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God is smart.
Nature is God’s daughter.
We, human beings, are part of nature.

All the time human beings have been trying to find out all secrets of nature.
Perhaps, the best way to achieve that is to be interested in everything,
Physics, chemistry, biology,

All fields in between and beyond.

My main way was, is and, most probably, will be the chemistry.
Nonetheless, | will never leave
Faith,

Hope,

Love.

| sincerely apologize to all of you who have already acknowledged and written these

words.

p.s.
God,

Thank You for all things | have seen, felt and learned.

Thank You for keeping me alive.
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Takohe, Hajnenwe ce 3axBarbyjemM Konerama koju page y rpynu npod. ap CHexane 3apuh: gp
Meann CtankoBuh, gp Jenenn AHgpuh, MBaHu AHToHujeBuh, [dyGpaekn Bojucnaereesuh, aop
Mpegpary [lNetposuhy, gp [LparaHy HwHkoBuhy, ap HAywaHy BerbkoBuhy u agp [ywany

ManeHoBYy Ha NpujaTHOj capagHun, CaBeTMMa U pasyMeBakby.
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3axBanuo 6ux ce n JoBaHu bajuh Ha nomohu oko npeBoAa Aena TekcTa Ha paHLyCKM jesuk,
kao n Tawm MwunytMHOBMh KoOja je npounTana TeKCT AOKTOPCKe AucepTtauuje 1M u3BpLumna

HeonxogHe TeXHU4Ke KOpeKLI,VIje.

Majun Burbanm n ouy Perbu HemsmepHO 3axBarbyjeM Ha Ge3ycrnoBHO MNpyxeHoj Ibybasw,
6e3pe3epBHOj NOAPLLLM U BEPU Y MEHE, Te Ha Bpu3un, XPTBU, U UCTPAJHOM HaMNopy Aa NocTaHeMm
pobap yosek. bpaTy Mapky u cHaju JeneHun 3axBarbyjeM ce Ha npyxeHoj Sbybasu n nogpLiLw.
Hajnewe xBana u 6pataHuy MaTeju Ha HajuckpeHujum ocmecuma. Ha nocnetky, 3axBarbyjeM
ce M Hajgpaxum pohauuma: TeTkm Mumu, Teun Munowy, 6pahm Aun n Kuhn Ha BakHUM

caBeTuMMa, 3Ha4yajHoj nogpLuum, naxHu n noMmohu.

MwnaH MunoBaHoBuh
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This Thesis was guided by the following goals: a) acquiring an extensive thermochemical data
library for the achiral organic or organometallic adduct formation with an extension to the
organic frustrated Lewis pairs by means of the isothermal titration calorimetry (ITC); b)
theoretical modelling of the molecular systems and their thermochemical parameters by the
DFT-D methods; c) contribution to the "benchmark" of the computational methods by the

constitution of experimental thermochemical base, mentioned earlier.

So far, many aspects of various kinds of chemical bond have well been described in literature,
but some of them, especially weak non-covalent interactions, still remain a challenge for the
scientific world. The re-emergence of this fundamental subject of the understanding of some
unknown aspects of the chemical bond is made possible by new theoretical tools, in particular,
the methods known as DFT-D, i.e. DFT corrected for dispersion; they allow to account for the
physically relevant way the effects of dispersion at medium and long distances.

London force (named after the physicist Fritz London) or dispersion is ubiquitous in nature. It
constitutes an important part of the energy contribution to the stabilization of the tertiary
structure of peptides, other natural polymers as well as the spontaneous coalescence of atomic
clusters or apolar molecules. The specificity of the London force is that it is related to long
distances and is always attractive, thus, it is also effective intra-molecularly and determines in
many situations the conformational behavior of organic molecules and organometallics.
Combined with electrostatic and orbital interactions, it helps to define the stereochemical course
of many reactions; it plays an essential role in the processes of recognition and chiral

discrimination.

The heat is one of the rare observables that is accompanied with every (intrinsic) change of the
matter and it could be liberated from the matter to its surroundings or reverse (absorbed from
the surroundings by the matter). Hence, measuring the heat change of the system of interest is
one of the very powerful experimental techniques for monitoring the changes in the studied
system. One of the most popular experimental techniques which allows recording of the heat
flow within a certain system is calorimetry. According to the thermodynamic lows (Gibbs
equations), by knowing the heat changes during a particular process which takes place within a
studied system (enthalpy, AH) it is possible to know other thermochemical parameters (AG, AS)

of the system.



Abstract

Acquiring the base of the experimental thermochemical data of huge scope of chemical

reactions is being the key for further development of the computational methods.

Hopefully, by having the experimental thermochemical parameters of the system which are in
accordance with computationally predicted ones (because of right reasons), the role of non-
covalent interactions in the considered system could be rationally elucidated.

In the present Thesis, the isothermal titration calorimetry (ITC) experiments have been used as
the main experimental tool. For the purpose of ITC experiments a Nano ITC (TA Instrument ®)
device was used. As a theoretical tool, the static DFT-D calculations have been performed.
Besides those techniques, a search of Cambridge Structural Database (CSD) has been

performed as a complementary and helping method to the calculations.

Throughout the Thesis, the research has been focused on the following chemical reactions
depicted in Scheme A 1. The reaction systems were selected if: a) they present an important
topic in the chemical world or in their course of chemical transformation a step-wise reaction
mechanism is assumed/documented (which can be challenging for both experimental and

theoretical chemists); b) an influence of non-covalent interactions in the system is significant.

Besides the ITC and theoretical studies, most of the reactions (reactants and reaction products)
were fully characterized by standard experimental characterization methods (NMR
spectroscopy, Mass spectroscopy, Elemental analysis, X-Ray diffraction, IR spectroscopy).
Moreover, the reactions of (F) LPs were monitored by 2D NMR - DOSY experiments.

The ITC journey has covered both kinetic (partial reaction orders, initial rate constants of the
reactions, where possible, according to the used reaction conditions) and thermodynamic study
(AH, AG, AS) of the reaction systems, while by the DFT-D calculations only the thermochemical
parameters (AH, AG, AS) of the reaction systems in gas or/and chlorobenzene phase have

been obtained. The CSD search has been performed only in case of the (F) LPs.
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I. Formation of (frustrated) Lewis pairs

The discovery of “frustrated” Lewis acid - base pairs (FLPs), among which tris
(pentafluorophenyl) borane with a variety of phosphines are the most studied ones, showed a
great influence of the non-covalent interactions in these systems and opened a new field of
research in chemistry. The FLP concept, established by Stephan, has found great interest over
the past decade. The concept is based on the finding that systems containing Lewis acids and
bases, that are prevented from classical donor-acceptor interactions by steric (and electronic)
factors, keep their Lewis acidity and basicity and, consequently, are available for interaction with
a third molecule. The phosphine-borane pairs, especially “frustrated” ones, have found great
use in different domains: from the synthesis and catalysis to the hydrogen storage and
materials. Many reports have dealt with calculations on phosphine-borane systems, particularly
their interaction energies and related distances between acid and base centers; the influences
of the substituents on the boron and phosphorus atoms on their reactivity; the catalytic reaction
mechanisms, as well as the importance of non-covalent interactions. In spite of a great number
of articles that have dealt with FLPs, some aspects of the chemical behavior of the FLPs are not
still fully understood, particularly the actual thermochemistry of the interactions in solution of

intermolecular pairs and the actual aggregation mode for such loose “pairs” (FLPs) in solutions.

As mentioned before, the approach, herein used, is mainly based on ITC investigation. The
research has revealed quite interesting and, to some instance, surprising results. Namely,
1.1/1.2a-c form cohesive pairs, the system 1.1/1.2d exists within an equilibrium, the system
1.1/1.2f does not show any tendency to forming any stable pair, while the system 1.1/1.2e only
with less than 0.2 equivalents of the phosphine form a single reaction product. An assumption of
a forming of clusters (most probably consisted of one molecule of the phosphine and, at least,
two molecules of the borane), raised up from the ITC thermograms, is confirmed by both 2D
DOSY NMR experiments and DFT-D calculations. The ITC AH results showed that, among all
herein studied adduct formations, the highest heat released is obtained during the formation of
messPB(PhFs)s (1.1/1.2d, well-known FLP adduct), suggesting that non-covalent interactions
have a huge influence within these systems. The interaction/reaction AH values (that account
for the influence of chlorobenzene explicitly) predicted by theory are in good agreement with the
experimental ITC data. Many useful geometrical parameters of classical and frustrated
phosphine-borane pairs were obtained by the CSD search. These parameters helped in

rationalizing the differences between them considering their mutual orientation and distances.

10
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Il. Cis-migration of Me group within the pentacarbonylmethylmanganese complex induced by

phosphines

The pentacarbonylmethylmanganese complex has been the first complex containing carbonyl
ligands ever synthetized. Since that discovery, the complex has been intensively examined
using various experimental techniques available at that time. It has been found that in reaction
with nucleophiles a migration of the methyl group to adjacent carbonyl ligand is induced and
followed by insertion of the nucleophiles into the complex. Later, the migratory insertion
sequence was found to be an important sequence in catalysis. Therefore, many experimental
and theoretical researches have been done in order to find its mechanism as well as kinetics of
the insertion step of many nucleophilic ligands. The complex has been found to be important in
synthesis as a precursor as well as a catalyst. Nevertheless, little has been published on the
actual thermochemistry of the insertion-migration reaction of the

pentacarbonylmethylmanganese complex with Lewis bases.

The migration-insertion reaction sequence into pentacarbonylmethylmanganese (2.1), induced
by the series of phosphines (2.2a-c, Scheme A 1), has been studied in the sense of
experimental kinetic and thermodynamic ITC and theoretical DFT-D investigations.

The reaction tests have suggested that the side reactions (i.e. the isomerization and
decarbonylation of the cis product) could be avoided at lower reaction temperatures within

shorter reaction time periods.

The ITC thermodynamic results (range of ITC raw AH, -9 — -12.5 kcal/mol) have suggested that
reasonably stronger interactions could be established through the investigated cis-migration-
insertion reaction sequence, indicating a difference between the chosen phosphines: their ability
to establish non-covalent interactions and nucleophilic affinity. The ITC kinetic results have

confirmed partial first reaction order with respect to the complex 2.1.

Although the static DFT-D COSMO calculations have predicted much larger (ca. 2.5 times)
reaction enthalpies - AH; values from c-a. -22 kcal/mol to -31 kcal/mol, the computed AH, values
are mutually in accordance (regarding their structural and electronic characteristics). Such
overestimation might be a consequence of not taking into account the explicit interactions of
chlorobenzene with the reactants, especially with the complex. The computed Gibbs free
energies (AG, values from ca. -8 kcal/mol to -17 kcal/mol) suggest the possibility of quite

spontaneous interactions.
11
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I1l. Amination of Fischer carbenes

Fischer type carbenes can be drawn by a general structural formula of (CO)sM=C(X)R wherein
carbene carbon atom is connected to a low-valent transition metal from VI-VIII group of PTE.
The nature of the metal-carbene carbon atom bond could be described as o-donating/t-back-
donating, while nature of binding within M-C-X as (weak) three-centered four-electron bonding
interaction. The group X is usually an electron donating group having a stabilizing effect to
electron deficient carbene carbon atom while R group could be either a saturated or unsaturated
organic group. To stabilize a low valent metal center many 1 accepting ligands could be
employed. In the typical Fischer carbene complex these 1 accepting ligands are carbonyls. Due
to such constitution of the carbene, its general chemical characteristic could be described as
electrophilic, containing few potential reactive sites. As a consequence of possessing such
versatile chemical properties, accompanied by adjustable electronic characteristics of the
substituents (X, R) on the carbene carbon atom, the Fischer carbenes have been found as very
important precursors in both organic and inorganic synthesis as well as in the synthesis of
biological active substrates. The aminolysis reaction of the Fischer carbenes, the mechanism of
which as well as kinetics is well established, could be considered similar to the amination of
esters. Intriguingly, although a lot was done both experimentally and theoretically regarding the
mechanisms of action as well as structure features and structure-reactivity relationship of the
Fisher carbenes, a little has been published about actual thermochemistry of any transformation

including Fischer carbenes.

The aminolysis reaction, in general, (auto) catalyzed addition-substitution reaction sequence,
has been studied on a series of Fischer's carbenes (Scheme A 1) by the experimental and

theoretical tools.

The results suggest an equilibrium nature of the amination process as well as no side reaction
products. The thermodynamic ITC results (AH; values larger than -15 kcal/mol) suggested
energetically favorable transformations within the amination process in the systems 3.2a-c/3.3a
and 3.2a-c/3.3b, while the systems 3.2a-c/3.3b were found to be non-exploitable. Clear
dependence of the type of a metal atom on the reaction enthalpy could not be drawn. The

kinetic ITC results rather confirmed partial second reaction order with respect to the amine.

The calculated reaction enthalpies (ranged from ca. -5.5 kcal/mol up to -20 kcal/mol), are in

excellent accordance with the experimental values, while the calculated Gibbs free energies

12
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have suggested a spontaneous process within all the systems. In addition, the calculation
revealed that the amination of the herein investigated Fischer carbenes by phenylamine (3.3b)
is not thermodynamically possible in normal conditions, confirming the ITC observations.

IV. Insertion of alkynes into palladacycles

Metallacycles contain a direct metal-carbon bond, wherein the carbon atom is part of one of
metal ligands. As the activation of C-H bond is one of the most important subjects within
organometallic chemistry, resulting metallacycles found to be of great importance in many
domains: from synthesis and catalysis to medicine and materials. In general, the cyclo-
metalation reaction in case of palladium follows a base-assisted electrophilic pathway. Among
transition metals, palladium has been one of most used metals within metallacycle chemistry so
far. An insertion of various kinds of alkynes into Pd-C bond has been observed by Pfeffer and
co-workers. That finding has found to be a quite useful preparative method for the range of
palladacycles containing various functionalities. The mechanism of the insertion of the alkynes
into the palladacycles suggests step-wise process beginning with a coordination of the alkyne to
the palladium and subsequent migratory insertion of the alkyne into Pd-C bond. While kinetics of
the insertion reactions of the alkynes into the palladacycles are described, no information of
actual thermochemistry has been provided yet.

Within this study, a round of isothermal calorimetric measurements supplemented with
theoretical estimations, was engaged. Two highly active substrates (4.4a-b) were used to study
kinetics and thermodynamics of the step-wise insertion reaction into the charged
cyclopalladated complexes (Scheme Al). The latter one is even more active and presents a

double insertion capability.

Kinetic ITC study showed partial first reaction order with respect to 4.4b, that is in accordance
with published data.

The obtained ITC AH, value of a double insertion (ca. -38 kcal/mol) is reasonably larger than
ITC AH;, value of a single insertion (ca. -24 - -28 kcal/mol). DFT-D predicted AH, and AG; values
are around 10-15 kcal/mol larger than the experimental ITC data, suggesting that
chlorobenzene might have a significant competitive influence, interacting non-covalently, within
the insertion sequence. Considering the complexity of nature of the reactants and the chemical
transformations within the insertion reaction, it could be concluded that there is good

accordance between experimental and theoretical results.
13
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V. Affinity of Lewis donors to hexafluoroisopropanol

Recently, 1,1,1,3,3,3-hexafluoropropan-2-ol (HFIP) was found to be an exceptional medium,
either as solvent or co-solvent, that allows many reactions to occur. It is known that HFIP
possesses an acidic and polar feature and hydrogen bonding abilities, but still, an exact role of
HFIP in various chemical transformations is not fully and reasonably explained.

To figure out the possible role of HFIP, a formation of a potential donor-acceptor complex
between HFIP and a series of different substrates (Scheme Al) was examined by ITC
experiments and DFT-D calculations. The scope of the calculations was extended even to some

other substrates (amines, ketone, aldehyde, chlorobenzene and HFIP)

The ITC results have suggested on quite strong to strong non-covalent interactions (range of
ITC AH, -5 — -13 kcal/mol) within the examined systems. In addition, concluded on AG, (ranged
-1.4 — -3.2 kcal/mol), all considered Lewis donors might interact spontaneously with HFIP.
Altogether, that might have a huge influence on an additional polarization of bonds within the
Lewis donor molecule that could be of crucial importance in key steps of various chemical

transformations, suggesting that HFIP might have a catalytic role.

Although the results of the calculations AH, in a gas phase are consistent with the experimental
AH, ITC results within the error bar, it was shown that even better accordance of the results
could be achieved applying continuum model solvation treatment (COSMO) within the
computations. Additionally, it was shown that chlorobenzene could considerably interact with
HFIP as well as that quite strong interactions between HFIP molecules are possible. The
calculations showed that nitrogen is stronger H bonding acceptor than oxygen, while the later
one is stronger than sulfur. In addition, HFIP would rather prefer to interact with aliphatic than

aromatic hydrogen atoms.
Regarding the achieved results, it can be concluded that the Thesis’ goals are accomplished.

The ITC experiments, extended to organic and organometallic chemistry, proved to be a

powerful technique for obtaining reliable kinetic as well as thermodynamic reaction data.

The DFT-D calculations showed up capabilities in the accurate modelling of the reaction

systems as well as in good to excellent prediction the thermochemical parameters of reactions.

14
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Subsequently, a huge experimental database of thermochemistry of a number of reactions is
produced, which can be used as the reference in further improvements of DFT and quantum

chemical calculations.

The research sheds some light on existing FLPs and HFIP chemistry by introducing molecular
clusters and by proving a formation of relatively strong donor-acceptor complexes, respectively.

These findings can be the potentially important base of their chemical reactivity.

It is shown that various chemical transformations within organometallic complexes, (such as
migration-insertion, many step-wise insertions, auto catalyzed addition-elimination reaction
sequences), can be properly investigated and described experimentally — by kinetic and

thermodynamic ITC experiments and theoretically — by static DFT-D calculations.

