error reached almost 50% for q ( C l ) and q(w) N P A charges 
(Tables S9 and S10). However, for the p o l y - N H 2 complexes, 
the additive approach failed to predict the subtle changes of 
Pt—ligand bond lengths. No te that the relative error of 30% 
was measured for the additivity of substituent effects on much 
simpler (de)protonation processes of substituted pyridines in 
the gas phase. 2 

In the water solvent, the additive approach worked less 
satisfactory especially for the weakest Pt—w interaction (Figure 
8 H and Tables S8, S10, and S12). Partly, it might be caused by 
a lower precision of P C M calculations. 

F o r AG* activation energies, the additive approach did not 
offer useable results due to high relative errors (Tables S7, S9, 
and S l l ) . The largest errors were for p o l y - N H 2 pathways 
(Figure S13). W h i l e any single N H 2 substitution of the non-
substituted p y r H system led to the decrease of AG* activation 
free energy (except m - N H 2 i n the water solvent), any 
additional N H 2 substitution of o - N H 2 led to the AG* value 
increase (Table S9). The electron-withdrawing poly-F and 

G a s p h a s e W a t e r s o l v e n t 

Pt-pyrX binding energy (estimated) (kcal/mol) 

-80 -70 60 50 40 -55 -45 -35 25 

Pt-w binding energy (estimated) (kcal/mol) 

-55 -50 -45 -40 -23 -21 -19 

• poly-NH 2 • po ly-N0 2 • poly-F 

F i g u r e 8 . P lots o f es t imated vs ca lcu lated ( eq l ) values o f P t—l igand 
b i n d i n g energies for complexes w i th poly-subst i tuted l igands i n the 
gas phase (panels A — D ) a n d the water solvent (panels E — H ) . Panels 
A , C , E, a n d G a n d B, D , F, a n d H c o r r e s p o n d to po l y-X-R a n d poly-
X - P structures, respectively. T h e so l id l ine represents equal i ty o f the 
two values. 

p o l y - N 0 2 systems worked more predictably and offered an 
increase of the AG* values (with exception of the op-F system 
and i n the water solvent of the om-F one, too) compared to 
mono-substituted systems. The 2 m - N 0 2 and o p - N 0 2 pathways 
showed the highest AG* values of 35.1 and 27.7 k c a l / m o l 
(Table S l l ) , wh ich are by 0.6 and 0.5 k c a l / m o l larger than the 
ones for the slowest hydration reactions of complexes wi th 
mono-functional p y r X ligands (Tables S4 and S6) in the gas 
phase and the water solvent, respectively. Thus, the AG* value 
ranges (cf. above) increased up to 5.2 and 3.4 k c a l / m o l for the 
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gas phase and the water solvent, respectively, w h i c h 
corresponded to ca. 6400 and 320 times differences in the 
reaction rate at 298 K . 

Reliability of Our Results. T o obtain accurate absolute 
values of observables, one has to choose the appropriate 
combination of the density functional theory ( D F T ) func
tional, the solvation method, and the basis set. 4 In this 
contribution, we rely on the relative values which should be 
much less sensitive in this respect. 

T o check the influence of the B 3 L Y P functional on the 
height of the activation barriers and Pt—ligand bond lengths, 
the X - R _ w and X - T S structures were also optimized and 
energy of optimized structures was evaluated by M 0 6 - 2 X , 
PBEO funct ionals 6 7 using BS1 and B S 2 basis sets, respectively, 
in the gas phase ( M 0 6 2 X / B S 2 / / M 0 6 2 X / B S 1 , and PBEO-
D 3 B J / B S 2 / / P B E 0 / B S 1 calculations). In the solvent, these 
calculations were performed only wi th the M 0 6 - 2 X functional. 

A l l M 0 6 2 X and P B E O gas phase optimized P t - l i g a n d bond 
lengths correlated very wel l linearly wi th the B 3 L Y P counter
parts ( R 2 > 0.94) and were systematically shorter wi th the 
exception of Pt—O distances in M 0 6 - 2 X optimized X - T S 
structures (Figures S14 and S15). Reasonable correlation was 
found also for activation Gibbs free energies which were 
systematically lower by 2.8 ± 0.5 k c a l / m o l and higher by 0.9 ± 
0.4 k c a l / m o l for the M 0 6 - 2 X and P B E 0 - D 3 B J functionals, 
respectively. Thus, for the gas phase, the relative changes of the 
variables studied in this paper should be not sensitive on the 
chosen functional. 

F o r the M 0 6 - 2 X / P C M optimizations, the correlation was 
generally worse and not very satisfactory for Pt—CI distances in 
X - T S structures ( R 2 = 0.430) (Figure S16). N o correlation was 
found for solvent phase activation energies. In agreement wi th 
the B 3 L Y P results, the fastest reaction was detected for the o-
N H 2 substitution (Figure S17), but for the other X ' s , the 
A ( A G * ) differences are probably too small compared to the 
precision of our calculations. Thus, except of the A G * values 
and the properties of the Pt—CI bond in X - T S structures, the 
other relative changes of variables studied in this contribution 
and calculated in the water solvent should be described i n our 
opinion satisfactorily and should be little dependent on the 
chosen functional. 

Comparison with Experimental Data. W e have not 
found experimental data about any of the complexes studied in 
this contribution. 2-Picoline and 3-picoline complexes are 
related compounds to o - C H 3 - R and m - C H 3 - R , respectively, 
but one of the ammine N H 3 groups is replaced by the chlorine 
C I " ligand. W e obtained slightly longer P t - N p y r X (by 0.070 
and 0.071 A ) and P t - C l bond lengths (by 0.019 and 0.007 A ) 
compared to the crystal structures of the 2- and 3-picoline 
complexes2"" (cf. Tables SI and S2). In the crystal structure, 
the 3-picoline ligand is tilted by 48 .9° while 2-picoline ligand is 
almost perpendicular ( 1 0 2 . 7 0 ) . 2 9 ' 6 8 In o - C H 3 - R a n d m - C H 3 - R , 
both o - C H 3 and m - C H 3 ligands were perpendicular to the 
plane of the complex (90.0 and 87 .7° ) . The difference for the 
3-picoline complex has to be attributed to the C l ~ ligand in the 
cis posi t ion because the gas phase m P W I P W l D F T - o p t i m i z e d 
geometries of 2-picoline and 3-picoline complexes were i n very 
good agreement wi th the crystal structures. 6 9 

Accord ing to our calculations, the rates of hydrolysis were 
the same for two related complexes: the experimental trans-
[ P t ( N H 3 ) ( H 2 0 ) ( 3 - p i c o l i n e ) C l ] + c o m p l e x 2 9 and m - C H 3 - R 
which differed only by the nature of the group i n the cis 
position ( H 2 0 vs N H 3 ) . However, i n the water solvent, we d id 

not observe any steric hindrance of the o - C H 3 l igand (unlike 
the gas phase) and the kinetic constant for the o - C H 3 pathway 
was by two orders of magnitude higher compared to the trans-
[ P t ( N H 3 ) ( H 2 0 ) ( 2 - p i c o l i n e ) C l ] + experimental analogue. 2 9 

The meta-X substitution of the p y r X ligand led to the 
slowest reaction for most X ' s in both the gas phase and the 
water solvent, wh ich is in agreement wi th experimental 

. , 68,70 

evidence. 