The covalent interactions play very important or crucial role within the examined systems.

15
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AbGcTpakT

N3papa oBe goktopcke guceptaumje 6una je BoheHa cnegehum umrbesuma: a) dopmmnparse
obumHe Tepmoxemujcke ©Gase nopjataka opmupama  axuvpanHuX  OpPraHCKMX  Unu
opraHoMeTanHux agykata opraHckux dopyctpupaHmnx Lewis-oBux naposa noMmony nsotepmarHe
TUTpauunoHe kanopumeTpuje (eHr. isothermal titration calorimetry (ITC)); 6) Teopwmjcko
MOZEerioBake MOJIEKYNICKMX CcUCTeMa W  HUXOBUX Tepmoxemujckux napametapa DFT-D
MeToaoM; U) gonpuHoc pedepeHTHoj 6a3m (benchmark) payyHckux metoga chopmuparem

paHuje NOMeHyTe ekcnepuMeHTanHe TepMmoxemujcke G6ase.

[o capa cy y nutepatypmn gobpo onnucaHn MHOMM acnekTn pasnmMunTmux TUNoBa XeMujcke Bese,
ann Heke of HbMX, MNONYT HEKOBaNEHTHUX MHTepakumja, 1 farbe OCTajy M3a30B 3a Hay4HU CBeET.
MoHOBHO MWHTepecoBake 3a pasyMeBake HEeKMX Heno3HaTUX acnekara Xemujcke Bese
NMoACTaKHYTO je pasBoOjeM HOBUX TEOPWCKMX MeToda, NocebHO AMCnep3nMoHO-KOPUroBaHMUX
MeToaa Teopuje dyHKumoHana ryctuHe (DFT-D), koje omoryhyjy oa ce Ha (pmnsnykun peneBaHTaH

HayKnH onuy edekTn gucnepsmje Ha cpeawnm 1 ayrmm pacTtojarbnma.

London-oBa cuna (HassaHa no dwuaudapy Fritz London-y) nnn gucnepaunja, je cBenpucytHa y
npupogn. OHa npegcraBiba BakaH AOMPUHOC eHepruju ctabunusaumje TepuujapHe CTPyKType
npoTeunHa, Apyrmx NpMpogHUX Nonumepa, Kao M CNOHTaHe arperaumje aToOMCKMX Kractepa unm
HenonapHux monekyna. CneumduyHocT London-oBe cune je y TOMe LWITO je Be3aHa 3a Ayra
pacTojakba M yBeK je npuBnadHa, Te je Takohe edmkacHa yHyTap Monekyna. ¥ MHOrmMm
cutyauunjama ogpehyje koHOPMaUNOHO NoHallake OpPraHCKMX U opraHoMeTarnHux Morekyna.
Y KombBuHaumju ca enekTpocTaTtudkuM 1 opbutanHuM MHTepakumjama nomaxe y geduHucamy
CTEepeoxXeMmnjCKOr TOka MHOMMX peakumja; OHa urpa Krby4Hy yrory y npouecuma npenosHaBara

N XvpanHe AuckpuMuHaumje.

Tonnota je jeaHa oA peTkMX (PU3MYKMX BENUYMHA Koja npaTu CBaky (YHyTpaluky) NpoOMeHy
MaTepuje U MoXe ce NPeHeTU ca CUCTeMa Ha OKOMWHY unm obpHyTo (ancopboBaTtn U3 OKONMHE
o4 cTpaHe cuctema). CTora je mepere NpoMeHe TonnoTe Mpoy4vyaBaHOr cucTema jegHa of
BeoOMa MONHMX ekcnepuMeHTarnHux TexHrka 3a npaherwe npoMeHa y gatom cucrtemy. JegHa o
HajnonynapHujux ekcnepuMeHTanHux TexHWKa Koja omoryhaBa Mepere MpoToKa TomnnoTe
yHyTap ogpeheHor cuctema je kanopumeTpuja. MNpema TepmognHammykmm 3akoHuma (Gibbs-

OBe jedHa4yMHe), Ha OCHOBY MoO3HaBaHa NMPOMEHE TOMMNoTe TOKOM oAapeneHOor npoueca Koju ce
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ogBuvja y ucnutuBaHomMm cuctemy (eHtannuvja, AH), moryhe je ogpeantu n gpyre TepMmoxemujcke

napametpe (AG, AS) gator cuctema.

dopmuparbe 6ase ekcnepuMeHTanHMx TEPMOXEMUJCKMX MoAaTtaka Benukor 6poja pasnuyunTmnx
XeMujckux peakumja duhe ynotpebrbeHo 3a TecTupawe M Kopekuunjy noctojehmx pavyHapckux

meToaa.

lMo3HaBar-e eKcnepuMeHTanHo ogpeneHnx TePMOXEMUjCKMX napameTapa cuUcTema Koju cy y
ckragy ca padyHapcku npegsuheHyM napameTpuma, moxe nomohn y pacBeTrbaBaky yrore

HEeKOBaneHTHUX MHTepaKuuja y nocMaTpaHOM CUCTEMY.

OCHOBHY €eKcnepyvMeHTanHy TEexXHUKY Y OBOj Te3n npeAacTaBfbann Cy EKCMepUMEHTU
n3otepmarnHe TutpauunoHe kanopmmetpuje (ITC). 3a notpebe ITC ekcnepmmeHaTta KopuwheH je
Nano ITC (TA Instrument ®) ypehaj. Og Teopujcknx metoga kopuwheHnun cy ctatudkm DFT-D
npopavyHu. lNMopen oBux metoga, ypaheHa je n npetpara KemOpuuke 6ase CTPYKTYpHUX
nogataka (eHr. Cambridge Structural Database (CSD)), kao komnnemeHTapHa M nomohHa

MeToda pavyHapckuMm MeTogama.

TokoM paga Ha OBOj Te3n UCTpaxuame je 61Mno oKycupaHo Ha XeMmjcke peakumje npukasaHe
cxemoM A1. PeakumoHu cuctemun 6unu cy usabpaHu yKonuko: a) npeactaBrbajy BaxHy Temy y
obnacTtu xemuje unu je y Toky xemmjcke TpaHcopmauuje y cucteMmy npeTnocTaBibeH/AoKasaH
BMLUECTENEHM peakUMOHM MexaHu3aMm (WTO MOXe npeacTaBrbaTM  M3a3oB U 3a
eKkcnepvMeHTanHe un 3a Teopujcke xemudape); 6) yTuua] HeKOoBarneHTHUX UWHTepakuuja vy

cUCcTeMy je 3HadajaH.

Mopen ITC n Teopujcknx ctyamja, BehmHa peakuumja (peakTaHTU M peakuMOoHM MpPOoM3BOAM) Y
NMOTNYHOCTM CYy OKapakTepucaHe cTaHAapAHWUM eKkcrnepuMmeHTanHum metogama (HMP
CMEeKTPOCKOMNMWja, MaceHa CneKkTpocKkonuja, enemMeHTanHa aHanusa, gudpakumja peHareHcKux
3paka, WL cnekrtpockonuja). Peakumje (F)LP-a npaheHe cy u 2D NMR - DOSY

eKkcnepuMmeHTuma.

ITC uctpaxuBarwe obyxBaTuno je kuHeTuMdke (oapehmBarbe napumjanHor pega peakuuje
peakTaHaTa, NoYeTHe KOHCTaHTe Op3nHe peakuuja, y peakumoHuM cuctemumma rge je 1o 6uno
moryhe) n TepmognHamuuke ctyamje (AH, AG, AS) peakumoHux cuctema. [lomohy DFT-D

npopadyHa nspadyHatu cy Tepmoxemujckm napameTtpu (AH, AG, AS) peakumoHMx cuctema Kako
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y racHoj gasu Tako u y pactBopy xrnopbeHseHa. lNpeTtpaxunsawe CSD-a u3BpLIEHO je caMo y

cnyyajy (F)LP-a.

|. dopumpake [hpycTpnpatnx) Lewis-oBnx napoea
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Cxema A1. CxemaTcKkn NprKas peakumMoHMX cucTema npoydaBaHMx TOKOM nspage tese.

I. ®opmuparse (ppycmpupaHux) Lewis-o8ux naposa

Otkpuhe ,ppycTpmpaHmx® Lewis-oBMX KMCenNuHcko-6a3Hnx naposa (eHr. frustrated Lewis pair -

FLP),

Mefly Kojuma cy HajnosHatuju Tpuc(neHTadpnyopodeHun)éopaH ca pasnuyanTum

dochmHama, ykasano je Ha BenvKM yTuLaj HEKOBaNeHTHUX MHTepakuuja y OBUM cUCTEMUMA U
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OTBOPUIIO HOBO MNoOSbe ucTpaxuBawa y xemuju. KoHuent FLP-a, koju je yctaHoBmo Stephan,
n3asBao je BerMKO MHTepecoBakwe TOKOM Mocneawe feueHuje. KoHuenT je 3acHOBaH Ha
oTKpuhy ga cuctemm koju cagpxke Lewis-oBe kucenuHe m 6ase, KOA4 KOjUX Cy KrnacuiHe
OOHOPCKO-aKLENTOPCKe WHTepakumje crnpevyeHe CTepHUM (M enekTPoHCKUM) dhakTopuma,
3agpxaBajy cBoja kuceno-6asHa cBOjcTBa, T€ CTOra Mory nHteparoBaTtu ca Tpehum Monekynom.
docuH-6opaHCckn naposu, nocebHo "ppycTpupaHu", nNpoHAWNU Cy LWWUPOKY MNPUMEHY Y
pasnuMuMTUM JOMEHUMA: Of CUHTEe3e W KaTanuse OO0 CKnaguwTerwa BOAOHUKA M MaTepwujana.
MHorn Hay4Hn pagoBu GaBunu cy ce npopadyHuma y cuctemmma ocduH-6opaH, a nocebHo:
eHeprvjama HUXOBUX MHTEpaKuMja 1 pacTojarbmma M3Mehy KMCENMHCKMX U ©asHMX LeHTapa;
yTuuajem cynctutyeHata Ha atommma 6opa n pocdopa Ha HUXOBY PeaKTUBHOCT; peakuMOHUM
KaTanMTU4kuM MeXaHW3MOM, Kao W YrOroM HEKOBANEeHTHMX WHTepakuuja. YNpKOC BENVKOM
Opojy Hay4HuX pagoBa koju cy ce 6aBunun FLP-ma, HEKM acnekTu xemujckor noHawawa FLP-a
jow yBek HuCy Yy noTnyHoctn cxeaheHn, a mnocebHO Tepmoxemuja WHTEpakuuja
MeNyMOneKyrnickux napoBa y pacTBOpPY M Ha4yMH arperaumje Takeux ,Jiabaeux” napoea (FLP) y

pacTBopuma.

Kao wTto je Beh nomeHyTo, y TOKy M3page OBe AucepTtaumje yrnaBHOM cy KopuwheHa
UCTpaxmBaka 3acHOBaHa Ha W30TepMariHoj TUTpaUWoOHO] KanopumeTpuju. W3 oBuX
NCTpaXmBaka MPOUCTEKNN CYy MNPUMNYHO MHTEpPeCaHTaHW W, Ha HEeKW HauduH, usHeHahyjyhu
pesyntatn. Haumme, cuctemn 1.1/1.2a-c cdopmupajy KoxepeHTHe napose, cuctem 1.1/1.2d
nocToju y paBHOTEXHO] dasn, cuctem 1.1/1.2f He nokasyje OMNO KakBy TeHAEHUMjy 3a
cTBapaweM ctabunHor napa, ook cuctem 1.1/1.2e cdopmupa jegaH peakunmoHn npoussod kaga
je ynoTpebrbeHo manwe o 0,2 ekBuBaneHTa dpocchuHa. lNpeTnoctaska o hopmupamsy Knactepa
(HajpepoBaTHMje cacTaBrbeHOr Of jedHor Morekyna docduHa u Hajmawe [Ba Monekyna
GopaHa) npousawna je wu3 ITC Tepmorpama, a notBpheHa je m 2D DOSY NMR
ekcnepumeHtuMma u DFT-D npopadyHuma. Pesyntatn ITC AH cy nokasanu ga je mehy cBum
dopmupaHum agykatuma, Hajpeha tonnoTta npousBegeHa npu dopmupamwy messPB(PhFs)s
(1.1/1.2d, Beoma nosHatu FLP apgykT), wWTo ykadyje Ha OrpomMaH yTuuaj HEeKOBaNeHTHUX
WMHTepakuuja yHyTap oBux cuctema. Teopujcke BpegHoctu AH mspadyHate DFT-D meTogom,
Koje yKIby4yjy M yTuuaj xnopobeHseHa, y Aobpoj cy carnacHoCTu ca ekcrnepumeHTanHum ITC
nogaumma. Ha ocHoBy aHanu3e cTpykTypa npoHaheHux npetparom CSD-a, pgobujeHu cy
KOPMCHM reOMETPUJCKN NapameTpu 3a KrnacuyHe u pyctpupaHe doccuH-6opaH napose. Ha
OCHOBY aHanuse OBWX NapameTtapa, a pasmaTpajyhu mehycobHy opujeHTauumjy n pactojame y

docmH-6opaH naposunma, 61no je moryhe objacHUTU pasnuke nsameny Hux.
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Il. Cis-muepayuja memun 2pyne yHymap KOMIeKca Memurs-MaH2aH-neHmakapboHuna

usaseaHa ghocchuHuMa

Komnnekc meTun-maHraH-neHTakapboHun npeacraBrba NPBM CUHTETUCAH KOMIMMEKC KOoju
cagpXum kapbGoHunHe nuranHge. HakoH oOTkpuha KOMMNMEKC je WHTEH3UBHO Mpoy4YaBaH
pasnMuMTUM eKCnepuMeHTanHMM TexHUKama Koje cy Oune poctynHe. Y peakumju ca
HykneodunMMma gonasu o murpaumje MeTun rpyne Ha cycegHu KapboHUIMHM nuraHg, a noTom
00 uHcepuuje Hykneodmna y komnriekc. KacHuje je yTBpheHO ga MUrpaunoHO-UHCEpPLMOHA
cekBeHUa npeactaBrfba BaXHy CekBeHUy Yy kaTanuan. Kako 6u ce objacHMO MexaHu3am oBe
peakumje, Kao U KMHEeTMKa MHCEPLMOHOTr Kopaka MHOIMX HYKNeogunHux nuraHaga, ypaheHa cy
pasnuynTa ekcrnepuMeHTanHa W Teopujcka ucTpaxueawa. YTBPHEHO je ga je KoMMmekc
3HayvajaH 3a CMHTEe3Yy M Kao NPEKYPCOP M Kao KatanusaTop. YNpKoc Tome, NyOnmnkoBaHo je mano
pesyntata O TepPMOXEMUjU MUrPaLMHO-UHCEPLUUOHE BULIECTENEHE peakuuje MeTurn-MaHraH-

neHTakapboHuna ca Lewis-osum 6aszama.

MurpauvHo-MHepUMOHa peakuuoHa CekBeHua YHyTap MeTun-MaHraH-neHtakapboHuna 2.1,
n3asBaHa HuU3OM dochuHa (2.2a-c, cxema A1) ucnutmsaHa je NMOMONYy ekcrnepumeHTanHux

KMHETUYKUX U TepmoguHammyknx ITC metoga n Teopujcknx DFT-D meToaa.

PeakumoHn TecToBM YyKaszanu Ccy [a Ce HexerbeHe peakuuje (Tj. u3omMepusaumja W
AekapboHunauunja cis npoussoga) mory usbehu npu HWKMM peakuMoHWM TemnepaTtypama u

KpahmMm BpEMEHCKMM nepuoauma peakuuje.