• CONCLUSIONS 
Substitution of the pyridine ligand by electron-donating groups 
i n the t r a « s - [ P t ( N H 3 ) 2 ( p y r X ) C l ] + complexes led to the 
strengthening of the P t — N p y r X bond and the weakening of 
the bonds in the trans direction (Pt—CI and P t — O w i n X - R and 
X - P structures, respectively). The electron-withdrawing groups 
had exactly the opposite effect. In both the gas phase and the 
water solvent, the strengths of P t — N p y r X , Pt—CI, and P t — O w 

bonds in the X - R and X - P complexes were dependent on a-
electron basicity of the N p y r X atom which correlated linearly 
best wi th the energy of the 2 p ( N p y r X ) N A O oriented i n the 
C 4 — N p y r X direction and calculated on the isolated p y r X ligand. 
These correlat ions were successfully val idated on the 
complexes wi th the poly-substituted ligand. 

The electron-donating/withdrawing groups tend to de
crease/increase A G * free activation energies. In the gas 
phase, the 2 p ( N p y r X ) N A O energy can be used also as a 
predictor for the estimation of A G of the meta-X and para-X 
reaction pathways wi th dominating influence of electronic 
effects. 

Because of the perpendicular orientation of the p y r X ligand 
wi th respect to the metal complex plane, the substitution 
reactions occurred in the p y r X plane. The attractive X---C1 
electrostatic interaction was established for o-X's wi th the H -
bond donor ability ( o - N H 2 , o - O H , o-SH) which led to the o - X -
T S structure stabilization and a substantial decrease of the 
A G * values. The fastest reaction rate was observed for the o-
N H 2 pathway. O n the other hand, steric hindrance i n o - X - T S 
structures led only to a moderate increase of A G * probably 
due to a small size of X ' s considered in this study. Anyway, 
taken together the activation free A G * energy of the hydration 
reactions can be most easily modified by the substitution of the 
pyridine ring i n the ortho posit ion giving the A G * values range 
of 3.8 k c a l / m o l between the fastest o - N H 2 and slowest o-Br 
pathways (Table S4) . Substitutions in the meta posi t ion led 
usually to the highest activation energies. 

In the gas phase, the X ' s on the pyridine ring can be ordered 
according to their ability to promote the hydration reaction as 
follows: N H 2 > O H > S H « C H 3 > D M A > H > F > CI « 
C C H « Br > N 0 2 . 

Water solvent weakens all coordination Pt—ligand bonds 
and lowers the activation free energies compared to the gas 
phase. B o t h shortenings and elongations of the bond lengths 
are possible being inversely related to the changes of the ligand 
-» Pt transferred charge. The dampening of electrostatic 
interactions lowered the range of the A G * values for the ortho 
subset to 2.4 kca l /mo l . The ranges of A G * for meta and para 
subsets being driven mainly by electronic effects remained 
almost unchanged wi th respect to the gas phase (ca. 1.8 k c a l / 
mol ) . 

Considering all three ortho, meta, and para positions (all 
mono-substituted systems), the ranges of A G * values for all X ' s 
were 4.6 and 3.0 kca l /mol , wh ich corresponded to ca. 2200 
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and 150 times differences in the reaction rate at 298 K i n the 
gas phase and the water solvent, respectively. 

The acceleration of the hydration reaction by an additional 
N H 2 substitution of the o - N H 2 l igand was not observed. O n 
the other hand, a further s lowdown of the P t ( l l ) complex 
reactivity wi th respect to the complexes wi th mono-substituted 
ligands was possible. The 2 m - N 0 2 and o p - N 0 2 pathways 
increased the maximum value of A G * by 0.6 and 0.5 k c a l / m o l 
in the gas phase and the water solvent, respectively. A s the 
result, i f p o l y - X complexes were considered, the ranges of 
possible A G * values were increased up to 5.2 and 3.4 k c a l / m o l 
which corresponded to ca. 6400 and 320 times differences in 
the reaction rate at 298 K for the gas phase and the water 
solvent, respectively. 

The additivity of substituent effects on p o l y - X complexes 
was shown wi th respect to the Pt—ligand bond strengths and 
the ligand N P A charges i n the gas phase which had the relative 
errors below 30%. 

• COMPUTATIONAL METHODS 
A l l geometries of the structures were optimized at the D F T 
level wi th the hybr id B 3 L Y P funct ional 7 1 and 6-31+G(d) basis 
set for the first and second row elements. Heavier atoms were 
treated by Dresden—Stuttgart quasirelativistic energy-averaged 
effective pseudopotentials 2 , 7 3 wi th a pseudo-orbital basis set 
augmented by the set of diffuse (for Pt wi th exponents as = 
0.0075, a p = 0.013, a d = 0.025; for CI : a s = 0.09, a p = 0.0075) 
and polarization ( a f (P t ) = 0.98; a d ( C l ) = 0.618) functions. 7 4 

These calculations are labeled as B 3 L Y P / B S 1 in further text. 
The nature of the obtained stationary points was always 
checked by the Hessian matrix evaluation. Thermal contribu
tions to the energetic properties were calculated using the 
canonical ensemble at standard gas phase conditions ( T = 298 
K , p = 101.325 kPa) . 

The energy profiles and wave function properties were 
determined at the B 3 L Y P - D 3 B J / M W B - 6 0 ( 2 f g ) / 6 - 3 1 1 + + G -
(2df,2pd) single point calculations which combined the B 3 L Y P 
functional wi th Grimme's D F T - D 3 dispersion correction and 
Becke—Johnson d a m p i n g 0 (labeled as D 3 B J ) . The Pt atom 
was augmented by the set of diffuse functions in analogy to 
BS1 and by the set of polarization functions (ar(Pt) = 1.419; 
0.466, a g ( P t ) = 1 .208) 7 4 ( B 3 L Y P - D 3 B J / B S 2 calculations). A l l 
possible rotamers were considered for the reactant and product 
structures, and the energy of the given m i n i m u m structure was 
obtained by Bol tzmann averaging over all optimized rotamers 
at T = 298 K . For calculation of activation free energies ( A G * ) , 
the lowest lying T S structure was considered. In calculations of 
binding energies A E B I N D , the basis set superposition error 
( B S S E ) was inc luded by the counterpoise co r r ec t ion . ' 6 

Deformation energies were not included. 

Add i t iona l single-point calculations on selected optimized 
structures were conducted using the Amsterdam Density 
Funct ional 2014.05 package ( A D F ) " to calculate fragment 
energy decompositions according to the extended transition 
state t heo ry 7 8 combined wi th natural orbitals for chemical 
valence ( E T S - N O C V ) . 7 9 ' 8 0 Gas phase interaction energies 
A £ g , s

T were decomposed to Paul i ( A £ P A U L I ) , electrostatic 
( A E e i s t a t ) ; orbital ( A £ O R B ) , and dispersion ( A £ D I S P ) energy 
contributions 

A E J N T = A £ P A U L L + A £ E L S T A T + A £ O R B + A E ^ ( 2 ) 

In these calculations, scalar relativistic effects were treated 
wi th in the zeroth order regular approximation ( Z O R A ) . 8 1 The 
B L Y P - D 3 B J functional was used wi th the all-electron T Z 2 P 
( Z O R A ) basis set for all atoms. 