ITC TepmogmHamnukn pesyntatn (ITC cupose (raw) AH, Bpegoctn y pacnoHy og -9 go -12,5
kcal/mol) ykaszanu cy ga 6u ce pasymHO jade MHTepakuuje Morfe yCnocTaBuTU NOCPenCcTBOM
UCNUTMBaHE CiS MUrpauMOHO-MHCEPLMOHE peakuMOHE CeKBeHLe, anu Takohe u Ha pasnuke
mMefny wuszabpaHum ¢ochuHnumMa, Tj. HaA HUXOBE pasnnyMTe ChoCOBHOCTM YyCrnoCTaBibaka
HEKOBaNEeHTHMX MWHTepakuMja M Ha HHUXOBE pasnuunte HykneodunHe adunHutete. ITC
KMHETUYKN pe3ynTaTn NOTBPAMMM Cy Aa Ce pagu O peakumju nNpBor pega y 0gHOCY Ha KOMMEKC
2.1

Wako cy Ha ocHoBy pesynTtata ctatnykmx DFT-D COSMO npopadyHa npeasufeHe mHoro Behe
(oko 2,5 nyta) peakumoHe eHTannuje, AH; BpegHocTn of oko -22 kcal/mol go -31 kcal/mol,
n3pavyHate AH, BpegHoctM MehycobHo cy ycknaheHe (C 063MpoM Ha CTPYyKTypHe W
€NEeKTPOHCKE KapaKTepucTUMKe WcnuTMBaHWx cuctema). OBakBa npeuewuBarwa Mory 6utu

nocreauua YnkeHuue Aa HWUCY eKCNNUUMTHO y3eTe y 063up MHTepakuumje xnopobeHseHa ca
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peakTaHTUma, a nocebHo ca komnnekcom (2.1). MspavyHate BpegHoctn Gibbs-oBe cnobogHe
eHepruje (AG; BpegHocTu of oko -8 kcal/mol go -17 kcal/mol) yka3syjy Ha moryhHOCT npunu4Ho

CMOHTaHMX NHTEepakuuja.
Ill. AmuHosar-e Fischer-osux kapbeHa

KapbeHnn Fischer-oBor Tuna Mory ce npeactaBUTM OMWITOM  CTPYKTYPHOM  (DOPMYNOM
(CO)sM=C(X)R rae je kKapOEHCKN YrTbEHNKOB aTOM MOBE3aH Ca HUCKOBANIEHTHUM MpenasHuM
meTtanom VI-VIIlI rpyne MNCE. Besa metan-kapOeHCKM YITbEHWK MOXe Ce onucatu Kao O-
OOHOpCKa/TT-noBpaTHO-A4OHOpcKa (eHr. o-donating/tmr-back-donating), a npupoga Be3uBawa
yHyTap M-C-X kao (cnaba) TpuueHTpMYHa-4eTBOPOENIEKTPOHCKA BE3NBHA MHTEpakumja. pyna X
je 0OM4YHO enekTpoH-AOHOpCKa rpyna koja uma crabunuwyhm edekaT Ha enekTpoH-
aedvumtapHn kapbeHCKM YribeHMKOB aTtoMm, Aok R rpyna moxe 6utm unu 3acuheHa wnm
He3acuheHa opraHcka rpyna. 3a crabunmsauumjy HUCKOBaneHTHOr MeTana MOry ce KOpUCTUTH
MHOMM TT-akUenTopcku nuraHgu. Y TununyHom Fischer-oBoMm kap6eHCKOM KOMMMekcy Kao Tr-
akuenTopcku nuraHan cnyxe kapboHunm (CO). 36or TakBe cTpykType Fischer-or kapbeHa,
HEroBe OrwTe XeMWjCKe KapaKTepuCTMKe MOry ce onucaty Kao enekTpoduriHe ca HEeKOnuKO
noTeHuMjanHMX peakTuBHMX MecTa. Kao nocneguua TakBUMX XEeMUjCKMX OCOOMHa, a 'y
KOMOMHaUMju ca NOL4ECMBUM €ENEKTPOHCKMM KapakTepucTMkama cynctutyeHata (X, R) Ha
KapbeHCKkoM yribeHnkoBOM artoMmy, Fischer-oBu kapbGeHn ce KopucTe Kao BpSfi0 BaXKHU
NMPEeKypcopu Yy OpPraHCKO] M HEOPraHCKOj CUMHTE3W, Kao M Yy CUHTE3N OWOMOLLKN aKTUBHUX
cynctpaTta. Peakunja ammnHonuae Fischer-oBux kapbeHa, Ynju cy mexaHmsam 1 KnHeTuka gobpo
nosHaTn, MOXe ce cmaTpaTtM CNUYHOM amuHoBawy ecTtapa. bes o63npa Ha Benukm 6poj
eKCNepMMEHTaNHUX W TEOPMUjCKUX UCTPaXunBara pPeakLMoOHOr MeXaHu3ma, CTPYKTYPHUX
KapakTepucTuka, kao M ogHoca uamehy cTpykType un peaktuBHocTu Fischer-oBux kapbeHa,
nsHeHahyjyhe je ga je Beoma mano pesynatata nybrnvMkoBaHO O TepMoxemuju 6uno Koje

TpaHcgopmaumje Koja ykibydyje Fischer-oe kapbeHe.

Peakunja amvHonuse, yonwTeHo (ayTo) Katanu3oBaHe agvLMOHO-eNTMMUHALMOHE peakuMoHe
cekBeHUe, npoy4yaBaHa je Ha cepujama Fischer-oBux kapbeHa (cxema A1) nomohy
eKcrnepuMeHTanHux u Teopujcknx metoda. Pesyntatu ykasyjy Ha paBHOTEXHY npupoay
npoueca amvHauumje, Kao0 W Ha HenocTojake CnopeaHux peakumoHux npowmssoga. ITC
TepmoanHamuykn pesyntatn (AH, BpegHoctn Behe opf -15 kcal/mol) yka3syjy Ha eHepreTcku
noBoSbHe TpaHcopMaumje y npouecy amnHauumje y cuctemmma 3.2a-c/3.3a n 3.2a-c/3.3c, Aok
cy cuctemn 3.2a-c/3.3b okapakTepucaHu Kao HeynoTpebrbuBu. JacHa 3aBUCHOCT eHTnanwuje
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peaKLl,I/Ije oA Tuna MeTana HI/Ije onaxeHa. ITC KNHeTU4Ku pe3ynTtatu noTepauvnun Ccy ga ce paagu

0 peakumju Apyror pefa y ogHOCy Ha aMuHe.

M3pauyHaTe peakuuoHe eHTannuje (y pacnoHy of oko -5,5 kcal/mol go -20 kcal/mol) cy vy
OLJIMYHOj CcarnacHoOCTM ca €eKCnepuMeHTanHMM BpegHOCTMMa, AOK u3padvyHaTe BpPeAHOCTU
Gibbs-oBe cnobogHe eHepruvje ykasyjy a ce paguM O CrOHTaHUMM MpouecMMa y CBUM
cuctemuma. [lopeg Tora, Ha OCHOBY KBaHTHOXEMU|CKMX MpopadyHa je 3aKibyyeHO pJa
amnHoBake ucnutMBaHux Fischer-oBux kapbeHa nomohy deHunammHa (3.3b) Huje
TepmoguHaMmnykn moryhe Ha 25°C, wTto je NnoTBpAUIIO MCNpaBHOCT pesynTtaTta gobujeHmx ITC

METOO0M.
IV. UHcepuuja ankuHa y yuknu4yHe KoMmrisiekce nanadujyma

LnknnyHm komnnekcn metana cagpe AUPEKTHY Be3y M3Meny MeTana v yribeHunka, Npu Yemy je
aToOM YITbeHUKa OEO jedHOr o nuraHaga Ha metany. Kako je aktmBauuja C-H Bese jegHa og
HajBaXXHUjUX TemMa Yy OpraHOMETasIHOj XEMMWjWN, LMKINYHU KOMMSIEKCU MeTana umajy BenuKn
3Ha4aj y MHOrMM OOMEHUMA: Of CUHTE3€e W KaTanuse 4o MeguuuHe u matepujana. ['eHeparHo,
peakumja UMKNOMeTanauuvje y cnydajy nanaguvjyma ce ogsuja npema 6a3HO-MOTNOMOrHYyTUM
enekTpoUIIHOM pekLMoHOM nyTy/mexaHnsamy. Mehy npenasHum metanuma, nanagujym je oo
caga 6vo jegaH oA Hajuyewhe KOpULWNREHNX Y XEMUjU LIMKNNYHMX Komnnekca meTana. Pfeffer n
capagHuuM Cy youunu MHCepLumjy pasnnynutux BpcTa ankuHa y Besy Pd-C. Taj npoHanasak ce
nokasao Kao NPUIIMYHO KOpPUCHa npenapaTMBHa MeTOoAa 3a naneTty nanagujyMmoBuX LMKANYHUX
KOMMIIEKCa KOju cagpke pasnuunte dyHKUMoHanHe rpyne. MexaHnsam nHcepToBakwa arnkuvHa y
nanagvjymoBe LUMKIMYHE KOMMMeKce npeacraBiba BULLECTENEHW MpPOLEeC KOju MNoYnhse
KOOpOuHaLUMjOM arnkuHa 3a nanagujym, OOK KacHuje ornasvm 0O MHCEepTOBaka alikuHa y Besy
Pd-C. Mako je knHeTuka peakumja nHcepToBaka ankuHa y nanagumjymoBe LUKINYHE KOMMNeKce

onucaHa, jow yBeK HUCY No3HaTe UHgopmaLmje 0 UXOBOj TEPMOXEMU]U.

3a npoy4yaBake oBe npobnemartuvke, y OKBUpY OBe AncepTrauuje ynotpebrbeHa cy nsotepmarnHa
KanopvMmeTpujcka Mepera 1 KBaHTHOXEMWjCKM npopayyHu. [1Ba BpNo akTMBHa cynctpaTta (4.4a-
b) kopuwheHa cy 3a npoydaBawe KMHETUKE WU TEPMOAUHAMWKE BULLECTENEHE WMHCEPLMOHE
peakuuje y HaenekTpucaHum nanagujyMOBUM UMKIUYHUM KoMnnekcuma (cxema A1). Opyru

cynctpar (4.4b) je akTuBHWjU 1 Ma MOryhHOCT OBOCTPYKE MHCepuUuje.

KnHeTtnuka ITC cTyguja nokasana je fa ce paav O peakuujy npBor pefa y ogHOCY Ha peakTaHT

4.4b, wTo je y cknagy ca objaBrbeHNM pesyntaTtuma.
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HobujeHa ITC AH, BpegHocT 3a ABOCTPYKY MHcepuujy (oko -38 kcal/mol) je pasymHo Beha of
ITC AH; BpegHocTu jegHOCTpyke UHcepuuje (o4 -24 o -28 kcal/mol). BpegHoctn AH: n AG,
npegsuheHe DFT-D metogom cy oko 10-15 kcal/mol Behe op ekcnepumeHTanHux ITC
BpeOHOCTW, LWITO yKa3yje Ha TO Aa XNopobeH3eH WHTeparyjyhm HekoBaneHTHO, MOXe uMMaTu
3HayajaH KOMMEeTUTMBHM YTULAj YHyTap WHcepuuoHe cekBeHue. C 063MpoM Ha CroXeHy
npupoady peakTtaHata M Xemujcke TpaHcdopMauuvje y WHCEPUMOHO] peakuunju, Moxe ce

3aKkbyunTH aa noctoju aobpa carnacHoCT n3Melhy ekcrnepumMmeHTanHnx n TeopujckMx pesynraTa.
V. AgpuHumem Lewis-o8ux doHopa rpema xekcaghsiyopousorpornaHosiy

HepasHo je ytBpheHo ga 1,1,1,3,3,3-xekcadhnyoponponaH-2-on (HFIP) npeactaema nayseTtHy
cpeauHy, buno kao pacTeBapad UnNu KopacTtBapad, koja omoryhaBa oaBujale MHOMMX peakuuja.
MosHaTto je na HFIP noceayje kucene n nonapHe ocobmHe 1 MoryhHOCT BOAOHNYHOT BE3NBaH-A,
anun TadHa ynora HFIP-a y pasnuunutum xemujckum npouecuma jow yBeK Huje Yy NOThyHOCTU

objalreHa.

[a 6u ce otkpuna moryha ynora HFIP, dopmupare noteHumjanHor JOHOPCKO-aKLenToOpCKOr
komnnekca namehy HFIP-a u cepuje pasnnuutux cynctpata (cxema A1) ucnutusaHo je ITC
ekcrnepumeHTuma u DFT-D npopadyHuma. [popayyHu cy ypaheHuM 4Yak M 3a Heke apyre

cynctpate (amuHe, KeTOH, angexva, xnopobexHseH n HFIP).

Pesyntatn ITC ekcnepumeHaTa ykasanm Cy Ha MOCTOjakbe MNPUIIMYHO jakux [0 jakux
HekoBaneHTHMX WHTepakumja (oncer ITC AH, BpegHocTn je m3ameny -5 n -13 kcal/mol) y
ncnmtmBaHum cuctemmma. Ocum Tora, Ha ocHoBy AGa BpeaHocTu (y oncery nameny -1,4 n -3,2
kcal/mol), 3akrby4eHo je ga cBu pasmaTtpaHu Lewis-0BM JOHOPM MOry CMOHTAHO Aa UHTeparyjy
ca HFIP. Cee 10 MOXe nmatu Benuvku yTuuaj Ha godatHy nonapusauuvjy Besa yHytap Lewis-
OBOI' IOHOPCKOT Mosiekyna wrto 6u Morno 6utn o npecygHe BaXXHOCTU Y KIbyYHUM Kopauuma
pasnMunTUX Xemunjcknx TpaHcdopmaumja, a ucrtoBpemeHo ykasyje na HFIP moxe umatn wm

KaTanuTUyKy ynory.

Wako cy pesyntatn npopadyHa AHa BpeAHOCTU y racHoj pasmn y ckragy ca ekcrnepumeHTanHum
pesyntatuma ITC AHa yHyTap rpaHuue rpeLuke, nokasaHo je ce ga ce Moxe noctuhu jow 6orba
carmacHoct pesyntata npumeHom COSMO (continuum model solvation treatment)
KOHTWHyarnHor coneatauuoHor mogena. lMopen Tora, nokasaHo je ga XropobeH3eH Moxe
3HayajHO Aa mHTeparyje ca HFIP-om, kao n ga cy moryhe cHaxxHe WUHTepakuunje uamehy cammx

monekyna HFIP. MNpopadyHu cy nokasanu ga npu opmupany BOOOHUYHE Be3e aToM a3oTa
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MMa u3paxeHuje akuenTopcKe CrocoBHOCTM Yy OAHOCY Ha aToOM KWCEOHMKa, OOK je aToMm
KuceoHuka 6orbu akuenTop o atoma cymnopa. Takofe je nokasaHo ga HFIP pagwje rpagm

I/IHTepaKLl,I/Ije ca aJ'IVI(baTI/ILIHI/IM Hero ca apoMaTu4yHMM aToOMMMa BOOOHUKA.

Y cknagy ca oobujeHum pesyntaTMma, MoXe Ce 3aKibyuuMTu Oa Cy LUUIbeBU [AOKTOpCKe Tese

nenyweHn.

ITC ekcnepuMeHTH, NPOLUMPEHN HA OpPraHCKy U opraHoMmeTarnHy Xemujy, nokasanum cy ce Kao
MohHa TexHuka 3a [Jobujarbe MNoy3AaHWX KUHETUYKUX W TepMOOUHAMUYKUX pPeakuUOHUX

nogaraka.

DFT-D npopaudyHu nokasanu cy ce kao BeoMa Aobpu 3a NpeumsHO MOLENoBake peakuMoHMX

cuctema, Kao 1 3a 4o6po 40 0ANMYHO npeasuhjake TePMOXEMUJCKIX peakLMOoHMX napaMeTapa.

Ocum Tora, copmupaHa je orpomHa ©asa eKCnepuMEeHTarHMX TEePMOXEMMWCKMX nopaTtaka
OpojHMX peakumja, koja ce MOXe KOPUCTUTM 3a Jdarbe noborblame KBaHTHOXEMMjCKUX

npopavyHa.

WcTtpaxuBarwe je poHekrne pacsetnuno“ noctojehy FLP n HFIP xemujy yBohewem
MOSEKyNapHUX Krnactepa OAHOCHO AoKasuBakeM dopMuparba periaTMBHO jakux OOHOPCKO-
akuenTopckux komnnekca. [obujeHn pesynTtatm Mory npefcraBrbaty MOTEHUMjarHO BaKHY

Gasy 3a NpoyyaBaHe HMXOBE XEMU|CKE PEAKTUBHOCTY.

MNMoka3aHo je oa pasnuuuTe xemujcke TpaHcopMauuje y opraHoOMeTanHUM Kommnnekcuma (Kao
LUTO CY MUrpaLMOHO-MHCEPLMOHE, jeAHOCTPYKE U OBOCTPYKE MHCEPLMOHE U ayToKaTannsoBaHe
aaVLMOHO-eNUMMHALIMOHE PeaKkLUMOHE CEKBEHLIE) Mory GUTK NPaBUITHO UCTPaXKeHe U onuncaHe
€KCNEPUMEHTArNHO - KMHETUYKUM U TepmoauHaMuyHum ITC ekcnepumeHTMa, U TEOPUjCKU -

ctatnykum DFT-D npopayyHuma.

Ynora HeKoBaneHTHMX I/IHTepaKLI,I/Ija y ncnutmBaHMM cuctemMmma MOXxe ce onncaTth Kao BeoMa

3HayajHa [0 KIbyyHa.
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Résumé

Cette thése a été guidée par les objectifs suivants: a) I'acquisition d'une vaste bibliothéque de
données thermochimiques pour la formation d'adduits organiques ou organométalliques
achiraux avec une extension aux paires de Lewis frustrées organiques au moyen de la
calorimétrie de titration isotherme (ITC); b) modélisation théorique des systemes moléculaires et
de leurs parametres thermochimiques par les méthodes DFT-D; c) contribution a I'évaluation ou
"benchmark" des méthodes de calcul par la constitution d'une base thermochimique

expérimentale, mentionnée précédemment.

Jusqu'a présent, de nombreux aspects de divers types de liaisons chimiques ont été bien
décrits dans la littérature, mais certains d'entre eux, en particulier les interactions non-
covalentes faibles, restent encore un défi pour le monde scientifique. La réémergence de ce
sujet fondamental dans la compréhension de certains aspects inconnus de la liaison chimique
est rendue possible par de nouveaux outils théoriques, notamment les méthodes dites DFT-D,
c'est-a-dire DFT corrigées pour la dispersion; ces méthodes permettent de rendre compte de

maniere physiguement pertinente des effets de la dispersion a moyenne et longue distance.

La force de London (nommée d'apres le physicien Fritz London) ou dispersion, est
omniprésente dans la nature. Elle constitue une partie importante de la contribution énergétique
a la stabilisation de la structure tertiaire des peptides, d'autres polyméres naturels ainsi que la
coalescence spontanée des amas atomiques ou des molécules apolaires. La spécificité de la
force de London est qu'elle est liée a de longues distances et qu'elle est toujours attractive, elle
est donc également efficace au niveau intramoléculaire et détermine dans de nombreuses
situations le comportement conformationnel des molécules organiqgues et des

organométalliques.

Combinée aux interactions électrostatiques et orbitales, elle contribue a définir I'évolution
stéréochimique de nombreuses réactions, jouant un réle essentiel dans les processus de

reconnaissance et de discrimination chirale.