T o include solvent effects, the above described B 3 L Y P / B S 1 
optimizations and B 3 L Y P - D 3 B J / B S 2 single point calculations 
were performed also in the water environment for all structures 
using I E F P C M ( P C M ) implic i t solvent approach. B S S E 
corrections wi th the P C M regime were calculated wi th ghost 
atomic orbital functions localized inside the cavity having the 
same size as the whole complex . 8 2 

A l l optimizations and single point calculations were carried 
out by the Gaussian 09, revision D.01 ( G 0 9 ) program 
package. 8 3 A toms in molecules ( A I M ) topological analysis of 
the electron density i n bond critical points was performed on 
selected structures by the A I M A l l p rog ram. 8 4 N B O analysis 
was carried out, and atomic charges based on N A O ' s (natural 
population analysis ( N P A ) charges) were determined by the 
N B O 3.1 p rogram. 8 5 Wave function properties were analyzed 
by the M u l t i w m 3.7 p rog ram. 5 4 
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N p y r X bond lengths and the dependence of the c-
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R ) , N H 3 - - 0 ( o - N O r R ) H - b o n d interactions; depend
ence of the Pt—pyrX binding energy on the transferred 
q(pyrX) charge for X - R , X - T S , and X - P structures; 
dependence of the gas phase Pt—pyrX binding energy on 
the N B O charge of the N p x atom (<j (N p y r X ) ) , the total 
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Gibbs free energies ( A G * ) on the Hirschfeld charges 
calculated on the P t ( l l ) atom; bonding energies, bond 
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phase and water solvent, A G * activation free energies, 
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Abstract 

Kinetics of the hydration reaction and the bonding properties of the trans-

[ P t ( N H 3 ) 2 ( N H 2 X ) C l ] + complexes (X=H, C H 3 , F, CI, Br, N H 2 , N 0 2 , O H , dimethylamine 
( D M A ) , cyclopropyl (CyP), cyclohexyl (CyH)) were studied theoretically by D F T 
methodology in the gas phase and the water solution. The electron-donating and electron-

withdrawing X substituents lower and increase, respectively, the activation free energy 
(AG*) and Pt-trans ligand binding energies (BEs) to a similar extent as meta and para 
substituents of the pyridine ligand studied previously ( A C S Omega, 2020, 5,11768). For the 
saturated hydrocarbon X substituents (X=H, CH3, CyP, CyH) , the A G * values and Pt-trans 
ligand BEs decrease with the logarithm of the X substituent size being best quantified by the 
number of electrons. The additivity of the substituent effects was studied on the N F 3 ligand 
and worked well for ligand charges and Pt-trans ligand BEs . The influence of chelation was 
evaluated by the comparison of the C y H system and the complexes with the 
cyclohexanediamine ( D A C H ) ligand. Finally, the effect of isomerization was studied on the 
complexes with the l,2-bis(aminomethyl)cyclobutane ( B A M C B ) ligand. Thus, this study 
also evaluates the influence of the non-leaving ligands present in cisplatin, oxaliplatin, 
lobaplatin, JM118, and JM11 drugs on the reactivity of the Pt(II) complexes in the same 
ligand environment. 

The Supporting Information is available free of charge at 
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I I n o r g a n i c C h e m i s t r y 

Tuning the Reactivity and Bonding Properties of the Pt(ll) 
Complexes by the Substitution(s) on the Trans-Coordinated 
Non-Aromatic Amine Ligand 
O l g a D v o ř á č k o v á 1 3 , b ] a n d Z d e n ě k C h v a l * [ a ] 

Kinetics of the hydration reaction and the bonding properties 
of the trans-[Pt(NH3)2(NH2X)CI] + complexes (X = H, CH 3 , F, CI, Br, 
NH 2, N0 2 , OH, dimethylamine (DMA), cyclopropyl (CyP), 
cyclohexyl (CyH)) were studied theoretically by DFT method

ology in the gas phase and the water solution. The electron-

donating and electron-withdrawing X substituents lower and 
increase, respectively, the activation free energy (AG*) and Pt-
trans ligand binding energies (BEs) to a similar extent as meta 
and para substituents of the pyridine ligand studied previously 
(ACS Omega, 2020, 5, 11768). For the saturated hydrocarbon X 
substituents (X = H, CH 3 , CyP, CyH), the A G * values and Pt-trans 
ligand BEs decrease with the logarithm of the X substituent 

size being best quantified by the number of electrons. The 
additivity of the substituent effects was studied on the NF 3 

ligand and worked well for ligand charges and Pt—trans ligand 
BEs. The influence of chelation was evaluated by the compar

ison of the CyH system and the complexes with the cyclo-

hexanediamine (DACH) ligand. Finally, the effect of isomer-

ization was studied on the complexes with the 1,2-bis 
(aminomethyl)cyclobutane (BAMCB) ligand. Thus, this study 
also evaluates the influence of the non-leaving ligands present 
in cisplatin, oxaliplatin, lobaplatin, JM118, and JM11 drugs on 
the reactivity of the Pt(ll) complexes in the same ligand 
environment. 

I n t r o d u c t i o n 

Hydrolysis is a key step in the biotransformation of platinum 
metal drugs. A hydrolyzed drug is able to attack many 
biological targets in the cell such as nucleic acids and proteins. 
While the binding to proteins is responsible for the side effects 
of the drugs, the DNA structure modification caused by the 
platinum drug binding enables a successful explanation of their 
anticancer effect.'11 To reach the DNA target inside the 
malignant cells, the speed of hydrolysis has to correspond to 
the speed of the drugs' metabolism.121 If it is too fast, the drugs 
attack proteins increasing their side effects but if it is too slow 
the drug is eliminated from the body with no remedial effect. 
Thus, the rate of hydrolysis should be tuned to reach the 
optimal efficacy of the drug. 

The replacement of chloride ions by water molecules in 
cisplatin and its derivatives was a subject of many previous 
studies'3 9 1 and reviewed by Ahmad.' 1 0 1 The reactivity of the 
Pt(ll)-drugs depends on the nature of both the leaving and 
non-leaving ligands. Two monofunctional chlorines in cisplatin 

[a] O. Dvořáčková, Z. Chval 
F a c u l t y o f H e a l t h a n d S o c i a l S c i e n c e s , 
U n i v e r s i t y o f S o u t h B o h e m i a , 
J . B o r e c k é h o 2 7 , 3 7 0 11 
České Budě jov i c e , C z e c h R e p u b l i c 
E-mai l : c h v a l @ j c u . c z 

[b] O. Dvořáčková 
F a c u l t y o f S c i e n c e , 
U n i v e r s i t y o f S o u t h B o h e m i a , 
Branišovská 1 7 6 0 , 3 7 0 0 5 

České Budě jov i c e , C z e c h R e p u b l i c 

D l S u p p o r t i n g i n f o r m a t i o n f o r t h i s a r t i c l e is a v a i l a b l e o n t h e W W W u n d e r 

h t t p s : / / d o i . o r g / ! 0 . 1 0 0 2 / s l c t . 2 0 2 1 0 0 8 8 7 

are replaced by bidentate dicarboxylate derivatives in the 
second generation Pt(ll) anticancer drugs. The influence of the 
nature of the leaving group(s) on the Pt(ll) drug reactivity has 
been studied extensively.' 1 1 1 6 1 In the third generation Pt(ll) 
drugs the two amines are substituted by hydrocarbonamine 
groups mostly forming a divalent chelate. The effects of the 
non-leaving ligand(s) modifications have also been investigated 
but mostly on aromatic systems'171 and/or the interest has been 
focused on their antiproliferative and anticancer activities.'18-221 

Kinetic aspects of non-aromatic non-leaving ligands have been 
explored less frequently' 2 3 2 5 1 being often compared with the 

NH 3 groups in cisplatin.' However, it is hard to exactly 
compare the data about the influence of the ligands on the 
reactivity of Pt(ll) complexes from different studies due to a 
diversity of experimental conditions and theoretical models. 
The possible roles of NH 3 ligands in Pt complexes were 
reviewed by Lippert's group,' 2 8 1 but the impact of NH 3 

modifications was not covered. 
In our previous study, we evaluated the changes in 

reactivity and binding properties of the Pt(ll) complex con

nected with the substitution(s) of the aromatic pyridine (pyrH) 
ring as the non-leaving ligand.'291 This contribution is focused 
on the influence of modifications of the non-aromatic non-

leaving amine ligand. We show how the X substitutions on the 
NH 3 group in the trans position (denoted as NH 2H in the further 
text to be distinguished from the two NH 3 groups in the cis 
positions) with respect to the leaving chlorine group influence 
the reactivity and binding properties of the trans-[Pt-

(NH3)2(NH2X)CI]+ complexes. 