La chaleur est I'une des rares observables qui accompagne tout changement (intrinseque) de la
matiére et qui peut étre libérée de la matiére vers son environnement ou inversement. Par
conséquent, mesurer la variation de chaleur d’'un systeme d'intérét est I'une des techniques

expérimentales les plus puissantes pour suivre les changements dans le systeme étudié.
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D'autre part, parmi les techniques les plus effectives pour I'enregistrement des flux de chaleur
dans un certain systeme la calorimétrie est particulierement recommandée. Selon les lois
thermodynamiques (équations de Gibbs), connaissant les changements de chaleur au cours
d'un processus particulier qui se déroule dans un systeme étudié (enthalpie, AH), il est possible
de connaitre d'autres parameétres thermochimiques (AG, AS) du systéme.

L'acquisition d’'une base de données thermochimiques expérimentales pour une vaste gamme
de réactions chimiques est la clé pour le développement ultérieur de méthodes de calcul

précises et ayant une valeur prédictive fiable.

Dans le meilleur des cas l'acquisition des paramétres thermochimiques expérimentaux du
systeme permettrait la validation des méthodes de calcul et assurerait une meilleure prise en

compte des interactions non-covalentes.

Dans la présente thése, les expériences de calorimétrie par titration isotherme (ITC) ont été
utilisées comme principal outil expérimental. Pour les expériences ITC, un dispositif Nano ITC
(TA Instrument ®) a été utilisé. En tant qu'outil théorique, les calculs statiques DFT-D ont été
effectués. Outre ces techniques, une recherche de Cambridge Structural Database (CSD) a été

effectuée comme une méthode complémentaire et d'aide aux calculs.

Tout au long de la thése, la recherche s'est concentrée sur les réactions chimiques suivantes
décrites dans le Schéma Al. Les systémes réactionnels ont été sélectionnés si: a) ils
présentent un sujet important dans le monde chimique, ou dans leur transformation chimique un
mécanisme de réaction par étapes est supposé/documenté; b) l'influence des interactions non-

covalentes dans le systeme est significative.

Outre les études ITC et théoriques, la plupart des réactions (réactifs et produits de réaction) ont
été entierement caractérisées par des méthodes analytiques standard (spectroscopie RMN,
spectroscopie de masse, analyze élémentaire, diffraction des rayons X, spectroscopie IR). De

plus, les réactions des (F)LP ont été suivies par des expériences 2D RMN-DOSY.

Les études par ITC ont couvert a la fois I'aspect cinétique (ordre relatifs, constantes de vitesse
initiale la réaction, si possible, selon les conditions réactionnelles utilisées) et I'étude
thermodynamique (AH, AG, AS) des systémes réactionnels, tandis que par les calculs DFT-D

seuls les parametres thermochimiques (AH, AG, AS) des systémes réactionnels en phase
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gazeuse et/ou chlorobenzéne ont été obtenus. La recherche CSD a été effectuée uniqguement

dans le cas des LP(F).

I. Formation de paires de Lewis (frustrées) Il. cis-migration du groupe Me induit par les phosphines sur le complexe
pentacarbonylméthylmanganése
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Schéma Al. Représentation schématique des systémes réactionnels étudiés au cours de la
these.

I. Formation de paires de Lewis (frustrées)

La découverte de paires acide-base de Lewis (FLP) "frustrées", parmi lesquelles le tris
(pentafluorophényl) borane avec une variété de phosphines sont les plus étudiées, a montré

une grande influence des interactions non-covalentes dans ces systemes et a ouvert un
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nouveau domaine de recherche en chimie. Le concept FLP, établi par Stephan, a suscité un
grand intérét au cours de la derniére décennie. Le concept est basé sur la constatation que les
systemes contenant des acides et des bases de Lewis, qui sont empéchés par des facteurs
stériques (et électroniques) d'interactions donneur-récepteur classiques, conservent leur acidité
et leur basicité de Lewis et sont donc disponibles pour interagir avec une troisieme molécule.
Les paires phosphine-borane, en particulier celles "frustrées”, ont trouvé une grande utilité dans
les domaines de la synthése et de la catalyse jusqu'au stockage de I'hydrogéne et aux
matériaux. De nombreux rapports ont traité des calculs sur les systémes phosphine-borane, en
particulier leurs énergies d'interaction et les distances connexes entre les centers acide et base;
les influences des substituants sur les atomes de bore et de phosphore sur leur réactivité; les
mécanismes de réaction catalytique, ainsi que l'importance des interactions non covalentes. En
dépit d'un grand nombre d'articles qui ont abordé les FLP, certains aspects du comportement
chimique des FLP ne sont pas encore entierement compris, en particulier la thermochimie réelle
des interactions en solution de paires intermoléculaires et le mode d'agrégation réel pour ces

paires (FLPs) en solutions.

Comme mentionné précédemment, l'approche utilisée ici est principalement basée sur
l'investigation ITC. La recherche a révélé des résultats assez intéressants et, dans certains cas,
surprenants. A savoir, les systemes 1.1/1.2a-c forment des paires cohérentes, le systéme
1.1/1.2d existe dans un équilibre, alors que le systéme 1.1/1.2f ne montre aucune tendance a
former une paire stable. Une hypothése de formation de clusters (trés probablement composée
d'une molécule de phosphine et d’aux moins deux molécules de borane), relevée a partir des
thermogrammes ITC, est confirmée a la fois par des expériences RMN DOSY 2D et des calculs
DFT-D.

Les valeurs d’enthalpies AH résultats déduites des mesures par ITC ont montré que, parmi
toutes les formations d'adduit étudiées ici, la plus forte enthalpie libérée I'est pendant la
formation de messPB(PhFs); (1.1/1.2d, produit d'addition FLP bien connu), suggérant que les
interactions non-covalentes ont une énorme influence au sein de ces systémes. Les valeurs AH
prédites par DFT-D qui expliquent l'influence du chlorobenzéne sont en bon accord avec les
données expérimentales ITC. De nombreux parametres géomeétriques utiles de paires
phosphine-borane classiques et frustrées ont été obtenus par la recherche CSD. Ces
parameétres ont permis de rationaliser les différences entre eux, compte tenu de leur orientation

mutuelle et des distances.
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Il. Cis-migration du groupe Me induit par les phosphines sur le complexe

pentacarbonylméthylmanganése.

Le complexe pentacarbonylméthylmanganése a été parmi l'un des premiers complexes
contenant des ligands carbonyle jamais synthétisés. Depuis cette découverte, ce complexe a
été étudié intensivement en utilisant diverses techniques expérimentales disponibles a ce
moment-la. Il a été trouvé qu'en réaction avec des nucléophiles, une migration du groupe
méthyle vers le ligand carbonyle adjacent est induite et suivie par l'insertion des nucléophiles
dans le complexe. Plus tard, la séquence d'insertion migratoire s'est avérée étre une séquence
importante en catalyse. Par conséquent, de nombreuses recherches expérimentales et
théoriques ont été réalisées afin de trouver son mécanisme ainsi qu'une cinétique de I'étape
d'insertion de nombreux ligands nucléophiles. Le complexe s'est avéré étre important en
synthése en tant que précurseur et catalyseur. Néanmoins, peu a été publié sur la
thermochimie actuelle de Ila réaction d'insertion-migration impliquant le complexe

pentacarbonylméthylmanganése avec des bases de Lewis.

La séquence de réaction d'insertion-migration dans le pentacarbonylméthylmanganése, induite
par la série de phosphines (2.2a-c, Schéma Al), a été étudiée dans le sens des recherches
expérimentales cinétiques et thermodynamiques et des recherches théoriques DFT-D.

Les essais de réaction ont suggéré que les réactions secondaires (c'est-a-dire I'isomérisation et
la décarbonylation du produit cis) pouvaient étre évitées a des températures de réaction plus

basses dans des périodes de temps de réaction plus courtes.

Les résultats thermodynamiques ITC (gamme de ITC raw AH; -9 - -12,5 kcal/mol) suggérent
gue des interactions raisonnablement plus fortes pourraient étre établies grace a la séquence
de migration cis-insertion étudiée, indiquant une différence entre les phosphines choisies: leur
capacité a établir interactions non-covalentes et l'affinité nucléophile. Les résultats cinétiques

ITC ont confirmé un premier ordre partiel dans le complexe 2.1.

Bien que les calculs de COSMO DFT-D statiques aient prédit des enthalpies de réaction
beaucoup plus grandes (environ 2,5 fois) - les valeurs de AH; d’environ de -22 kcal/mol & -31
kcal/mol et les valeurs AH; calculées sont conformes (en ce qui concerne leurs caractéristiques
structurelles et électroniques). Une telle surestimation découle probablement de la non prise en

compte des interactions explicites du chlorobenzene avec les réactifs, en particulier avec le
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complexe. Les énergies libres de Gibbs calculées (valeurs de AG, environ de -8 kcal/mol a -17

kcal/mol) suggérent la possibilité d'interactions tout a fait spontanées.
[Il. Amination de carbénes de Fischer

Les carbénes de type Fischer peuvent étre décrit par une formule structurale générale de
(CO)sM=C(X)R, dans laquelle I'atome de carbone carbénique est lié a un métal de transition
faiblement valent provenant du groupe VI-VIll de PTE. La nature de la liaison C-M peut étre
décrite comme o-donneur/tr-accepteur (c-donating/tr-back-donating), tandis que la nature de la
liaison dans M-C-X comme (faible) interaction trois-centré de quatre électrons. Le groupe X est
habituellement un groupe donneur d'électrons ayant un effet stabilisant sur un atome de
carbone de carbéne déficient en électrons tandis que le groupe R peut étre un groupe
organigue saturé ou insaturé. Pour stabiliser un center métallique a faible valence, de nombreux
ligands accepteurs de 1T pourraient étre utilisés. Dans le complexe de carbéne de Fischer
typigue, ces ligands accepteurs de type 1 sont des carbonyles. En raison de cette constitution
du carbéne, sa caractéristique chimique générale pourrait étre décrite comme électrophile,
contenant peu de sites réactifs potentiels. En conséquence de telles propriétés chimiques
polyvalentes, associées a des caractéristiques électroniques accordables au niveau des
substituants (X, R), les carbénes de Fischer sont des précurseurs tres importants en synthése
organique et inorganique aussi bien que dans la synthése de substrats biologiques actifs.
L'accent sera exclusivement mis sur une réaction typique. La réaction d'aminolyse des
carbenes de Fischer, dont le mécanisme et la cinétigue sont bien établis. Elle peut étre
considérée comme analogue a l'amination d'esters. Curieusement, bien que beaucoup ait été
fait expérimentalement et théoriguement concernant les mécanismes d'action ainsi que les
caractéristiques de structure et la relation structure-réactivité des carbénes de Fischer, peu a

été publié sur la thermochimie réelle de toute transformation incluant les carbénes de Fischer.

La réaction d'aminolyse, en général, la séquence de réaction d'addition-substitution (auto-)
catalysée, a été étudiée sur des séries de carbénes de Fischer (Schéma Al) par des outils

expérimentaux et théoriques.

Les résultats suggérent une nature d'équilibre du processus d'amination ainsi que des produits
de réaction secondaire. Les résultats des investigation la thermodynamique de cette réaction
par I'ITC (valeurs de AH, supérieures a -15 kcal / mol) suggérent des transformations favorables

dans le processus d'amination dans les systémes 3.2a-c/3.3a et 3.2a-c/3.3b, tandis que les
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systemes 3.2ac / 3.3b ont été trouvés non-exploitables. La dépendance claire du type de métal
sur l'enthalpie de la réaction n'a pas pu étre clairement établie. Les résultats des mesures

cinétique par ITC ont plutét confirmé un deuxiéme ordre partiel en amine.

Les enthalpies de réaction calculées (allant de -5,5 kcal/mol jusqu'a -20 kcal/mol) sont en
excellent accord avec les valeurs expérimentales, tandis que les énergies libres de Gibbs
calculées ont suggéré un processus spontané dans tous les systemes. De plus, le calcul a
révélé que I'amination des carbénes de Fischer étudiés ici par le phénylamine (3.3b) n'est pas
thermodynamiquement possible dans des conditions normales, ce qui confirme les observations
ITC.

IV. L'insertion d'alcynes dans des palladacycles.

Les métallocycles contiennent une liaison métal-carbone directe, dans laquelle I'atome de
carbone fait partie de I'un des ligands métalliques. Comme l'activation des liaisons C-H est I'un
des sujets les plus importants de la chimie organométallique, les métallacycles qui en résultent
ont une grande importance dans de nombreux domaines: de la synthése et la catalyse a la
médecine et aux matériaux. En général, la réaction de cyclo-métallation dans le cas du
palladium suit une voie électrophile assistée par une base. Parmi les métaux de transition, le
palladium a été jusqu'a présent I'un des métaux les plus utilisés dans la chimie des
métallacycles. Une insertion de divers types d'alcynes dans la liaison Pd-C a été observée par
Pfeffer et ses collegues. Cette découverte s'est révélée comme une méthode préparatoire trés
utile pour la gamme de palladacycles contenant diverses fonctionnalités. Le mécanisme de
l'insertion des alcynes dans les palladacycles suggére un processus par étapes commencant
par une coordination de l'alcyne au palladium et une insertion migratoire subséquente de
I'alcyne dans la liaison Pd-C. Bien que la cinétique des réactions d'insertion des alcynes dans

les palladacycles soit décrite, aucune information de thermochimie réelle n'a encore été fournie.

Dans le cadre de cette étude, une série de mesures calorimétriques isothermes complétées par
des estimations théoriques a été engagée. Deux substrats hautement actifs (4.4a-b) ont été
utilisés pour étudier la cinétique et la thermodynamique de la réaction d'insertion par étapes
dans les complexes cyclopalladiés chargés (Schéma Al). Ce dernier est encore plus actif et

présente une double capacité d'insertion.

L'étude CTI cinétigue a montré que la réaction était un pseudo premier ordre dans le cas de

4.4Db, ce qui est conforme aux données publiées.
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La valeur de AH; ITC obtenue d'une double insertion (environ -38 kcal/mol) est raisonnablement
plus grande & la valeur ITC AH, d'une seule insertion (d'environ -24 - -28 kcal/mol). Les valeurs
de AH; et AG, prédites par DFT-D sont d'environ -10 - -15 kcal/mol plus grandes que les
données ITC expérimentales, suggérant que le chlorobenzéne pourrait avoir une influence
compétitive significative, interagissant de maniére non covalente, dans la séquence d'insertion
par la solvatation de certains centers réactifs. Compte tenu de la complexité de la nature des
réactifs et des transformations chimiques dans la réaction d'insertion, on peut conclure qu'il

existe une bonne concordance entre les résultats expérimentaux et théoriques.
V. Affinité des donneurs de Lewis pour I'hexafluoroisopropanol.

Récemment, le 1,1,1,3,3,3-hexafluoropropan-2-ol (HFIP) s'est révélé comme un milieu
exceptionnel, soit comme solvant, soit comme co-solvant, qui rend possible de nombreuses
réactions. Il est connu que le HFIP posséde une caractéristique acide et polaire et des
capacités de liaison hydrogéne, mais encore, son rbéle exact de HFIP dans diverses

transformations chimiques n'est pas entiérement et raisonnablement expliqué.

Pour déterminer le rbéle possible du HFIP, la formation d'un complexe donneur-accepteur
potentiel entre HFIP et une série de substrats différents (schéma Al) a été examinée par des
expériences ITC et des calculs DFT-D. La portée des calculs a été étendue méme a d'autres
substrats (amines, cétones, aldéhydes, chlorobenzénes et HFIP).

Les résultats des analyzes ITC ont suggéré des interactions non-covalentes assez fortes a
fortes (gamme de ITC AH, -5 - -13 kcal/mol) dans les systéemes examinés. De plus, il a été
conclu sur la base des valeurs de AGa (compris entre -1,4 et -3,2 kcal/mol) déterminées que
tous les donneurs de Lewis considérés pourraient interagir spontanément avec le HFIP. Au
total, cela pourrait avoir une influence énorme sur la polarisation des liaisons au sein de la
molécule donneuse de Lewis, qui pourrait étre d'une importance cruciale dans les étapes clés
de diverses transformations chimiques, suggérant que HFIP pourrait avoir un rdle non innocent

dans les processus catalytiques.

Bien que les résultats des calculs de AH. dans une phase gazeuse soient cohérents avec les
résultats expérimentaux (ITC AH,) dans la barre | d’erreur, il a été démontré que le traitement
par le modéle de solvatation COSMO pouvait étre le mieux adapté. De plus, il a été démontré
gue le chlorobenzéne interagissait considérablement avec le HFIP et que le HFIP pouvait

interagir assez fortement avec lui-méme. Les calculs ont montré que l'azote est un accepteur de
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liaison H plus fort que l'oxygene, tandis que le dernier est plus fort que le soufre et que HFIP
préférerait plutdét interagir avec les atomes d'hydrogene aliphatiques que les atomes
d'hydrogene aromatiques.

En ce qui concerne les résultats obtenus, on peut conclure que les objectifs de la these sont
atteints.

Les expériences ITC, étendues a la chimie organique et organométallique, constituent une
technique puissante pour obtenir des données de réaction cinétiques et thermodynamiques

fiables.

Les calculs DFT-D ont montré des capacités dans la modélisation précise des systemes de
réaction ainsi que dans la bonne a l'excellente prédiction des paramétres thermochimiques des

réactions.

Par la suite, une énorme base de données expérimentale de thermochimie d'un certain nombre
de réactions est produite, et peut étre utilisée comme référence dans d'autres améliorations des

calculs de DFT et de chimie quantique.

La recherche apporte un éclairage sur les FLP existantes et la chimie du HFIP en révélant la
possible existence d’agrégats moléculaires dans un cas et prouvant une formation de

complexes donneur-accepteur relativement forts dans I'autre.

Il est montré que diverses transformations chimiques dans des complexes organométalliques
(comme la migration-insertion, de nombreuses insertions par étapes, des séquences de
réaction d'addition-élimination auto-catalysées) peuvent étre étudiées et décrites
expérimentalement - par des expériences ITC cinétiques et thermodynamiques et

théoriquement - par des calculs statiques DFT-D.

Le role des interactions non-covalentes dans les systémes examinés est important a crucial.
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ADF — Amsterdam density functional
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BSSE — basis set superposition error
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CCSD(T) — CC, single, double (triple) (excitations)
CIl — configuration interaction
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COSMO - conductor like screening model
COSMO-RS — COSMO for real solvents
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CSD — Cambridge structural database
DFT — density functional theory

DFT-D — DFT corrected for dispersion
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DOSY - diffusion-ordered spectroscopy
DPCM - dielectric PCM

EC — electron correlation

ESI — electron-spray ionization

FCI — full configuration interaction
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IEFPCM - integral equation formalism PCM
IR —infrared

ITC — isothermal titration xalorimetry

KS — Kohn-Sham

LC - long-range correction

LDA — local density approximation

LP — Lewis pair

MC — Monte Carlo

MD — molecular dynamics

Me — methyl

MM — molecular mechanics
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MO — molecular orbital

MP2 — Mgller-Plesset second order

MP4 — Mgller-Plesset forth order

MP4SDQ — MP4, single, double, quadruple (excitations)
MP4SDSTQ — MP4, single, double, triple, quadruple (excitations)
MPE — multipole expansion

MW — micro wave

NClIs — non-covalent interactions

NMR — nuclear magnetic resonance

PBE — Perdew-Burke-Erzenhof

PCM - polarizable continuum model

ppm — part per milion

QCI — quadratic configuration interaction

QCISD - QClI, single, double (excitations)

QCISD(T) — QCI, single, double (triple) (excitations)
QMC — quantum Monte Carlo

REMPI — resonance-enhanced multiphoton ionization
SAPT — symmetry-adapted perturbation theory

SCF - self-consistent field

SCRF - self-consistent reaction filed

SVPE - surface and volume polarization for electrostatics
SS(V)PE - surface and simulation of volume polarization for electrostatics
TPSS — Tap-Perdew-Staroverov-Scuseria

TS — Tkatchenko-Scheffer

TS-SCS — TS self-consisted screening

UV — ultra violet

vdW — van der Waals

VRT - vibration-rotation-tunnelling

WEFT — wave function theory

XDM — exchange-hole dipole moment

ZEKE — zero electron kinetic energy

ZORA — zeroth order regular approximation
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Chapter 1

1.1. The problematics, the aims and the tools of the Thesis.

Question: What is the problematics of the Thesis’ research?

Answer: It can be said that the chemical bond, in its the broadest sense, is one of the crucial
points of research in chemistry. Up to date, many aspects of various kinds of chemical bond
have well been described, but some of them, especially weak non-covalent interactions, still
remain a challenge for the scientific world. Although, the re-emergence of this fundamental
subject of the understanding of some unknown aspects of the chemical bond is made possible
by the availability of powerful computers, even though their power is not sufficient for
calculations based on the CCSD(T) or FCISD(T) method (golden standard in theoretical
chemistry)! within a reasonable time, especially for the calculations of larger molecular systems.
Therefore, new theoretical tools have been developed, in particular, the methods known as
DFT-D, i.e. DFT corrected for dispersion; allow to account for in a physically relevant way the
effects of dispersion at medium to long distances? However, to have reliable theoretical data,
they must be supported by experimental ones. In other words, caused by a lack of experimental
data, especially the data on reactions in solution involving metals, there is a need to benchmark
newly developed methods. On the other hand, although there are several approaches of
modelling the solvation® still there is a need for their improvement. Namely, the approaches are
mainly based on implicit (continuum) modelling of the solvent effects: in cases wherein a
coordination of a solvent molecule to a metal center is possible or when a solvent molecule can
concurrently and significantly interact with a reactant, the risk of improper modelling of the
solvent effects is high. Thus, in some cases additional calculations including explicit solvent

molecule might refine the theoretical estimations.
Question: What is the importance of the Thesis’ research?

Answer: London force (named after the physicist Fritz London) or dispersion* is ubiquitous in
nature. It constitutes an important part of the energy contribution to the stabilization of the
tertiary structure of peptides, other natural polymers as well as the spontaneous coalescence of

atomic clusters or apolar molecules. The specificity of the London force is that it is related to

1[N° 1] P. Hobza, Acc. Chem. Res. 2012, 45, 663.

2[N° 2] R. Huenerbein, B. Schirmer, J. Moellmann, S. Grimme, Phys. Chem. Chem. Phys. 2010, 12, 6940.
3 [N 3] see section 1.4.2.1.3. Solvation treatment for the details.

4[N° 4] F. London, Z. Physik 1930, 63, 245.
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long distances and is always attractive, thus, it is also effective intra-molecularly and determines
in many situations the conformational behavior of organic molecules and organometallics.
Combined with electrostatic and orbital interactions, it helps to define the stereochemical course
of many reactions; it plays an essential role in the processes of recognition and chiral
discrimination.> Consequently, a proper accounting for the dispersion and the other non-
covalent interactions is found to be of crucial importance. In addition, since almost all chemical
and biochemical processes take place in solution, it was found to be important to

experimentally/theoretically study the processes in solution.

By gathering the need for experimental data to benchmark the theoretical methods with the
needs for the proper accounting the non-covalent interactions for studying chemical reaction in
solution, it seems that if the research would provide, first of all, a base of the experimental data
of huge scope of chemical reactions (in solution), it can be extremely useful for validation of the

existing theoretical methods as well as for a further develop of the better ones.

Additionally, by having the experimental data of the system which are in accordance with
computationally predicted ones (because of right reasons), the role of hon-covalent interactions
in the considered system could be rationally elucidated.

Question: What kind of experimental data can be used to benchmark the theoretical methods?

Answer: There are several experimental methods, mainly spectroscopy based, which can
provide information about vibration frequencies, rotational constants, energies of excitation

states, and stabilization energies of various kinds of systems.®

Since all these quantities can be computed to some accuracy by conventional theoretical
methods, they have been used for actual benchmarking the quantum chemical methods
(besides theory benchmarking theory). However, none the method provides an easy access to
the structure and stabilization energy of (especially on non-covalently bonded) system, except
Zero Electron Kinetic Energy (ZEKE) spectroscopy which accurately determines the stabilization

energy. In addition, all the techniques available do not deal with chemical reactions.’

5[N° 5] A. J. Stone, The Theory of Intermolecular Forces; Oxford University Press. Oxford, 2002. P.

[N° 6] Hobza, K. Miller-Dethlefs, In Non-Covalent Interactions: Theory and Experiment; The Royal Society of
Chemistry, 2009

6 [N° 7] see section 1.4.1. Experimental tools for the details.

7 [NO 8] see section 1.4.2. Theoretical tools for the details.
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On the other hand, heat is one of the rare observables that accompanies every (intrinsic)
change of the matter and it could be liberated from the matter to its surroundings or reverse
(absorbed from the surroundings by the matter). Hence, measuring the heat change of the
system of interest is one of the very powerful experimental techniques for monitoring the
changes in the researched system. One of the most popular experimental techniques which

allows recording of heat flow produced by a reaction is calorimetry.®

According to the well-known thermodynamic laws (Gibbs equations), by knowing the heat
changes during a particular process which takes place within a researched system (i.e.
enthalpy, AH) it is possible to know other thermodynamic parameters (i.e. Gibbs free energy,
AG, and entropy, AS) of the system.® Since the theoretical calculations can also provide the
thermodynamic parameters of the system (in both gas and solution phase), it seems that the

thermodynamic parameters can be the good meeting point of the theory and experiments.

Therefore, acquiring a large base of the thermodynamic parameters of reactions/interactions in

solution can be the solution for the benchmarking of the theoretical methods.

This methodology has proven rather useful by Dr. Petrovi¢, a former PhD student in the group of
Dr. Djukic, within his PhD thesis, which was based on experimental and theoretical investigation

of the intermetallic interactions of transition metal coordination and organometallic complexes.
Question: What are the suitable reaction systems?
Answer: The reaction systems were selected if:

a) either they represent an important topic in the chemical world or in their course of chemical
transformation a step-wise reaction mechanism is assumed/documented (which can be

challenging for both experimental and theoretical chemists), and
b) an influence of non-covalent interactions in the system is significant.
Question: What are the main aims of the Thesis’ research?

Answer: The thesis’ research work was guided by the following goals:

8 [N° 9] see section 1.3. Thermochemistry and Thermodynamics. for the details.
9 [N° 10] I. Muller, A History of Thermodynamics — the Doctrine of Energy and Entropy; Springer. 2007.
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a) acquiring an extensive thermochemical data library for the achiral organic or organometallic
adduct formation with an extension to the organic frustrated Lewis pairs by means of the
isothermal titration calorimetry (ITC);

b) theoretical modelling of the molecular systems and their thermochemical parameters by the
DFT-D methods;

c) contribution to the benchmark of the computational methods by the constitution of

experimental thermochemical base, mentioned earlier.
Question: What are the tools used in the Thesis’ research?

Answer: Isothermal titration calorimetry (ITC) experiments were used as the main experimental
tool. As a theoretical tool, static DFT-D calculations were performed. Besides those techniques,
a search of Cambridge Structural Database (CSD) was performed as a complementary and
helping method to the calculations, but only in the case of (frustrated) Lewis pairs ((F)LPs).
Additionally, most of the reactions (reactants and reaction products) were fully characterized by
standard experimental characterization methods (NMR spectroscopy, Mass spectroscopy,
Elemental analysis, X-Ray diffraction, IR spectroscopy). Moreover, the reactions of interest were
monitored by 2D NMR - DOSY (diffusion ordered spectroscopy) experiments. The ITC
technique covered both kinetic (partial reaction orders, initial rate constants of the reactions,
where possible, according to the used reaction conditions) and thermodynamic studies (AH, AG,
AS) of the reaction systems, while DFT-D calculations aimed exclusively at the thermochemical
parameters (AH, AG, AS) of the reaction systems in gas or/and chlorobenzene phase.

The herein mentioned topics will be discussed in more details in the following subchapters.

1.2. Chemical bonds.

1.2.1. Generalities.

It can be said that a chemical bond is an attraction between atoms leading to formation of
chemical compounds. Regarding the nature of chemical bonds, they could be divided in few
main types of bonding: ionic bonds (which are purely electrostatic in nature, attracting the
oppositely charged ions); covalent bonds (which are characterized by sharing valence electrons

between atoms); metallic bonds (are those in which there is a large delocalization of bonding
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electrons over a lattice of metal atoms); coordinate covalent bonds (are basically covalent
bonds in which the shared valence electrons come from only one atom); non-covalent
interactions (which, according to one of most accurate formulations?® include all other intra- and,
especially, intermolecular interactions). However, herein, a (brief) discussion will only be given

on covalent and non-covalent interactions (NCIs).

It can be said that covalent!! and non-covalent interactions differ, even significantly, due to their
origins. Namely, covalent interaction is a result of distribution and delocalization of electrons
over whole regarded molecule as well as of sharing valence electrons (popularly valence
pair(s)) of electrons between two atoms that constitute the molecule. Form theoretical point of
view, a covalent bond is formed if two subsystems (atoms) carrying unfiled orbitals start to
overlap, increasing electron density in a bonding region, and consequently, increasing a bond
strength. Accordingly, an increasing of electron density in anti-bonding region leads to
weakening of a bond. It was found that the orbital overlapping is the most efficient when
interatomic distance is less then 2 A, while over 4 A the orbital overlapping becomes

negligible.?

The formation and breaking chemical bonds, especially covalent ones, can be described at
different level of theory (e.g. ab initio and Density Functional Theory (DFT) calculations) as well
as experimentally using various spectroscopic experimental techniques that provide (mostly
indirect) a look at a molecule (e.g. supersonic expansion jet technique coupled with high-

resolution spectroscopic methods).
1.2.2. Non-covalent Interactions (NCIs)
1.2.2.1. Generalities.

Historically speaking, the story about non-covalent interactions has been started in mid of 19"
century (1857) when Johannes Diderik van der Waals?® has, for the first time, realized the main
reasons that caused different behavior of real gases in comparison to behavior of ideal ones

(that can be described by Boyle’s law). Namely, he concluded that the reasons are the attraction

10 [N© 11] K. Muller-Dethlefs, P. Hobza, Chem. Rev. 2000, 100, 143.

11[N° 12] G. N. Lewis, J. Am. Chem. Soc. 1916, 38, 762.

12 [N© 6] P. Hobza, K. Miiller-Dethlefs, In Non-Covalent Interactions: Theory and Experiment; The Royal Society of
Chemistry, 2009.

13[NC 13] L. M. Brown, A. Pais, B. Pippard, Twentieth Century Physics; Institute of Physics Pub.; American Institute of
Physics Press, Bristol; Philadelphia; New York, 1995.
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between moving particles, and their proper volume.* He compiled this in the following state

function for real gases equation:

BT a
pP=g—7

V—b V2
where p is the pressure, R is the universal gas constant, T is the temperature, V is the molar
volume, while a and b are empirical parameters related to particular gas. Although, this equation
is not the most precise equation describing state function for real gases, it contributed
considerably in understanding of new type of bonding. Another important moment was in 1908
when Kamerlingh-Omnes managed to do liquefaction of helium,'> which decisively supported
the existence of attractive interactions even between molecules barring no charge or permanent
dipole moments. Further, two decades after Fritz London,*® and soon after Hans Hellman,’
gave important contributions in understanding and describing these interactions. London
rationalized that these interactions have quantum origin. Basic principles of hydrogen bonding
(one kind of NCIs) was described for the first time by Linus Pauling.'® Beside these above-

mentioned pioneers, there were other scientists during last century who contributed as well.°

Although it is possible to relate stability of, for instance, non-covalent complexes to the
stabilizing role of NCI, it is not such easy to localize these interactions in space. Moreover, the
understanding of the nature of NCls is still not clear, as theoretical and experimental results are
frequently in contradiction. Although many efforts have been made during last decades in both

theoretical and experimental description of NClIs, improving theoretical methods and

14NC 14] J. D. van der Waals, In Nobel Lecture: The Equation of State for Gases and Liquids; NobelPrize.org. Nobel
Media AB 2018. Wed. 22 Aug 2018. https://www.nobelprize.org/prizes/physics/1910/waals/lecture/

15 [NC 15] H. Kamerlingh Onnes, Proc. R. Netherlands Acad. Arts Sci. (KNAW) 11 1909, 168.

16 [N° 16] F. London, Trans. Faraday Soc. 1937, 33, 8.

[N° 4] F. London, Z. Physik 1930, 63, 245.

[N° 17] R. Eisenschitz, F. London, Z. Physik 1930, 60, 491.

17 [N© 18] H. Hellmann, Acta Physicochim. 1935, 273.

18 [N 19] L. Pauling, J. Am. Chem. Soc. 1931, 53, 1367.

19 [N© 20] P. Hobza, R. Zahradnik, K. Miiller-Dethlefs, Collect Czech Chem. C 2006, 71, 443.

[N 21] I. G. Kaplan, Intermolecular Interactions; Physical Picture, Computational Methods and Model Potentials;
Wiley, Chichester, 2006.

[N° 5] A. J. Stone, The Theory of Intermolecular Forces; Oxford University Press, Oxford, 2002.

[N° 11] K. Miiller-Dethlefs, P. Hobza, Chem. Rev. 2000, 100, 143.

[N° 22] J. O. Hirschfelder, C. F. Curtiss, R. B. Bird, Molecular Theory of Gases and Liquids; Wiley, New York, 1954.
[N° 23] P. Debye, Phys. Z. 1921, 22, 302.

[N® 24] I. E. Dzyaloshinskii, E. M. Lifshitz, P. P. Lev, Sov. Phys. Usp. 1961, 4, 153.

[N° 25] D. Lanfbein, Phys. Rev. B 1970, 2, 3371.

[N° 26] H. C. Hamaker, Physica 1937, 4, 1058.

[N° 16] F. London, Trans. Faraday Soc. 1937, 33, 8.
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experimental techniques, science is still quite far away from fully description and understanding
of NClIs without any ambiguity. However, it is well established that NCls can act, in comparison
to the covalent interactions, at much larger distances, even at more than 10 A (in
biomacromolecules even at more than 100 A). Therefore, NCls do not, in general, require orbital
overlapping, even overlapping of filled orbitals would lead to repulsive interactions. Accordingly,
the origin of NCls, i.e. the attraction between interacting “subsystems”, should lie in purely
electrical, and to some extent, magnetic properties of the “subsystems”, meaning that the
attraction originates from interactions between: permanent multipoles, permanent multipole and
induced multipole, induced multipole and instantaneous multipole or, finally, instantaneous

multipoles. All these types of NCls will be briefly described in the following sections.

In addition, a nice overview about NCls as well as a significant contribution to understanding of
NCls within some heterodox and atypical situations in transition metal chemistry has been given
by C. Werlé, a former PhD student in Djukic’s group. P. Petrovi¢, also a former PhD student in
Djukic’s group, has gave important impact to the field of NCls. His PhD thesis was based on
experimental and theoretical investigation of the intermetallic interactions of transition metal

coordination and organometallic complexes.
1.2.2.2. NCls: basic interactions.
1.2.2.2.1. Permanent multipole/permanent multipole interactions.

This type of interactions is also known as electrostatic interactions, in which the electrostatic
term predominates over other energy terms. All energy consideration within this type of
interactions can be derived form so called Coulomb’s law?® and Coulombic potential energy

which, for two point changes, can be expressed as:

q1qz2
V=
dmer

where q: and q. represent these two charges, r distance between the charges and ¢ dielectric

permittivity of the medium. Based on this equation the expression of (electrostatic) potential

[N° 27] Y. Zheng, A. Narayanaswamy, Phys. Rev. A 2011, 83, 042504.