The paper is organized as follows: Firstly, the effects of the 
amine NH 2H and aromatic pyrH' 2 9 1 ligands were compared. 

ChemistrySelect 2021, 6, 3 1 6 2 - 3 1 6 8 Wiley Online Library 3162 © 2021 Wi ley-VCH G m b H 
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Secondly, the substitutions by the same X's as in the cited 
study1291 (X = OH, CI, F, Br, N0 2 , NH 2, CH 3 , DMA = dimethylamine) 
(will be referred to as 'elemental' X's in the further text) were 
studied separately for comparison purposes. Elemental X's 
included both electron-donating (NH2, DMA), electron-with
drawing (N02, OH, F, CI, Br) groups. We show how the stability 
of Pt-NH2X, Pt—CI, Pt-w (w = water) bonds and the kinetics of 

H 2 N / 

- p 

c i 

X-R 

H , 0 

H 2 N / 

H 3 N P t — N H 3 

CI 0 H 2 

X-TS 

H 2 N 

H , N P f ^ - N H , 

O H , 

X-P 

S c h e m e 1. T h e a s s o c i a t i v e i n t e r c h a n g e m e c h a n i s m 1 3 0 1 o f t h e h y d r a t i o n 
r e a c t i o n s s t u d i e d in t h i s c o n t r i b u t i o n . A l l r e a c t i o n p a t h w a y s p r o c e e d o v e r t h e 
p e n t a c o o r d i n a t e d X-TS t r a n s i t i o n s t a t e (TS) s t r u c t u r e s . 1 3 1 

H,N 

H 3N-

a) 

- P t — N H , 

CI 

H 2N^ 

HjN P t ^ N H 3 

b) ci 

H 3 N Pt-—NH 2 

\ 
0 C l 

H 3N Pt N H 2 

S c h e m e 2. T h e s t r u c t u r a l f o r m u l a s o f CyP-R (a), CyH-R (b), DACH-R (c), a n d 
BAMCB-R (d) c o m p l e x e s . 

the hydration reaction are affected by the nature of X in the 
NH2X ligand (Scheme 1). 

Thirdly, the additivity of the substituent effects was tested 
on the NF 3 ligand as a representative of multisubstituted 
complexes. 

Fourthly, the substituents present in the real anticancer 
compounds were also included considering the cyclopropyl 
(CyP) and cyclohexyl (CyH) derivatives of the amine ligand 
(Scheme 2) which are the non-leaving ligands in the JM11 and 
JM118 Pt(ll) drugs, respectively. These complexes represent the 
alpha-carbon substituents of the primary amine groups and 
can be also viewed as ethylene and pentylene derivatives of 
the CH 3 substituent. They were also used as independent 
structures for the validity testing of our findings. 

Fifthly, the system with the 1,2-diaminocyclohexane (DACH) 
ligand (Scheme 2) as the bidentate non-leaving group of 
oxaliplatin was studied to see the effect of chelation on the 
reactivity of the Pt(ll) complex when compared with the CyH 
system. 

Sixthly, the effect of isomerization was explored by the 
comparison of the systems with DACH and 1,2-bis 
(aminomethyl)cyclobutane (BAMCB) ligands. BAMCB is the non-
leaving group of lobaplatin. Both DACH and BAMCB ligands 
were studied in the R,R configuration. 

R e s u l t s a n d d i s c u s s i o n 

Comparison of the influence of the NH2H and pyrH ligands 

In the gas phase, the Pt—NH2H bond in the H-R and H-P 
structures was by 2 0 % and 2 3 % (i.e., by 13.5 and 25.9 kcal/ 
mol) weaker (Tables 1 and S1), respectively than the Pt—pyrH 
bond analyzed in our previous study.1291 A similar decrease of 
relative values was calculated also for Pauli (by 19 and 18%), 
electrostatic (by 18 and 16%), and orbital (by 22 and 26%) 
energy decomposition terms in the two pairs of structures 
(Table S2). o-donation was less affected (11% and 12% 
decrease), but dispersion and jt-donation energies were 

Tab le 1. P t - l i g a n d i n t e r a c t i o n s i n t h e o p t i m i z e d X-R s t r u c t u r e s : P t - N N H 2 X a n d Pt—CI b o n d l e n g t h s ( in A ) ; AE8M e n e r g y v a l u e s ( in k c a l / m o l ) . 1 

X-R g a s p h a s e 

P t - N N H 2 X 

A rNH2X 
a Lbind P t-C I 

w a t e r s o l v e n t 

P t - N N H 2 X 

A rNH2X 
a Lbind P t-C I 

H 2 .132 - 5 2 . 1 2 .305 - 2 6 6 . 8 2 .086 - 3 9 . 8 2 .366 - 3 9 . 7 
Br 2 . 0 9 0 - 4 8 . 6 2.301 - 2 6 5 . 9 2.051 - 3 4 . 5 2 . 3 5 0 - 4 1 . 1 
C H 3 2 . 1 2 9 - 5 7 . 0 2 .312 - 2 5 9 . 7 2 .088 - 4 2 . 9 2.361 - 3 8 . 0 
CI 2 .112 - 4 6 . 7 2 . 3 0 0 - 2 6 9 . 0 2 .082 - 3 2 . 4 2 .346 - 4 3 . 0 
D M A 2 .122 - 6 2 . 0 2 . 3 1 0 - 2 5 3 . 6 2 . 0 8 9 - 4 3 . 8 2 . 3 6 0 - 3 8 . 4 
F 2 .084 - 4 6 . 8 2 . 2 9 9 - 2 7 4 . 0 2 .042 - 3 3 . 5 2 .343 - 4 2 . 5 
N H 2 2 .126 - 5 7 . 5 2 .305 - 2 6 1 . 5 2 .083 - 4 1 . 9 2 .358 - 3 8 . 8 
N 0 2 2 .137 - 3 4 . 6 2 .292 - 2 7 6 . 1 2 .126 - 2 0 . 5 2 .334 - 4 4 . 9 
O H 2 .118 - 5 0 . 8 2 .302 - 2 6 5 . 7 2 .078 - 3 6 . 8 2 .355 - 4 0 . 7 

F 3 
2 . 0 6 9 - 2 5 . 4 2 . 2 7 9 - 2 9 1 . 2 2 . 0 5 0 - 1 1 . 7 2 . 3 2 0 - 4 9 . 9 

C y P 2.131 - 5 7 . 8 2 . 3 1 4 - 2 5 3 . 3 2.101 - 4 1 . 4 2 .364 - 3 8 . 7 
C y H 2 .125 - 6 3 . 0 2 . 318 - 2 4 9 . 2 2 .096 - 4 5 . 3 2 .366 - 3 7 . 7 
D A C H 2 .117 - 1 3 4 . 2 I c l 2 .312 - 2 4 8 . 5 2 . 0 7 9 - 8 5 . 2 [ c l 2 .367 - 3 7 . 8 
B A M C B 2 .123 - 1 3 3 . 1 I c l 2 .317 - 2 4 9 . 8 2.111 - 7 7 . 9 I c l 2 .363 - 3 9 . 1 

[a] T h e t o t a l N P A c h a r g e s o f t h e P t a t o m a n d t h e N H 2 X , CI l i g a n d s a r e s h o w n in T a b l e S 3 , [b] C o r r e s p o n d i n g d a t a f o r X - P s t r u c t u r e s a r e s h o w n in T a b l e s SI a n d 
S4. [c] B i d e n t a t e b o n d i n g t o t h e c o m p l e x . 
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lowered substantial ly by about 5 0 % . The jt-donation energy 
decrease reflects the lower jt(-back)-donation abil ity of N H 2 H 
compared to the aromat ic pyrH l igand. 1 3 1 1 

On the other hand, more favorable electrostatic energy is 
responsible for the Pt—CI b o n d strength enhancemen t by about 
7 % (i.e., by 18.1 kcal/mol) when being in the trans posi t ion to 
the N H 2 H l igand compa red to pyrH in the X-R structures since 
the contr ibut ions of the other terms to the BE difference were 
by one order of magn i tude lower (Table S2). The Pt—w b o n d in 
X-P structures was stronger when being in the trans posi t ion to 
the N H 2 H l igand by 1 4 % (6.7 kcal/mol) compa red to pyrH due 
to more favorable electrostatic and orbital energies. 

The water solvent reduced the differences in BEs compared 
to the gas phase. The Pt—NH 2H b o n d was weaker by 9 and 8 % 
(by 4.0 and 4.3 kcal/mol) in the H-R and H-P structures (Tables 1 
and S1), respectively, compa red to the Pt—pyrH b o n d . The 
Pt—CI and Pt—w bonds were stronger by 3 and 4 % (by 1.0 and 
0.7 kcal/mol) w h e n being in the trans posi t ion to the N H 2 H 
l igand in the respective structures. 

In the gas phase and the water solvent, the act ivat ion free 
energies a G * for the N H 2 H system were 35.4 and 26.9 kcal/mol, 
wh ich were by 2.2 and 1.0 kcal/mol, respectively, h igher values 
than for the pyrH system. 1 2 9 1 It is probably caused by the higher 
stabil ity of the Pt-CI b o n d (cf. below). 

Inf luence o f the ' e l e m e n t a l ' X subs t i tuen ts 

Pt—ligand bond strength. The electron-donating and electron-
withdrawing substituents make the Pt—NH 2X bond stronger and 
weaker, respectively, compared to parent X=H. The effect was 
strongest for X = D M A which showed by 23.2 and 2 5 . 0 % (by 12.1 
and 17.1 kcal/mol) stronger P t-NH 2 X bond in DMA-R and DMA-P 
structures than in the H-R and H-P ones, respectively (Tables 1, 
S1). The largest weakening of the Pt-NH 2 X bond by 26.0 and 
1 3 . 5 % (13.6 and 11.9 kcal/mol) was in N0 2-R and N0 2 -P 
structures, respectively. The above values are slightly larger for 
D M A but smaller for N 0 2 when compared with the pyrX 
structures.' 2 9 1 

Pt-trans ligand binding energies AE%M and AE^nd show 
exactly the opposite trends than AE™™ due to trans influence. 
However, the relative changes are smaller due to the weakening 
influence of the X substituent with increasing distance, which can 
be documented by the decreasing vo lume of the electron density 
difference isosurfaces in Figure 1. The largest weakening of the 
Pt-CI/Pt-w bonds was observed for the DMA-R/DMA-P structures 
showing a relative decrease of 4 .9/9.3% (13.2/5.0 kcal/mol) 
compared to the parent H-R/H-P structures. The most strength
ened Pt—Cl/Pt—w bonds were found in the N0 2-R/F-P structures 
with corresponding changes of 3.5/4.5% (9.3/2.4 kcal/mol). The 
strengthening of the Pt-CI bond in the N0 2-R structure compared 
to the H-R structure can be illustrated by a decrease of electron 
density in the 3p(CI) orbital oriented along the bond which is the 
result of larger o-donation from the C T ligand. Exactly the 
opposite effect can be seen for DMA-R (Figure 1). 

Generally, the NH 2 X ligands gave a slightly larger range of Pt-
trans ligand BE values by up to 2.5 kcal/mol (for the Pt—CI bond in 
the gas phase) than the pyrX ligands.' 2 9 1 The variation of the 

DMA-R N0 2-R 

F i g u r e 1. E l e c t r o n d e n s i t y d i f f e r e n c e i s o s u r f a c e s o f D M A - R a n d N 0 2 - R 
s t r u c t u r e s c a l c u l a t e d w i t h r e s p e c t t o t h e r e f e r e n c e H-R s h o w e l e c t r o n 
a c c u m u l a t i o n a n d e l e c t r o n d e p l e t i o n r e g i o n s ( b l u e a n d r e d i s o s u r f a c e s , 
r e s p e c t i v e l y , a t v a l u e s ± 0 . 0 0 0 5 a.u.) c a u s e d b y D M A a n d N 0 2 s u b s t i t u t i o n o f 
t h e N H 2 H l i g a n d . E l e c t r o n d e n s i t i e s w e r e c a l c u l a t e d o n t h e o p t i m i z e d D M A - R 
a n d N 0 2 - R g e o m e t r i e s a n d t h e r e f e r e n c e H-R s t r u c t u r e s w e r e o b t a i n e d b y 
t h e r e p l a c e m e n t o f X s u b s t i t u e n t s b y t h e H a t o m w h o s e p o s i t i o n w a s 
o p t i m i z e d k e e p i n g o t h e r a t o m s f i x e d . T h e a r e a s w h i c h a r e d o m i n a t e d b y t h e 
a t o m a d d i t i o n s / s u b t r a c t i o n s a r e d e p i c t e d b y t h e l o w c o n t r a s t c o l o r s . 

Pt-NH 2 X bond BEs with respect to the Pt-pyrX ones was less 
predictable: even smaller by 3.8 kcal/mol for X-P structures in the 
gas phase but much larger in all other cases (by up to 8.2 kcal/ 
mol for X-R structures in the water solvent). 

BEs of the Pt—ligand bonds in the trans direction are inversely 
proportional due to trans influence. Their g o o d mutual correla
tions in Figure 2 are caused by negligible jt-back-donation of 
NH 2 X, C r , and water ligands in the positively charged complexes. 

gas phase water solvent 
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F i g u r e 2 . T h e m u t u a l d e p e n d e n c e o f BEs o f t h e l i g a n d s in t h e t r a n s d i r e c t i o n 
in t h e g a s p h a s e ( left p a n e l s ) a n d t h e w a t e r s o l v e n t ( r i g h t p a n e l s ) : P t - N H 2 X 
( P t - p y r X ) v s . P t -C I a n d P t - N H 2 X ( P t - p y r X ) vs . P t - w d e p e n d e n c i e s a r e s h o w n 
in t h e u p p e r a n d l o w e r p a n e l s f o r X-R a n d X-P s t r u c t u r e s , r e s p e c t i v e l y . p y r X 
p o i n t s a r e d e s i g n a t e d b y b l a c k c r o s s e s . B l a c k r e g r e s s i o n l i n e s w e r e 
c o n s t r u c t e d f r o m b o t h p y r X a n d N H 2 X p o i n t s w h i l e t h e b l u e o n e s j u s t f r o m 
N H 2 X p o i n t s . R e d p o i n t s w e r e n o t i n c l u d e d in t h e r e g r e s s i o n a n a l y s e s . 
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Since all Pt—ligand BEs depend directly proportionally on the 
transferred charge, the same relationship can be also observed for 
the ligand NPA charges (Figure S1). The correlation of BEs is even 
better when the results for the pyrX ligand are also included 
(Figure 2) since the data for the NH 2 X l igand are more scattered 
due to the nonbonding X c/s-NH3 interaction (cf. below). These 
findings are valid for both X-R and X-P complexes despite their 
different total charges and diverse strengths of the Pt—ligand 
bonds. The relative importance of orbital energy compared to the 
dominant electrostatic energy is much smaller for the Pt—CI bond 
than for the Pt—w one, giv ing evidence of a different nature of 
the two bonds (Table S2). 