20 [N° 28] C. A. Coulomb, Premier mémoire sur I'électicité et le magnétisme; Histoire de I'’Académie Royale des
Sciences, Imprimerie Royale, 1785, 569-577.

[N® 29] C. A. Coulomb, Second mémoire sur I'électicité et le magnétisme; Histoire de I'’Académie Royale des
Sciences, Imprimerie Royale, 1785, 578-611.
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energy of other cases (permanent dipole/point charge; permanent dipole/permanent dipole, or
interactions of higher order of multipoles) can readily be adapted.?* Although such extension will
not be given, it is important to note that by increasing the number of poles (n) the potential
energy falls off by 1/r". It is worth mentioning that there is no zero average interaction energy
(which theoretically can happen due to rotation of systems) as lower energy orientations are

always favoured, which can be expressed by so called Keesom interaction equation:
C
Vy=——
" ===

where C is expressed as:

_ o 2pdg
3(4me) kT

In fact, herein mentioned case of interaction between two point (permanent) charges
corresponds to more familiar term — ion-ion interactions, while the terms permanent dipole/point
charge interactions to ion-dipole interactions and permanent dipole/permanent dipole

interactions to dipole-dipole interactions.

lon-ion interactions are established when two ions with opposite and fully permanent charge
interact. Typical examples of such interactions (bonds) is table salt NaCl. Although these
interactions are among the strongest interactions (ranged 100-1000 kcal/mol), they can readily
be split through interacting with polar solvent molecules. Namely, during solvation process many
ion-dipole interactions do compensate such strong ion-ion bonds. Energy of these interactions

falls off slowly as the energy is proportional to 1/r.

lon-dipole interactions occur when an ion interacts with a polar molecule (i.e. molecule having
an electric dipole or multipole moment). Example of this type of interactions is the interaction of
ions such as Na* with water molecule. Energy of these interactions is in range from 10 to 250
kcal/mol and depends of the ion charge, the molecule dipole moment and their mutual distance.
The energy falls off by 1/r>. Normally, the dipole moment within a molecule is caused by the
difference in electronegativity of atoms in the molecule. Atom having larger electronegativity

attracts the electrons becoming more negative, while the other becomes more positive. During

[N° 30] J. D. Jackson, Classical Electrodynamics; John Wiley & Sons Ltd, 1962.
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the interactions the negative end of the dipole is attracted by cations while the positive end is

attracted by anions.

Dipole-dipole interactions are interactions between two polar molecules, i.e. two permanent
dipoles. Example of such interactions can be any polar molecule interacting with itself (e.g.
liquid water). The energy of this type of interactions is usually ranged 1-5 kcal/mol. Existence of
these interactions force molecules to align with reverse direction of the dipoles in order to
minimize the potential energy of the system. Caused by these interactions highly polar
molecules (if liquids) have higher boiling points than molecules of the same molar weight. These

interactions are quite short ranged, as their interaction energy falls off by 1/r3.
1.2.2.2.2. Permanent multipole/induced multipole interactions.

This type of interaction is known as induction (polarization) interaction, as well. In principle,
these interactions are electrostatic in nature. These interactions occur due to fact that molecule
with permanent dipole moment approaching to neighbouring polarizable atom/molecule without
dipole moment (e.g. non-polar, neutral or spherically symmetric atom/molecule) can induce
polarization (i.e. temporal dipole/multipole moment) in that atom/molecule. Consequently, the
strength of these interactions depends on dipole moment of first molecule and polarizability of
second one as well as on their mutual distance and orientation, but, by contrast to permanent
multipole/permanent multipole interactions, these interactions do not depend on temperature

(see the following equation of Debye force (parameter C).

2 )

Hydts

L= ——=
dme

L is permanent dipole moment of first molecule and a* is polarizability volume of second one.
Energy of these interaction is rather relatively small (up to ca. 0.5 kcal/mol) and proportional to
1/re,

1.2.2.2.3. Instantaneous multipole/induced multipole interactions.

This type of interactions, also called London dispersion interactions (named by Fritz London),??

are consequence of oscillations/fluctuations of electron “clouds” and nuclei. Namely, as

21[NO 31] P. Atkins, J. de Paula, Physical Chemistry for the Life Science; Oxford University Press, Oxford. 2006.
22[N° 16] F. London, Trans. Faraday Soc. 1937, 33, 8.
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suggested by London,? the motion of electrons within (non-polar) systems (atoms/molecules)
can result in formation of instantaneous dipole moment (u:’), which, subsequently, can induce
polarization in neighbouring atom/molecule, i.e. similar instantaneous dipole moment (u2).
Consequently, these two dipoles show mutual attraction, and moreover, they are mutually
direction correlated. The strength of these interactions is highly dependent on polarizability of
both subsystems. These dispersive interactions occur between any molecules (even non-polar)
and they are always attractive by nature (similar to the two previously described types of
interactions). That was exactly the case in very surprising, in that time, condensation of
dihydrogen,?* liquefication of noble gases,? liquid state of benzene at room temperature.?®
Energy of these interactions (which can be approximated by London formula, see below) are
usually very small (0.1-1 kcal/mol), but the net effect (in energy contribution) can be rather
significant due to the possibility for a large number of these interactions (e.g. in proteins).
Dispersion interaction energy is proportional to 1/r°.
3 11,

C=—-aa,
2 %2y 1,

ar and a’» are polarizability volumes of the subsystems, while 11 and |, are their ionization
energies. As above-mentioned, it was shown that dispersion energy has important contribution
to interaction energy of (aromatic) systems with delocalized 1T electrons, which significantly
influenced further considerations on the stabilization of biomacromolecules. Discussion on
theoretical modelling of these very important interactions will be given in next sections (see

section Theoretical tools.)
1.2.2.2.4. Repulsive interactions.

Repulsion (electrostatic) interactions, as a balance to so far mentioned attractive interactions,
are a result of overlapping of (occupied) orbitals of two non-bonded systems (atoms/molecules)

when two systems (and their electron “clouds”) approach each other. Basically, the origin of

[N° 4] F. London, Z. Physik, 1930, 63, 245.

23[NO 32] F. London, Z. Physik Chem. 1930, 11, 222.

[N° 16] F. London, Trans. Faraday Soc. 1937, 33, 8.

[N° 4] F. London, Z. Physik 1930, 63, 245.

24 [N° 33] J. W. Leachman, R. T. Jacobsen, S. G. Penoncello, E. W. Lemmon, J. Phys. Chem. Ref. Data 2009, 38,
721.

25 [N® 34] H. Kamerlingh Onnes, In Nobel Lecture: Investigation into the Properties of Substances at Low
Temperatures, which Have Led, amongst Other Things, to the Preparation of Liquid Helium; NobelPrize.org. Nobel
Media AB 2018. Wed. 22 Aug 2018. https://www.nobelprize.org/prizes/physics/1913/onnes/lecture/
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these interactions can be explained by Pauli exclusion principle and Heisenberg uncertainty
principle.?” Beside electron repulsions, there is a possibility for repulsion of incomplete shielded
nuclei. Energy of the repulsion interaction is extremely dependent on mutual distance of the
systems and it is approximately proportional to 1/r*2. Consequently, it seems that the smallest
distance between two non-bonded atoms cannot be less than the sum of their vdW radii.
Although it is hard task to find exact formula describing the repulsion energy, especially for more
complex systems, it is possible to do that employing some approximations that include few

adjustable parameters (such as hard-sphere potential approximation).
1.2.2.3. NCls: systemic interactions.

Intuitively, it could be concluded that systemic NClIs are results of simultaneous effect of several
simple NClIs that take place in simple or more complex molecular systems. Herein, a couple of

such systemic interactions will be briefly discussed.
1.2.2.3.1. Hydrogen bonds.

Generally, hydrogen bonds?® (H-bonds) are a kind of electrostatic interactions, which can occur
when there is a possibility to establish a link D-H -A (where D represents an atom that is
formally a donor of hydrogen atom, while A represents an atom that is formally an acceptor of
hydrogen atom).

Although both D and A atoms are usually highly electronegative atoms (such as N, O, F etc,)
while D also possesses a lone pair of electrons, there is no strict limitation in that regard. Thus,
other atoms and ions can participate in H-bonding as well. In general, hydrogen bond formation
can be considered in two ways: a) as an array of point charges (partial positive on H atom and
partial negative on D and A atoms); b) as formation of three new delocalized orbitales (as each
atom participate with one orbital).?® Whatever approach is, it is noticeable that a strength of H-
bonds is highly dependent on the nature of donor (D) and acceptor (A) atoms as well as on

mutual position of all the three constituents (i.e. bond angle and distance). Certain structural

26 [N 35] C. J. Benmore, B. Tomberli, P. A. Egelstaff, J. Neuefeind, Mol. Phys. 2001, 99, 787.

27 [NO 36] E. Pavarini, E. Koch, F, Anders, In Correlated electrons: From Models to Materials 2012.

[N° 37] V. F. Weisskopf, Science 1975, 187, 605.

[N° 38] H. C. Andersen, D. Chandler, J. D. Weeks, J. Chem. Phys. 1972, 56, 3812.

[N° 39] P. A. M. Dirac, Proc. Royal. Soc. Lond. S. A 1926, 112, 661.

28 [N© 40] In IUPAC. Compendium of Chemical Terminology, Version 2.3.3. — 2014-02-24 — the “Gold Book” ed. XML
version: Web.

29 [NO 31] P. Atkins, J. de Paula, Physical Chemistry for the Life Science; Oxford University Press, Oxford. 2006.
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evidence of hydrogen bonding can be found if the interatomic distance is less than sum of their

vdW contacts.

Typical example of H-bonds is condensed water, where a hydrogen atom from one water
molecule is shared with an adjacent water molecule. Energy of H-bond can vary form relatively
very weak (0.25-0.5 kcal/mol, for example in proteins) to relatively quite strong (ca. 40 kcal/mol,

for example in HF).
1.2.2.3.2. Hydrophobic interactions.

So-called hydrophobic effect, related to hydrophobic interactions,® represent special relation
between polar water molecules and non-polar molecules (so-called hydrophobes) occurring
when non-polar molecules are present in polar water medium. Namely, it is well-known that
non-polar molecules are almost insoluble in polar solvents as a consequence of no possibility
for strong interactions between polar and non-polar molecules. This results in a formation of
some kind of solvent cages (so-called clathrates) around individual solute molecule, i.e.
interface regions with low entropy (high order) of the solvent, as the solvent is translationally
and rotationally constrained. However, according to the equation of Gibbs free energy this is not
thermodynamically favorable situation (AG > 0), as the change in entropy (AS < 0) is large and
cannot be compensated with the change in enthalpy (that is usually even positive, AH > 0).
However, by interaction between non-polar molecules through so-called hydrophobic
interactions, this situation changes. Indeed, when two hydrophobes interact firstly the solvent
cage should be deformed which leads to increasing of enthalpy (AH > 0) but also to increasing
in entropy (AS > 0).

Once again, the enthalpy change is not so large (as the enthalpy also decreases due to
attractive hydrophobic interactions) but the entropy change is. Therefore, resulting change in
Gibbs free energy is negative, meaning that the aggregation of non-polar molecules in polar
medium (water) is spontaneous process. In brief, the hydrophobic effect (hydrophobicity) leads
to minimum exposed surface area of non-polar molecules (by aggregation) to polar (water)
molecules® where the driving force of aggregation of hydrophobic molecules is an increase of

entropy of aqueous phase and not (intrinsic) attraction of hydrophobic solutes. Good example of
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this kind of interactions is mixing of oil and water. Hydrophobic interactions are important in

biology,*? especially in the processes of protein folding.
1.2.2.3.3. Aromatic interactions.

Purely aromatic interactions are those attractive non-covalent forces between aromatic rings.
Prototypical example of such interactions is benzene dimer.*® These interactions are, in general,
relatively weak (up to few kcal/mol) and acts outside the sum of relevant vdW radii. Although
first attempts in description of these so-called Tr-11 stacking interactions suggested that
electrostatics forces are reasonable,® later studies showed important role of London dispersion
forces.® In addition, it was noticed that substituents on benzene ring have considerable
influence®*® which can be interpreted by Hunter-Senders model*” or by model proposed by

Wheeler and Huok.38

Experimentally, aromatic interactions in solution were observed by NMR?*® as well as by Double
Mutant experiment.*® Besides studies dealing with aromatics mostly organized in sandwich, T-
shaped or displaced arrangements, it was found that interactions of aromatic molecules at large

horizontal displacement are significantly strong.*

Another kind of aromatic interactions are cation-1r interactions that represents interactions
between ion and aromatic ring.*?> In some cases, the strength of cation-1 interactions are even

larger than the strength of salt bridges (which are, in principle, formed by H-bonds).** Most

32 NC 43] H. J. Dyson, P. E. Wright, H. A. Scheraga, Proc. Natl. Acad. Sci. USA 2006, 103, 13057.

33 [N© 44] M. Rapacioli, F. Calvo, F. Spiegelman, C. Joblin, D. J. Wales, J. Phys. Chem. A 2005, 109, 2487.
[N° 45] J. Grant hill, J. A. Platts, H.-J. Werner, Phys. Chem. Chem. Phys. 2006, 8, 4072.

[N 46] R. Podeszwa, R. Bukowski, K. Szalewicz, J. Phys. Chem. A 2006, 110, 10345.

34 [NO 47] F. Cozzi, M. Cinquini, R. Annunziata, T. Dwyer, J. S. Siegel, J. Am. Chem. Soc. 1992, 114, 5729.
[N° 48] C. A. Hunter, J. K. M. Snaders, J. Am. Chem. Soc. 1990, 112, 5525.

35[NO 49] E.-I. Kim. S. Paliwal, C. S. Wilcox, J. Am. Chem. Soc. 1998, 120, 11192.

[N 50] S. Grimme, Angew. Chem. Int. Ed. 2008, 47, 3430.

36 [N 51] M. O. Sinnokrot, C. D. Sherrill, J. Phys. Chem. A 2003, 107, 8377.

[N® 52] M. O. Sinnokrot, C. D. Sherrill, J. Am. Chem. Soc. 2004, 12, 7690.

37[N° 48] C. A. Hunter, J. K. M. Snaders, J. Am. Chem. Soc. 1990, 112, 5525.

38 [N® 51] M. O. Sinnokrot, C. D. Sherrill, J. Phys. Chem. A 2003, 107, 8377.

[N° 52] M. O. Sinnokrot, C. D. Sherrill, J. Am. Chem. Soc. 2004, 12, 7690.

[N 53] S. E. Wheeler. K. N. Houk, J. Am. Chem. Soc. 2008, 130, 10854.

39 [NO 47] F. Cozzi, M. Cinquini, R. Annunziata, T. Dwyer, J. S. Siegel, J. Am. Chem. Soc. 1992, 114, 5729.
[N° 54] F. Cozzi, R. Annunziata, M. Banaglia, K. K. Baldridge, G. Aguirre, J. Estrada, Y. Sritana-Anant, J. S. Siegel,
Phys. Chem. Chem. Phys. 2008, 10, 2686.

40 [N© 55] S. L. Cockroft, C. A. Hunter, Chem. Soc. Rev. 2007, 36, 172.

41[N° 56] D. B. Ninkovi¢, J. M. Andri¢, S. D. Zari¢, ChemPhysChem 2013, 14, 237.

[N° 57] D. B. Ninkovi¢, G. V. Janji¢, D. Z. Veljkovi¢, D. N. Sredojevi¢, S. D. Zari¢, ChemPhysChem 2011, 12, 3511.
42 N0 55] S. L. Cockroft, C. A. Hunter, Chem. Soc. Rev. 2007, 36, 172.

43N0 58] J. P. Gallivan, D. A. Dougherty, J. Am. Chem. Soc. 2000, 122, 870.

55



Chapter 1

probably, these interactions are dispersive but also, to some extent, induced electrostatic in the

nature** as well as dependent on mutual orientation of the interacting units.*

Similar to the pure aromatic interactions (1T-1r stacking), the cation-1r interactions are influenced
by the presence of substituents.*® In addition, the associative interactions of metal cations and

aromatics are well documented.*’

Additional kind of the interactions are aromatic/chelate interactions. The chelate ring contains
(transition) metal atom and can be planar having T delocalized system. It was found that the
chelates can interact through -1 stacking*® or to form XH-1r interactions.*® In addition, many
significant information about chelates and their interactions have been provided by Zari¢ et al.*°
Recently, interactions of aromatic/H-bridged rings have been found as well.5! In addition, it has

been shown that stacking interactions of H-bridged rings are stronger than corresponding
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interactions of benzene molecules.>? There are increasing number of theoretical studies dealing
the substitution effects, the effect of heteroatoms introduced in aromatic ring, and the effects of

transition metal coordination.53
1.2.2.4. Importance of NClIs.

Everywhere where molecules are presented - non-covalent interactions are presented as well.
Although weaker than covalent interactions, NCls are omnipresent. If NCIs would not exist,
condensed phase of matter would not exist neither. NCls are responsible for wide range of
properties of molecules and processes as well. Solvation process is undoubtedly attributed to
NCls. Highly dynamic behavior of systems is caused by presence of a large number of NCls.
Perhaps one of the most important examples of the significance of NCls is liquid water, which
survives in liquid state at wide range of temperatures due to the presence of hydrogen bonds.
Another amazing example of crucial importance of NCls in nature is an animal called gecko,*
which can climb everywhere regardless of the surface.®® It has been shown that (several
thousand) of keratinous setae incorporated on its feet, form NClIs (i.e. dispersion interactions)
with the surface and consequently strong adhesive force.*®

The structure and (re)activity of biomacromolecules, such as DNA, RNA, proteins etc., are
significantly determined by NCIs (i.e. hydrophobic effect, aromatic interactions, hydrogen
bonding etc.). Processes of molecular recognition, which are highly important in many
fundamental life processes, show very important role on NCIs. In particular, aromatic
interactions play significant role in many chemical and biological process such as molecular

recognition, molecular transport, and catalysis.>” In addition, interactions of heteroaromatics
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have important role in protein structure and protein-ligand recognition®® as well as DNA

structure.®®

It has been shown that NCIs, have great contribution to stereospecificity of chemical
processes,®® drug design,®* design of supramolecular assemblies,®? design of coordination
polymers and materials,®® synthesis of organic molecules.®* In addition, it was shown that
properties of nitrogen heterocycles (e.g. pyridine, bipyridine, phenanthroline, etc.) as well as
pyridine- and pyrazine- derivate chelate complexes can be: a) changed by coordination to metal
ions and, b) controlled by changing a coordination mode of chelating ligands in coordination
sphere of metal ions.%® Although great efforts have been put to better understand and describe

NCls, it still remains hard task for both experimentalists and theoreticians.
1.3. Thermochemistry and Thermodynamics.