Pt—ligand bond strength prediction from A/Z-yC properties. All 
atoms of the X substituents which bind to the N atom in the 
NH 2 X l igand ( N N H 2 X atom) have higher electronegativity than the 
hydrogen atom and thus the atomic charge of the N N H 2 X a tom is 
less negative in all isolated substituted NH 2 X ligands compared to 
the parent NH 2 H. The change of the N N H 2 X atomic charge is 
roughly linear to the electronegativity difference (R2 = 0.862). 
However, a much more important factor for the ligand donat ion 
ability is the energy of available electrons. For the pyrX ligands, 
we were able to predict the stability of the Pt—ligand bonds from 
the basicity of o-electrons on the N p y r X a tom determined on the 
isolated pyrX l igand. It was best evaluated by the energy of the 
2p(N p y r X ) natural atomic orbital (NAO) oriented along the N p y r X - C 4 
axis of the pyrX l igand. 1 2 9 1 

However, here all attempts to predict the gas phase BEs of 
the Pt—ligand bonds from the properties of the isolated NH 2 X 
ligands were less successful with R2 values below 0.9 (Table S5). 
More details are described in the Support ing Information. It was 
caused by the X c/s-NH3 interaction which was established for 
most elemental X's and whose strength depended on the nature 
of X but without any relation to the dative properties of NH 2 X. It 
led to a strong polarization of the c/s-NH3 group (Figure 1) 
accompanied by the charge transfer of up to 0.035e (for X = OH) 
from N H 3 to NH 2 X. The nonspecific variability of the X ' cis-NH 3 

interaction could also be the reason why the orbital energies 
were not mutually dependent with the electrostatic ones for all 

Pt—ligand bonds (cf. our previous studies' 2 9 ' 3 0 , 3 2 1) except for the 
Pt—w bond in the X-P structures (Figure S2). 

Water solvent dampens the electrostatic forces and the 
min imum value of the Average Local Ionization Energy (ALIE)'331 

corresponding to the N N H 2 X a tom works best as the predictor of 
the Pt-NH 2 X and Pt-CI BEs in the X-R and X-P complexes 
(Table S5, Figure S3 and see the Support ing Information for more 
details). 

Note that BEs of the Pt—ligand bonds correlate with properties 
calculated for the whole Pt(ll) complexes such as the ligand 
charges (cf. above), the Pt-l igand bond lengths, ' 3 0 ' 3 4 - 3 6 1 the 
populations in 5d orbitals of the Pt(ll) a tom, ' 3 0 , 3 7 1 the linear 
combinations of electron densities at the bond critical points, ' 3 4 , 3 8 1 

and the intrinsic bond strength indexes.' 3 9 1 

Influence of elemental X's on the AG* values of the hydrolysis 
reaction. In the gas phase, the electron-donating D M A and 
electron-withdrawing F substituents lowered and increased the 
activation free energy barrier by up to 2.2 and 0.7 kcal/mol, 
respectively, compared to the parent NH 2 H. In the solvent the 
respective values were 0.8 and 0.6 kcal/mol but this t ime for the 
C H 3 and CI substituents (Table 2). The same trends were already 
observed for substituents on aromatic l igands, ' 2 9 , 4 0 1 but the NH 2 X 
substitution offers a lower variability with respect to the reaction 
rate change than the pyrX one ' 2 9 1 (A ( A G* ) ranges of values of 2.9 
vs. 4.5 kcal/mol and 1.5 vs. 3.0 kcal/mol in the gas phase and the 
water solvent, respectively). It is caused not by electronic effects 
but by possible electrostatic stabilization of some TS structures 
due to the coplanar orientation of the pyrX, leaving and entering 
ligands.' 2 9 1 If only meta and para substituents of pyrX are 
considered the NH 2 X ligands show higher reaction rate variability 
in the gas phase (A ( A G* ) ranges of values of 2.9 vs. 1.8 kcal/mol) 
but not in the water solvent (1.5 vs. 1.9 kcal/mol). 

The A G * values roughly correlate with AE^nd in the X-R 
structures (Figures 3 and S4), which reflects a similar relative 
weakening of the coordination bonds for all X systems when 
moving from X-R towards X-TS structures. The ratio between BEs 
of the (Cl + w) fragment (the leaving and entering ligands 
considered together) AE%+™ in the X-TS structures on the one 

Tab le 2. P t - l i g a n d i n t e r a c t i o n s i n t h e o p t i m i z e d X-TS s t r u c t u r e s : P t -C I a n d P t - O w b o n d l e n g t h s ( in A ) ; AE^J"" (BE o f t h e j o i n t (Cl + w ) f r a g m e n t ( t he l e a v i n g 
c r a n d e n t e r i n g w a t e r l i g a n d s ) w i t h t h e res t o f t h e c o m p l e x ) a n d AG* e n e r g y v a l u e s ( in k c a l / m o l ) . I a l 

X-TS g a s p h a s e 
P t-C I P t - O w AG* 

w a t e r s o l v e n t 
P t-C I P t - O w AG* 

H 2 .795 2 . 2 8 0 - 2 4 0 . 3 35 .4 2 .835 2 . 4 5 3 - 2 0 . 0 2 6 . 9 
Br 2 .782 2 .242 - 2 4 1 . 2 3 4 . 9 2 .777 2 . 3 7 9 - 2 2 . 4 2 6 . 8 
C H 3 2 .788 2 .302 - 2 3 4 . 3 3 4 . 4 2 .832 2 .482 - 1 7 . 8 26.1 
CI 2 . 8 1 6 2 . 2 2 6 - 2 4 3 . 8 3 5 . 4 2 .755 2 . 3 8 3 - 2 2 . 5 27 .5 
D M A 2 . 7 7 3 2 .298 - 2 2 8 . 9 3 3 . 2 2 . 8 2 9 2 .457 - 1 8 . 4 26 .4 
F 2 . 8 0 6 2 .232 - 2 4 9 . 3 36.1 2 .743 2 . 3 7 3 - 2 3 . 2 27 .4 
N H 2 2 .775 2 . 2 7 9 - 2 3 6 . 3 3 4 . 2 2 .806 2 .455 - 1 9 . 5 2 6 . 6 
N 0 2 2 . 8 1 0 2 . 207 - 2 4 9 . 5 3 5 . 5 2 .793 2 .362 - 2 4 . 7 27 .3 
O H 2 .745 2 . 2 8 4 - 2 4 3 . 7 3 4 . 0 2.801 2 .448 - 2 0 . 9 26 .5 

F 3 
2 . 8 5 9 2 .145 - 2 6 4 . 9 3 8 . 0 2 .802 2 . 2 5 4 - 3 1 . 5 27 .4 

C y P 2 .802 2 .305 - 2 2 7 . 5 3 4 . 0 2 .847 2 . 4 8 3 - 1 8 . 3 2 5 . 8 
C y H 2 .792 2 . 3 3 0 - 2 2 4 . 3 3 3 . 2 2 .842 2 .492 - 1 8 . 8 2 5 . 7 
D A C H 2 .777 2 . 3 2 0 - 2 2 3 . 4 3 3 . 2 2 . 8 2 9 2 .472 - 1 8 . 9 26.1 
B A M C B 2 . 7 8 6 2 .342 - 2 2 5 . 4 32.1 2.831 2 .477 - 1 8 . 7 26 .2 