Thermochemistry, heat, calorimetry and thermodynamics are intimately connected. Semantically
speaking, thermo in Greek represent a heat that makes more than obvious connection between
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the first two. On the other hand, calorimetry — the oldest experimental technique, founded by
Black, Lavoisier and Laplace in 18" century, for studying the thermodynamics of chemical
reactions, inseparably dealing with a measuring of heat (changes).%®

It can be said that the thermochemistry is ground base for a proper understanding of chemical
structures, dynamics and synthesis. If one would like to deal with molecular stability, the
thermodynamics must be employed, as it provides a necessary framework to discuss such
issue. However, theory without reliable data is useless. Therefore, it seems that a major

concern are the reliable data as well as methods that can provide such data.

It has also been suggested to use a term energetics instead thermochemistry in order, from one
hand, to emphasize that not all experimental methods involve determination of heat (such as
equilibrium and kinetic experiments), and from another hand, to avoid traditional link between
thermochemistry and calorimetry. Anyway, the laws of thermodynamics provide required
theoretical background to deal with nearly all concepts relevant for discussion of either

energetics or thermochemistry.®’

Basically, two main outcomes from the laws of thermodynamics for chemistry can perhaps be

represented in two equations:

A.G = —RTInK (equation 1)

AG= A H—TA_S (equation 2)

The first equation relates the reaction Gibbs free energy (A:G) with the equilibrium constant (K),
while the second one relates the reaction Gibbs free energy (A:G) with the reaction enthalpy
(AH) and reaction entropy (A:S). These equations can be used to calculate the yields of
chemical reactions, the equilibrium constants, the thermodynamic reaction parameters, etc. It
should be noted that the quality of A.G values are highly dependent on the quality of K values as
well as that activity coefficients of solutes (y) should be used in order to get more reliable

results. In addition, kinetic characteristics of reaction (e.g. reaction rate constant (k)) can readily
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be connected to thermodynamic ones.®® However, due to the consistency such excursion will be
avoided. More about experimental tools and methods which can be used to obtain
thermochemical data as well as on an assessment of reliability of the data will be given in the

following sections.
1.4. The tools.

1.4.1. Experimental tools.
1.4.1.1. Generalities.

Like mentioned in the early introduction to the thesis, experimental methods/techniques suitable
for achieving the aims of this thesis would be those which can provide some (new) inside of the
molecular structures, emphasizing a possible role of non-covalent interactions, especially for
reactions in solution, and, in turn, generating such quantities that can accurately be estimated

by quantum chemical (in particular by DFT) calculations.

In present state of science, there is no experimental technique providing direct measurement of
strength of non-covalent interactions. Widely used experimental methods for studying non-
covalent interactions of molecular clusters (which are said to be ideal systems for
experimentally studying non-covalent interactions® are supersonic jet expansion’® combined
with additional, mainly spectroscopy-based techniques, such as vibrational — rotational (and its
extensions — VRT, ER, MW), UV, IR, Raman and ZEKE spectroscopies, Resonance-Enhanced
Multiphoton lonization (REMPI), mass spectroscopy. Consequently, information about vibration
frequencies,” rotational constants,’? energies of excitation states,”® stabilization energies,’

mass signature’ of various kinds of systems can be obtained.
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Even though quite sophisticated, no technique provides an easy access to the structure and
stabilization energy of (especially on non-covalently bonded) system giving unambiguous
answers, except ZEKE spectroscopy which accurately determines the stabilization energy.
Although vibrational frequencies are direct observables, often straightforwardly determined,
providing information about the structure and strength of non-covalent systems,”® sometimes
not all the frequencies may be seen due to symmetry selection rules or Franck-Condon
factors.”” In addition, these experimental techniques do not, in principle, handle chemical
reactions (in solution). Besides these, there are well-known NMR spectroscopy and X-Ray

diffraction analysis, which are able to provide a lot of information regarding molecular structures.
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In addition, dynamic NMR experiments can provide information related to reaction
thermochemistry (based on determination of equilibrium constant). However, due to issues

related with their use, they are not so practical for large series of experiments.

Since another approach, i.e. isothermal titration calorimetry (ITC), is used as a main
experimental technique in this thesis’ research, more details about calorimetry will be given in

the following sections.
1.4.1.2. Calorimetry.
1.4.1.2.1. Generalities.

All chemical reactions are followed, at least on some parts on their course, by absorption or
release of heat, from and into surrounding, respectively. Consequently, is seems that
calorimeters, instruments which can precisely measure such heat changes taking please in
reaction vessel, are ideal instruments for thermochemical studies. Therefore, it is not so
surprising that most published enthalpies of formation and reaction in the condensed phase

were determined by calorimetry.’®

Although the term of heat dates back from ancient times, its first scientific description has been
given by Lavoisier in 18™ century.” The first calorimeter has been constructed by Lavoisier and
Laplace, after the discovery of latent heat by Black. Generally, the main part of calorimeters is
the reaction vessel, which is normally surrounded by a temperature-controlled jacket. Other
usual parts are thermometers, stirring device, cooling, heating and ignition devices

In spite of the number of differently designed calorimeters, intended for various needs (in
respect to the type and reaction conditions, to the sort of information pursued), all these can be
put in few categories.” If they are based on heat exchange, three classes of calorimeters can
be distinguished: adiabatic, heat conduction and isoperibol.”®

Three different types of calorimeters based on different techniqgues of measuring the heat

change (flow) will be briefly described in the following:

7T[N° 175] E. Condon, Phys. Rev. 1926, 28, 1182.

78 [N° 130] J. A. Martinho Simoes, M. E. Minas da Piedade, Molecular Energetics: condensed phase thermochemical
techniques; Oxford University Press, Inc, New York, 2008.

79 [N 176] M. Kleibeer, in The fire of life: an introduction to animal energetics; ed. E. R. Krieger, Pub. Co, Huntington,
New York, 1987.

[N 177] A. C. Buchholz, D. A. Schoeller, Am. J. Clin. Nutr. 2004, 79, 899.
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a) Temperature change instrument. This type of instruments measures the change of
temperature of the calorimeter's (reaction) cell as reaction takes place in the latter. The resulting
raw signal represents the temperature change of the reaction cell as a function of time. In order
to obtain heat change of reaction, the measured temperature change (AT) should be multiplied
by the energy equivalent of the calorimeter (&), which can be determined by chemical and/or

electrical calibration of the calorimeter.

b) Heat conduction instrument. This type of instruments is constructed in such a way that the
reaction cell (in which a reaction takes place) is maintained at constant temperature by coupling
it with a heat sink (which is actively controlled at constant temperature) through heat flow
sensors. The raw data corresponds to a voltage developed within the heat flow sensors as the
result of absorbed/released heat of the chemical reaction of interest. That voltage is

subsequently converted into the heat change of reaction.

¢) Power compensation instrument. The working principle of this class of instruments is based
on whole time active maintenance the sample (reaction) cell at constant temperature by
constant cooling/heating the sample cell. Once temperature change within the sample cell is
detected (by sensor) the power is applied (by thermo-controller) to the (reaction) heater (which
subsequently heat/cool the sample cell) so that the temperature of the sample cell is always the
same. Therefore, the heat input of the reaction is efficiently compensated by the power required
to maintain the sample cell at constant temperature. The resulting raw data represent exactly
that power as a function of time. To obtain the heat change, the area of the measured signals
should be integrated.

More details about this type of instrument as well as about related experimental details will be
reported in the Methodology chapter.

Calorimetry was found to be very useful in various fields, from biology and biochemistry to
chemistry and supramolecular chemistry. The first reports dealing with simultaneous
determination of equilibrium constant (Keq) and reaction enthalpy (AH) using titration calorimetry
has been given by Christensen and Izatt.° However, due to the design of calorimeters (which
were not too much sensitive) at that time, a determination of Keq values was limited to values

less than ca. 10°. Use of calorimetry in binding studies on biological systems has been reported

80[NO 178] J. J. Christensen, R. M. lzatt, L. D. Hansen, J. A. Partridge, J. Phys. Chem. 1966, 70, 2003.
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for first time by Langerman and Beaudette.®* The first commercially available (isothermal)

titration calorimeter specially designed for biological studies was released by MicroCal.®?

In the last years, many improvements have been introduced in modern microcalorimeters, so
that they became much more sensitive with faster responses making possible to measure very
small heat effects (0.1 pcal) and, in the same time, very large binding constants (up to 10%?).
Thank to these improvements, ITC is now routinely used for: thermodynamic characterization of
biopolymer binding interaction;®® estimating kinetic parameters in enzymatic studies;®
investigation of interaction between DNA and cationic ligands®® etc. In addition, there are many
reports in literature dealing with benefits, drawbacks and progress (almost annually) of ITC® as
well as with ITC experimental design and analysis of the data.®” However, little has been

published on the use of ITC in organic and organometallic chemistry.28
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The main features of the ITC, the technique of choice of the thesis’ experimental research, will

be given in the following section.
1.4.1.2.2. Isothermal titration calorimetry (ITC).

One of the main advantages of calorimetry-based techniques, especially modern ITC, against
other experimental techniques is their ability for a direct and highly precise measure of heat of
the process that takes place in the measuring cell. ITC measurements can be done: over a
range of experimental conditions (for instance, at various temperatures, pH values etc.); with
spectroscopically non-active reactants (there is no need for a chromophore or a fluorophore); in
heterogeneous solution. Multiple (and very precise in modern ITC) addition of one of the
reactants is one more benefit. All relevant thermodynamic parameters of reaction/interaction are
obtainable in a single ITC experiment. Indeed, in simple binding process, obtained
reaction/interaction enthalpy AHos corresponds to number of molecules involved in the
reaction/interaction. From this, it can be concluded on the extent of the reaction/interaction as
well as the binding/association constant (Kya) can be determined. Subsequently, form the Ky
value obtained and according to well-known Gibbs equations, other thermodynamic parameters
(i.e. AGobs, ArSobs) can be easily calculated. In addition, stoichiometry of reaction/interaction n
(i.e. molar ration of reactants) is directly measurable, as well. It should be noted that all these
thermodynamic parameters do not represent quantities related just for one single event (e.g.
formation of complex), as heat of all potentional events (e.g. conformational changes,
protonation/deprotonation, solvent rearrangement, etc.) is included in the measured total heat.
Accordingly, to emphasize this a subscript obs is used. On the other hand, due to the fact that
the ITC signal (heat rate), after multiplying with a particular calorimeter constant, is a direct
measure of reaction rate, ITC experiments are also suitable for estimation of kinetic parameters
(i.e. initial rate, initial rate constant, partial order with respect to reactants) of reaction. One of
the potentially main weak points of ITC experiment is the duration of experiments (may
practically take more than 24 hours), since it is very dependent on a nature of the studied

system.

However, in spite of all above-mentioned benefits, ITC is a “black box”. Therefore, one must
know what (chemical/physical) processes take place. In addition, an experimentalist should
perform an optimal design of the experiment and proper analyzing of the data obtained as well

as reasonably estimate data uncertainties.
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More practical details related to the design of ITC experiment and data analysis will be provided

in the Methodology chapter.
1.4.2. Theoretical tools.
1.4.2.1. Generalities.

The core of most approaches in quantum chemistry is based on solving the well-known non-

relativistic, time independent Schrodinger equation:®

HY (1, h ) = E¥ (71, i my)

where ¥(ry,...,rn), many electron wave function, is function of 3N variables (N is number of
electrons). If this equation can be solved exactly, all the information of any electronic system
can be obtained. Unfortunately, the exact solution is only accessible for the simplest systems,
i.e. dihydrogen molecule, while for any larger system it is impossible due to existence of too
many degrees of freedom. Consequently, in order to solve the equation, some approximation
had to be introduced. Regarding to the employed approximation(s), the quantum chemical

methods differ in the accuracy and computational time cost.

Earlier methods, exclusively based on the Hartree-Fock (HF) scheme,® rose up the fact that
one of the main problems within the calculations is an estimation of contribution of interactions
between electrons (termed the electron correlation). During the years, a large variety of
computational schemes dealing with the electron correlation problem has been developed.®*
One of popular methods which account for the electron correlation most economically is given
by Mgller and Plesset through their second order perturbation theory (abbreviated as MP2).%
Often used MP4 method (forth order Mgller-Plesset perturbation theory) is more accurate but
significantly more computational time costly than MP2. Other frequently used methods, which
are based on configuration interaction (CI), quadratic CI (QCI), full CI (FCI) and coupled cluster
(CC) approaches in principle can provide exact wave functions and related energies. Their
extensions that account for single and double excitations (abbreviated as CISD, QCISD and

CCSD, respectively) as well as even more sophisticated triple excitations (QCISD(T) and

89 [N° 214] E. Schradinger, Annalen der Physik 1926, 79, 361.
90 [N° 215] C. Froese Fischer, Comp. Phis. Comm. 1987, 43, 355.
91 [N° 216] W. Koch, M. C. Holthausen, A Chemist’s Guide to Density Functional Theory; Wiley-VCH, Weinheim,
2001, and related references therein.
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CCSD(T)) are used as well.® The latter two, known as golden standards in quantum chemistry,
are the most accurate but also the most time demanding computational wave function based
methods generally available. There are also related higher levels of MP perturbation theory, i.e.
MP4SDQ and MP4SDSTQ, which are generally highly time demanding.®*

In principle, energies of non-covalent interactions (NCIs) can be estimated in quite similar ways
as energies of covalent interactions by means of standard quantum chemical methods, which
are generally based on two approaches: perturbation or variational theory. The main difference
between these two approaches is the way the calculation of the stabilization energy of the

system is done.

The methods based on the perturbation theory give the stabilization energy separated into a few
physically meaningful contribution parts (i.e. electrostatic, induction, exchange-repulsion and
dispersion energy) considering a studied system in whole, while the variational method
determines the stabilization energy as a difference between the energy of whole system
(cluster) and the energies of the isolated subsystems. The main disadvantage of the
perturbation method based calculations lies in the fact that they are more time demanding than
variational calculations. Consequently, this has implications of the size of the system that can be
studied in reasonable time by the perturbation method. Therefore, the perturbation method,
especially those methods based on symmetry-adapted perturbation theory (SAPT),*® is more
suitable for more rigid systems, while the evaluation of the stabilization energy of larger systems
is almost exclusively done by variational method, in which the stabilization energy is
represented as a sum of HF and electron correlation (EC) energies. The detailed explanation of

the herein mentioned approaches and methods is omitted and can be found elsewhere.%
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In contrast to all the wave function-based approaches and methods mentioned-above, there is
the famous so-called density functional theory (DFT) that was introduced by Hohenberg, Kohn
and Sham in the mid-sixties.®” Besides the wave function theory (WFT) and DFT schemes,
there is one more procedure dealing with the electronic structure determination, i.e. Quantum
Monte Carlo (QMC) method.?® This method is based on multielectron wave function explicitly
including the correlation energy. The QMC method is variational, size consistent and guessed
as cubic scaling. Generally, it can only give the total energy of the system,®® while there is no
easy way, for example, for geometry optimization. Fortunately, within QMC calculations NClIs

are usually cancelled out.

As the DFT is the theoretical method of choice of this Thesis, the DFT will be discussed in more

details in the following section.
1.4.2.1. Density functional theory (DFT).
1.4.2.1.1. Generalities.

The electron density plays a key role within the DFT. Unlike in the wave function theory, the

electron density is an observable which can be measured experimentally, by X-Ray diffraction.

Although there were attempts to use the electron density instead the wave function much
earlier, in 1927 (works of Thomas and Fermi as well as of Slater),'® the electron (pair) density
(more correctly the probability of the density of electrons) has found its usefulness for obtaining
information of atomic and molecular systems after two publications of Kohn: one with
Hohenberg and another with Sham, in 1964 and 1965, respectively.'®* Through those two major
publications two theorems and set of equations derived from these theorems, representing the
basis of the DFT, have been introduced. In general, the first theorem states that all the ground-
state properties of the system are determined by the electron density of the system (in form of a
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functional), without giving an explanation about the nature of the functional. The second
theorem introduces a general way on how the right electron density can be found by
minimization of energy of the functional. Finally, it has been shown that the problem of obtaining
the right election density can be solved by using (and solving using iterative technique by self-
consistent field method) the set of Kohn-Sham (KS) equations.

Since that time (when the DFT was introduced) and especially over the past years, the DFT has
been developed largely. Nowadays DFT is established as one of most successful approaches
for calculating electronic structure of matter due to its much less computational time demands,

less basis set dependence and reasonably high accuracy.1%?