[a] T h e t o t a l N P A c h a r g e s o f t h e P t a t o m a n d t h e N H 2 X , CI , a n d w l i g a n d s a r e s h o w n in T a b l e S6 . 
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y = - 0 . 1 1 6 x + 4 . 0 0 
R J = 0 . 7 9 8 

-300 -260 -240 
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• Pt-C, 

F i g u r e 3 . D e p e n d e n c e o f t h e g a s p h a s e a c t i v a t i o n G i b b s f r e e e n e r g y ( A G * ) 
o n t h e P t -C I BE ( A £ ^ n d ) in t h e X-R s t r u c t u r e s . R e d p o i n t s a r e n o t u s e d f o r t h e 
r e g r e s s i o n a n a l y s i s b u t s e r v e as t h e r e f e r e n c e . 

side (Table 2) and AE°ind in the X-R structures on the other side 
(Table 1) was 0.905 ±0.005 and 0.53 ±0.04 in the gas phase and 
the water solvent, respectively. When the data for the para- and 
meta-pyrX substituents f rom our previous study were also 
included, the A E J ^ / A G * relationship improved in the gas phase 
(R2 = 0.813) but not in the solvent (R 2=0.226). Solvent data also 
failed to predict the A G * values for CyP, CyH, and especially for 
the NF 3 l igand (Figure S4), whi le in the gas phase their values 
were forecasted with a good precision of 0.4 ±0.2 kcal/mol 
(Figure 3). The water solvent A G * values of hydrocarbon X's 
correlate very well with the number of X's electrons (see below). 

A d d i t i v i t y o f the subs t i tuen t effects 

The additivity of the substituent effects was tested on the NF 3 

l igand whose results were compared against NH 2 F and NH 2 H 
systems. The estimated values (X^F3) of NPA charges, BEs, and 
bond lengths were calculated by a simple additive approach 
based on the Equation Xjj£3 = XH + 3 (X F - XH), where X F and XH 

are the values for the complexes with X = F and X = H, 
respectively. Absolute errors represent the difference |X N F 3 - XfF3\ 
and the relative errors were determined from the ratio 

where X N F 3 are the calculated \xNFi-xfFfm%/\xfF3-xH 

values for the complexes with the NF 3 l igand (Tables 1, 2, S1, S3, 
S4, S6). G o o d additivities with relative errors below 3 0 % were 
observed for q(NF 3), q(CI), and q(w) l igand charges and Pt—CI and 
Pt—w BEs. This f inding is very similar to the pyrX system, but here 
the additivity works for the water solvent too. Pt—NF3 BEs could 
be reproduced much less satisfactorily with relative errors of up to 
6 9 % . 

Abso lu te errors of Pt—CI and Pt—w b o n d lengths were 
< 0.03 A, but the changes of the b o n d lengths due to 
subst i tut ion effects were low, wh ich w h e n taken together 
resulted in high relative errors up to 9 8 % . Act ivat ion G ibbs free 
energy values were est imated wi th abso lute errors of 0.4 and 
0.9 kcal/mol, wh i ch cor responded to relative errors of 16 and 
6 4 % in the gas phase and the water solvent, respectively. 

H y d r o c a r b o n subs t i tuen ts 

The total e lectron densi ty dif ference between the CyH-R and 
CH 3-R structures, wh ich reflects the electronic changes caused 
by the C H 3 ^ C y H subst i tut ion, is shown in Figure 4. A l t hough 
the accompany ing changes of the molecular geomet ry are not 
cons idered in Figure 4, a clear enhancement of electron-
donat ing propert ies (a larger posit ive induct ive ± l effect) of 
the CyH subst i tuent compa red to C H 3 is d o c u m e n t e d by the 
increase of electron density in the center of the Pt—NH 2X bond 
leading to its s t rengthening. Furthermore, an increase of 
electron density in the 3p(CI) orbital o r iented a long the Pt—CI 
b o n d (Figure 4) is the result of lower o-donation f rom the C T 
l igand, wh ich led to the weaken ing of the Pt—CI b o n d (cf. 
Figures 4 and 1A). Thus, the P t-NH 2 X and Pt-CI/Pt-w bonds 
are s t rengthened and weakened , respectively, in the CyH-R/ 
CyH-P structures. 

The induct ive subst i tuent effects weaken rapidly wi th the 
distance and they show saturation wi th increasing alkyl chain 
l ength . [ 4 1 ] For our small hydrocarbon X's, the Pt—ligand BEs 
d e p e n d logar i thmical ly on the size of X wh ich can be best 
quant i f ied by the number of X electrons (Figure S5). 

No clear trends were f o u n d for the Pt—ligand b o n d lengths 
except the Pt—Cl/Pt—w bonds in the gas phase op t im ized X-R/ 
X-P structures wh i ch are e longated for heavier hydrocarbon 
X's. Mos t important ly , in both the gas phase and the water 
solvent the logar i thmic dependence also exists for the A G * 

values, wh ich decrease wi th the increased size of the X 
subst i tuent as the result of the enhanced ± l effect (Figure 5). 
A l though no s imple structure-activity relat ionships cou ld be 
found for Pt(ll) drugs, ' 4 2 1 it is interesting to ment ion that the 
increasing cytotoxic activity wi th a rising number of carbons in 
the linker was observed for Pt(ll) hydrocarbond iamine 
complexes . ' 1 8 1 Note that the e longat ion of the chain length of 
the a lky lamine g roup in the cis posi t ion wi th respect to the 

F i g u r e 4 . E l e c t r o n d e n s i t y d i f f e r e n c e i s o s u r f a c e s o f t h e C y H - R s t r u c t u r e 
c a l c u l a t e d w i t h r e s p e c t t o t h e r e f e r e n c e C H 3 - R s t r u c t u r e s h o w e l e c t r o n 
a c c u m u l a t i o n a n d e l e c t r o n d e p l e t i o n r e g i o n s ( b l u e a n d r e d i s o s u r f a c e s , 
r e s p e c t i v e l y , a t v a l u e s ± 0 . 0 0 0 5 a.u.) c a u s e d b y t h e C y H r e p l a c e m e n t o f t h e 
C H 3 s u b s t i t u e n t . E l e c t r o n d e n s i t i e s w e r e c a l c u l a t e d o n t h e o p t i m i z e d C y H - R 
g e o m e t r y . T h e r e f e r e n c e C H 3 - R s t r u c t u r e w a s o b t a i n e d b y t h e r e p l a c e m e n t 
o f t h e C y H s u b s t i t u e n t b y t h e C H 3 o n e a n d its p a r t i a l o p t i m i z a t i o n k e e p i n g a l l 
o t h e r a t o m s f i x e d . T h e a r e a s w h i c h a r e d o m i n a t e d b y a t o m a d d i t i o n s / 
s u b t r a c t i o n s a r e d e p i c t e d b y t h e l o w c o n t r a s t c o l o r s . 
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V = -0.521ln(x)+ 35.43 
R" = 0.956 

2 6 . 5 

2 6 . 0 

V = -0.329ln(x) + 26.88 
RJ =0.992 

number of electrons of the hydrocarbon X 

F i g u r e 5. L o g a r i t h m i c d e p e n d e n c e o f a c t i v a t i o n f r e e e n e r g y (AG=I=) o n t h e 
n u m b e r o f e l e c t r o n s o f t h e s a t u r a t e d h y d r o c a r b o n X ' s in t h e g a s p h a s e 
( p a n e l A ) a n d w a t e r s o l v e n t ( p a n e l B). 1, 9, 2 3 , a n d 4 7 e l e c t r o n s c o r r e s p o n d 
t o X = H , C H 3 , C y P , a n d C y H , r e s p e c t i v e l y . 

A l though both electrostatic and orbital energies cont r ibuted to 
the dif ference in Pt—w BEs, the decis ive stabi l izat ion resulted 
f rom the Pauli energy decrease upon the chelat ion (Table S2). 

As expec ted , the chelat ion increases the dona t ion abi l i ty of 
the invo lved amine g roup and weakens the b o n d of the other 
amine l igand trans to it. BE of the rrans-amine l igand was 
lowered by 2.7 and 3.1 kcal/mol in the gas phase DACH-R and 
DACH-P structures compa red to CyH-R and CyH-P, respectively 
(4 .4% relative change in both cases). In the water solvent, the 
respective values were 1.2 and 1.1 kcal/mol (3.0 and 2 . 7 % 
relative changes). 

Chelat ion can be impor tant for d i funct iona l Pt(ll) drugs, 
making the two leaving sites equiva lent and accelerat ing the 
second leaving l igand subst i tut ion due to an increase of the + l 
effect in its d i rect ion. 

leaving l igand had a negl ig ib le effect on the electronic 
structure of the comp lex but decreased the rate of subst i tut ion 
reactions due to increased steric h indrance. ' 4 3 1 

Influence of chelation 

The chelat ion of the CyH subst i tuent fo rm ing the bidentate 
D A C H l igand leads to a sl ight decrease of the +1 effect a long 
the Pt—CI axis of the complex . The increase of A G * values by 
0.05 and 0.40 kcal/mol was observed after the chelat ion in the 
gas phase and the water solvent, respectively (Table 2). In the 
DACH-R structure, the Pt—CI BE was lowered by 0.7 kcal/mol 
and increased by 0.1 kcal/mol compa red to CyH-R (Table 1) 
wh ich cor responded to relative changes of 0.3 and 0 . 4 % in the 
gas phase and the water solvent, respectively. The gas phase 
Pt—CI b o n d weaken ing d i d not cor respond to the supposed 
decrease of the + l effect but the relative change was small . 
The weaken ing of the + l effect had a h igher impact on the 
Pt—w b o n d in the DACH-P/CyH-P structures, increasing the 
b o n d stabil ity by 2.8 and 0.6 kcal/mol after the chelat ion 
(Table S1) wh i ch co r responded to relative changes of 5.7 and 
3 . 4 % in the gas phase and water solvent, respectively. 

2.5 

2.0 

1.5 

I g a s p h a s e • w a t e r s o l v e n t 

5> 1.0 

0.5 

o.o 
X = CyP CyH DACH BAMCB 

F i g u r e 6 . R e l a t i v e r a t e c o n s t a n t s o f t h e s y s t e m s w i t h n o n - l e a v i n g l i g a n d s 
p r e s e n t in t h e b i o l o g i c a l l y a c t i v e d r u g s J M 1 1 (CyP ) , J M 1 1 8 (CyH) , o x a l i p l a t i n 
( D A C H ) , a n d l o b a p l a t i n ( B A M C B ) c a l c u l a t e d w i t h r e s p e c t t o t h e r e f e r e n c e 
c i s p l a t i n ' s a m i n e l i g a n d (X=H) a t 2 9 8 K. 

Effect of isomerization 

The sl ightly stronger Pt—CI b o n d (by 0 . 5 % , 1.3 kcal/mol) was 
detected in the gas phase op t im ized BAMCB-R structure 
compared to the isomeric DACH-R one (Table 1) due to more 
favorable A £ ° T (by 1.6%, 4.4 kcal/mol, Table S2) even though 
the lower o-donation (by 1.2%, 0.006e) f rom the C T l igand led 
to the e longat ion of this b o n d by 0.005 A (Tables S3, 1). Similar 
reasoning can expla in a higher stabi l izat ion of the BAMCB-TS 
structure result ing in the lower A G * value by 1.1 kcal/mol 
compared to the D A C H system (Table 2). 

In water solvent, the differences in electrostatics are a lmost 
d imin ished . However, the Pt—CI b o n d was still stronger in the 
BAMCB-R structure (by 3 .4% , 1,3 kcal/mol, Table 1), but this 
t ime due to larger o-donation f rom the C T l igand (by 1.7%, 
0.01e, Table S3). Mo re important ly , the basic characteristics of 
the BAMCB-TS and DACH-TS structures were a lmost the same 
in the water solvent and this was also val id for the A G * values 
(Tables 2, S6). 

Conclusions 
The X substi tuents can be d iv ided into three groups : 1) 
e lectron-donat ing X's (DMA, N H 2 , C H 3 , CyP, CyH) wh i ch increase 
electron dona t ion f rom NH 2 X l igands and thus strengthen and 
weaken the Pt—NH 2X and Pt—CI bonds , respectively, and lower 
reactivity of the Pt-complex; 2) e lectron w i thdraw ing X's (N0 2 , 
F, CI) have exactly the oppos i t e effects compa red to the 
previous g roup ; and 3) subst i tuents wi th e lectron-withdrawing 
abil ity but whose inf luence on the properties of the comp lex 
was not always predictable (OH, Br). 

The Pt—ligand gas phase BEs of the Pt(ll) complexes cou ld 
be predicted f rom the properties of the pure NH 2 X l igand wi th 
lower precis ion than for the pyrX l igands due to the presence 
of the n o n b o n d i n g interact ion between some X's and one of 
the c/s-NH3 groups. In the water solvent, the P t -NH 2 X and Pt-CI 
BEs correlate wel l wi th the m i n i m u m values of ALIE(N N H 2 X ) . 

For the e lementa l substituents, the N H 2 X l igand offers a 
sl ightly h igher variabil ity (by about 10-20% ) of Pt—trans l igand 
BEs than the pyrX one. The range of A G * values for the N H 2 X 
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system is comparab le only with the meta and para subsystems 
of pyrX. 

The electron-donat ing abil ity of saturated hydrocarbon X 
substi tuents (X = H, C H 3 , CyP, CyH) increases with their size. 
Act ivat ion free energy ( A G * ) and Pt—CI, Pt—w BEs are decreased 
with the logar i thm of the number of hydrocarbon X electrons. 

The chelat ion decreases the +1 effect of the hydrocarbon X 
a long the N N H 2 ) ^P t-C I axis but s imultaneously it increases the 
+ 1 effect a long the other axis of the complex . For di funct iona l 
Pt(ll) drugs this may facil itate the second leaving group 
subst i tut ion. 

The addit iv i ty of the subst i tuent effects was tested on the 
NF 3 l igand. It works wel l for the l igand charges and Pt—CI, Pt—w 
BEs in both the gas phase and water solvent. 

The inf luence of the non-leaving l igands present in the 
anticancer Pt(ll) drugs on the reactivity and bond ing properties 
of the Pt(ll) complexes was studied in the same l igand 
env i ronment . In the water solvent, the reactivity of complexes 
with the non-leaving l igands f ound in cisplat in (X = H), JM11 
(X = CyP), JM118 (X = CyH), oxal ip lat in (DACH), and lobaplat in 
(BAMCB) decreases in the order C y H - C y P > D A C H ~ B A M C B > 
H (Figure 6). It should help to understand the differences in the 
biotransformat ion of these drugs. A similar study that wou ld 
also quant i fy the inf luence of the leaving l igands present in 
active Pt(ll) drugs is we lcome . 

Supporting Information Summary 
Suppor t ing Information contains computa t iona l methods , a 
detai led descr ipt ion of the Pt—ligand b o n d strength predict ion 
f rom NH 2 X properties, Figures S1-S5, Tables S1-S6, references, 
opt im ized Cartesian coordinates of all TS structures and the 
most stable min ima of other structures. 
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