Basically, in its original formulation, DFT is able to provide the ground-state properties of the
system as a function of the electron (pair) density, while the results are significantly dependent
on the employed approximate exchange-correlation functional (i.e. functional derivative of
exchange-correlation energy (Ex;) with respect to the electron density). Worthy to note, unlike
the HF model, where the approximation is introduced right from the start, the KS approach is in
principle exact and the approximation enters only when the exact form of unknown (non-
classical) exchange-correlation functional (and related exchange-correlation potential (Vyx)) has
to be found. The exchange-correlation functional should account for everything unknown, i.e.
non-classical effects of self-interaction, exchange and correlation of electrons (which contribute
to the potential energy) as well as a portion that belong to the kinetic energy (which is not
accounted for through the non-interacting kinetic energy). However, building such a functional is
rather quite challenging task. Therefore, it seems that the central goal of the modern DFT is to
improve the approximation for that quantity. So far, several approaches giving the approximate
functionals have been developed, such as Local Density Approximation (LDA), Generalized
Gradient Approximation (GGA), meta-GGA, or Hybrid Functionals.

The LDA method is based on an assumption that the system's behavior is local. Surprisingly, in
some cases it gives reasonably good results for such a method, but usually it highly
overestimates the bond energies and provides poor thermochemistry. Therefore, its use is

rather limited. In the GGA approach the exchange-correlation functional depends on both the
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value and the gradient of the electron density. Due to the fact that GGA approach does not give
a unique expression of the Ey, there are a number of the GGA functionals which differ in the
number of adjustable parameters, the amount of the used empiricism and constrains within they
are constructed. Generally, in comparison to LDA method, they give more accurate results of
various properties, while the reaction energies they provide are not sufficiently good. More
flexibility within the GGA frame of calculations of Ex, introduced by adding local KS kinetic
energy density, usually leads to an improvement of the accuracy of the calculations. These
class of functionals are known as meta-GGA functionals. It has been shown by Becke! that a
great improvement of computed molecular thermochemistry can be obtained if the functionals
based on GGA approach use fraction of exact exchange (calculated as HF exchange energy
but using KS orbitals). In opposite to so far mentioned local and semi-local functionals, these

so-called hybrid functionals are no longer local.

Hence the calculation of the exact exchange involves double integration over real space, the
hybrid functionals are much more computational time demanding. That has limited their wide
spread use. In addition, there is one class of functionals, so-called long-range correction (LC)
functionals,’** that was developed to deal with the self-interaction of electrons, a possible
problem of the hybrid functionals. Similar to the hybrid functionals, the LC functionals combine
the semi local functionals with the exact exchange while separate the electron-correlation term
in two: as short and long range. Consequently, the LC functionals made improvements in a

modeling of non-dispersive electron-electron interactions.

Generally, DFT produces good results in molecular structure geometries, Vvibrational
frequencies, electric and magnetic properties, ionization energies etc. However, the local DFT
based investigation of the systems where the NCI have significant influence was precluded for a
long time since DFT failed to properly describe non-local dispersion interaction energy, although
that has not been recognized for a long time. The first papers suggesting this drawback have
appeared in 1990s.1% For a long period of time the community of DFT users denied the failure
of DFT to provide correct agreement between DFT computed and reference energies for H-
bonded systems. However, it appears that error cancelation, where attractive dispersion

interaction is partially compensated by an attractive overestimation in some exchange
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functionals!® or by the basis set superposition error (BSSE)!” was unphysically producing the
right results. On the other hand, when a dispersion-bound complex is the system of interest, the
results are rather meaningless. This is supported by a recent review of DiLabio et al.1®® in which
an extensive comparison of the performance of different functionals dealing with NCI has been
reported. Consequently, determining the way to include (correctly) dispersion into DFT was

found to be of primary importance.

Besides the aforementioned problem of dealing with dispersion, there is one more issue that is
related to solvation. Namely, nearly all chemical and biochemical processes take place in the
condensed phase, especially in fluids. However, during the last couple of years the calculations
have greatly been improved for prediction of a range of molecular properties in gas phase, while
not to such extent for the treatment of the molecules in solution. Therefore, the proper treatment
of solute-solvent behavior is one of actual challenges and tasks in modern computational

chemistry.1%°

Like mentioned above, DFT calculations provide rather good results in molecular structure
geometries as well as in harmonic vibrational frequencies, which are of great importance for the
context of the thesis’ research. Namely, the optimization of structure geometries and calculating
of the harmonic vibrational frequencies were the core of all the theoretical studies of the thesis.
It should be mentioned that calculating the harmonic vibrational frequencies is essential for
obtaining thermodynamic reaction/interaction parameters (AH, AG, AS)° which were of

particular interest for fulfilling the thesis’ aims.
1.4.2.1.2. Dispersion treatment.

Like pointed out above, finding a way to correctly account for the dispersion within DFT
calculations was one of major task in modern DFT. Generally, the attempts made to find the
solution followed three main directions: a) non-empirical (theoretically, by avoiding the

empiricism); b) reparameterization of the existing functionals; c) empirical (by applying of
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empirical expression for dispersion in the existing functionals). In the last fifteen years a number
of approximations have been proposed. Some of the efficiently implemented ones are: DFT-D,
i.e. family of the empirical dispersion corrections developed by Grimme et al.;*'! the empirical
dispersion corrections developed by Hobza et al.;**? the method by Tao, Perdew and
Ruzsinszky;® Tkatchenko-Scheffer (TS)!* and Tkatchenko-Scheffer-self-consisted screening

(TS-SCS) methods,*® exchange-hole dipole moment (XDM) model of dispersion.!1®

In addition, there is a number of papers aiming to extend benchmarking of the dispersion
corrections in DFT.Y’ Essentially, the aim of all the approaches is to find the dispersion

coefficient C£5 (or even the coefficients of higher order) which depends on the polarizabilities of

the particular atoms, while the polarizabilities are proportional to the number of valence
electrons and the size of atom.!*® In principle, the dispersion coefficients can be calculated
theoretically using MP2 theoretical methods® or Casimir-Polder formula,!*® while an estimation
of the dispersion coefficients by London’s formula has little practical value. It should be noted
that the dispersion coefficients used in classical force fields are not adequate.'?® In the
expression of the dispersion energy term generalized to intermolecular or intramolecular
interactions, where all the atoms interact with one another in a pairwise fashion, there is a so-

called dumping function, i.e. factor fs. Its role is triple: a) to correct the error introduced by the

110 [N° 252] W. J. Hehre, L. Radom, P. v. R. Schleyer, J. A. Pople, Ab Initio Molecular Orbital Theory, Wiley, New
York, 1986.

111 [N° 253] S. Grimme, J. Comput. Chem. 2004, 25, 1463.

[N° 254] S. Grimme, J. Comput. Chem. 2006, 27, 1787.

[N® 255] S. Grimme, J. Antony, S. Ehrlich, H. Krieg, J. Chem. Phys. 2010, 132, 154104.

[N° 256] E. Caldeweyher, C. Bannwarth, S. Grimme, J. Chem. Phys. 2017, 147, 034112.

112 [N© 257] P. Jurecka, J. Cerny, P. Hobza, D. R. Salahub, J. Comput. Chem. 2007, 28, 555.

113 [N© 258] J. Tao, J. P. Perdew, A. Ruzsinszky, Proc. Nat. Acad. Sci. 2012, 1009, 18.

114 [N° 259] A. Tkatchenko, M. Scheffer, Phys. Rev. Lett. 2009, 102, 073005.

115 [N° 260] A. Tkatchenko, A. Ambrosetti, R. A. DiStasio, J. Chem. Phys. 2013, 138, 074106.

116 [N° 261] A. Otero-de-la-Roza, R. R. Johnson, J. Chem. Phys. 2013, 138, 054103.

117 [N° 262] J. Luder, B. Sanyal, O. Eriksson, C. Puglia, B. Brena, Phys. Rev. B 2014, 89, 045416.

[N° 263] G. A. DiLabio, E. R. Johnson, A. Otero-de-la-Roza, Phys. Chem. Chem. Phys. 2013, 15, 12821.

[N® 264] N. Marom, A. Tkatchenko, M. Rossi, V. V. Gobre, O. Hod, M. Scheffer, L. Kronik, J. Chem. Theory Comput.
2011, 7, 3944.

[N° 265] G. DiLibio, M. Koleini, E. Torres, Theor. Chem. Acc. 2013, 132,1.

[N° 266] S. Grimme, WIREs: Comput. Mol. Sci. 2011, 1, 211.

[N° 267] W. Hujo, S. Grimme, Phys. Chem. Chem. Phys. 2011, 13, 13942.

[N° 268] S. Grimme, S. Ehrlich, L. Goerigk, J. Comput. Chem. 2011, 32, 1456.

[N° 269] S. Grimme, M. Steinmetz, Phys. Chem. Chem. Phys. 2013, 15, 16031.

[N° 270] S. Grimme, R. Huenerbein, S. Ehrlich, ChemPhysChem 2011, 12, 1258

118 [NC 228] P. W. Atkins, R. S. Friedman, Molecular Quantum Mechanics; 3 Edition, Oxford University Press,
Oxford, 1997.

119 [N© 271] H. B. G. Casimir, D. Polder, Phys. Rev. 1948, 73, 360.

120 [N° 272] Q. Wu, W. Yang, J. Chem. Phys. 2002, 116, 515.

[N® 273] T. A. Halgren, J. Am. Chem. Soc. 1992, 114, 7827.

72



Chapter 1

approximation; b) to deactivate the dispersion contribution at very short range; c) to fix problems

in reproducing other terms in intermolecular energy.

Hobza et al.*?! have greatly reported the experienced issues related to the dispersion correction.
In brief: a) even a simple empirical dispersion correction improves considerably the description
of the intermolecular interactions; b) a critical point — the dumping function, related to double
counting of the correlation energy; ¢) an increasing of the basis set quality leads to more
obvious impact of the empirical dispersion correction; d) the BSSE of the sets of DZ quality
indirectly reveal the precise role of the dispersion in hydrogen-bonded systems; e) it is
recommended to add the empirical dispersion correction only if larger basis set (at least TZV(P)
guality) is used; f) when combined with the empirical dispersion correction, more advanced
functionals give better results than simple ones; g) the results are highly dependent on the
exchange-correlation functional used; the best results seem to be produced by the TPSS

functional (especially meta-GGA).

Although D4 Grimme’s dispersion correction has been developed recently, due to the fact that
the work of this thesis has started in 2014, all the theoretical studies within the thesis used D3

Grimme’s dispersion correction.
1.4.2.1.3. Solvation treatment.

Proper modelling of solvation is a rather hard task due to the fact that a solute molecule typically
interacts with several solvent molecules, while these interact with others and so on. This means
that for proper description of solute solvent system several thousands of atoms should be
considered. Additionally, a few limiting factors make the modelling even harder: a) the surface
effects have a huge influence; b) calculations of the ground state of the system are, actually,
determined by the thermodynamic average of conformationally excited states; ¢) computational
time cost of such calculations, since the molecular orbital (MO) calculations are scaled to third
power regard to number of atoms. Therefore, as usually, some approximations had to be

developed.

So far, the treatment of solvation is based on two main approaches, namely explicit and implicit

(continuum) approaches.
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Explicit approach

Intuitively, the explicit approach is based on the use of explicit solvent molecules, employing
molecular mechanics (MM) and molecular dynamics (MD). Inter- and intra-molecular
interactions are approximated by force fields while thermodynamic averring by MD and random
Monte Carlo (MC) sampling of relevant states. Accordingly, the solvent effects are
parametrized. The potential energy is considered as a sum of bonding and non-bonding
interactions, arising from all atoms of the solute and all the molecules of solvent that are loaded
in the simulation box. While intramolecular and dispersion interactions seem to be well
parametrized, the fact that the electrostatic interactions are usually calculated by using dielectric
constant of vacuum limits considerably the application of MD and MC methods for description of
the solvation. Generally, the explicit model of the solvation can give reasonably accurate and
physically meaningful information for the system consisting of nonpolarizable solute and solvent
molecules, while it is usually quite computational time demanding (requiring orders of magnitude

more computational time than corresponding gas phase calculations).
The implicit (continuum) approach

The implicit (continuum) approach, based on early works of Born, Krikwood and Onsager,'?
accounts for only the solute molecule (or small cluster of the solute) and few solvent molecules,
while the influence of the rest of solvent is approximated by an effective continuum surrounding.
Dispersion interactions can be accounted for accurately by a term that is proportional to
exposed surface area (of the solute), while a (proper) description of electrostatic
interactions/electrostatic screening (the main task of the approach) is based on dielectric theory
for macroscopic systems. Within this approach, solvent is considered as a uniform polarizable
medium with particular dielectric constant (¢) containing a solute molecule placed in a suitably
shaped cavity (which is a basic concept of all continuum models). Models developed within the
frame of this dielectric continuum solvation approach are usually called self-consistent reaction
filed (SCRF) models. The implicit approach is mostly used for an estimation of Gibbs free

energy of solute-solvent interactions in various chemical and biochemical processes.
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The Gibbs free energy of solute-solvent interactions is defined as a sum of bonding interactions,
non-bonding interactions and solvation contributions. The solvation contribution is constituted of
electric (representing electrostatic interactions caused by polarization between solute and
solvent), dispersion (representing dispersion interactions between solute and solvent) and cavity
(representing creation of the cavity in the medium) Gibbs free energies.

The computational cost of the calculations based on the implicit approach is highly dependent
on how the cavity is modeled. The cavity should not only be a mathematical creation, but also
should have a physical meaning, containing (within its boundaries) as much as possible of the
solute charge distribution and none of solvent. Thus, there are several models defining the
shape of the cavity.’?®> The above-mentioned electrostatic problem, a challenging task for the
proper solvation treatment, can be described by Poisson or Poison-Boltzmann equations. For
their solving several approaches were employed, such as Finite Difference method or so-called

Generalized Born (GM) model.

In the last decades, several implicit (continuum) approach models have been developed, such
as: Polarizable Continuum Model (PCM) family of codes, sharing the same basis and many
features, developed for general use or some specific purpose (there are Dielectric PCM
(DPCM), Conductor-like PCM (CPCM), Integral Equation Formalism PCM (IEFPCM); Conductor
like Screening Model (COSMO),*?* which uses scaled conductor boundary condition inserted
much more complicated dielectric boundary condition; Conductor like Screening Model for Real
Solvents (COSMO-RS),'? an extension to the COSMO. Besides these models, there are others
that are based on different approaches, such as: MultiPole Expansion (MPE);*? Integral
Equation Formalism (IEF),*?” Surface and Volume Polarization for Electrostatic (SVPE and
SS(V)PE);*?® Generalized Born (GB).1#°
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In general, the SCRF continuum models differs in several aspects: the size and shape of the
cavity, the way of calculation the dispersion and the cavity contribution (within the solvation
contribution to total Gibbs free energy), the representation of the solute charge distribution, the
description of the dielectric medium.

DPCM and COSMO-RS are probably among the best models for the solvation treatment
available. DPCM is said to be able to describe an unlimited number of solutes, permitting an
extension to association-dissociation phenomena.’®*. COSMO-RS, method which does not
depend on too much of experimental data, provides good predictions of thermodynamic

properties of pure and mixed liquids.*3!

However, during the work on this thesis, due to available computational resources, COSMO

procedure was exclusively used.
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Methodology
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2.1. Generalities.

In order to achieve the aims of the thesis, i.e. to make the base for the improvement of the
theoretical calculations, for better understanding of non-covalent interactions, used methodology

was the following:

- at the beginning all the studied reactions were tested by standard Schlenk line
technique.

- after proving suitability of particular reaction system, the system was investigated using
Isothermal Titration Calorimetry (ITC), the main employed experimental technique during
the work of the thesis.

- in parallel to the ITC measurements, the static DFT-D calculations, method of choice of
this thesis, were performed on all the investigated systems.

- in addition, the search and analysis of Cambridge Structural Database were used where

appropriate.

Within this section the principles of the ITC measurements, instrumentation and data treatment
as well as employed procedures within the calculations, the CSD search and data analysis will

be explained.
2.2. Isothermal titration calorimetry (ITC).

2.2.1. Principles and instrumentation.

Calorimetric titration (a.k.a ITC)*2 has been proven as a very accurate and sensitive technique
capable of achieving in some cases a + 0.1 kcal/mol precision for the determination of reaction

enthalpies.

ITC measurements were carried out on a Waters-SAS nano-ITC device® (TA Instruments ®)
(see Figure M1). The Nano ITC machine consists of the measuring unit (containing calorimeter
block and two nonremovable reaction vessels - two stainless steel Hastelloy cells (reference
and sample call) of 1 mL volume each) and the buret assembly including the stirring system

(see Figure M2). The measuring unit is placed in an air/thermal-tight canister previously purged

132 N© 181] T. Wiseman, S. Williston, J. F. Brandts, L. N. Lin, Anal. Biochem. 1989, 179, 131.
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and filed with dry nitrogen, ensuring no evaporation and condensation of moisture, and leading
proper base line response. A Cleaning/degassing system is provided as an accessory to the
ITC instrument. All functions of the Nano ITC are controlled remotely by the computer through
the USB connection, except the power on/off switch that is located on the back of the
calorimeter unit. Additional part of the instrument is a calibration heater that is located outside of
the sample cell. It is used for precise electric calibration of the instruments and for testing its

performance.

Figure M1 Picture of the TA Instruments ® nano-ITC device

Syringe

Thermocouple

Adiabatic
jacket

Controller

(PID)

Figure M2 Schematic representation of the ITC measuring unit.*34
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The principle on which the use of the nano-ITC instrument is based is differential power
compensation. In that way maximum sensitivity and responsiveness can be achieved. To
provide right differential power compensation few additional parts are included within the
instrument. Firstly, a semiconducting thermoelectric device (TED) is employed to detect
difference in temperature between sample and reference cell as well as for temperature control.
Once the temperature difference is observed, a proportional/integral/derivative (PID) control
loop employs a heater located on the sample cell to maintain the reference and sample cell on
the same temperature. The power required for the maintaining the zero-temperature difference
between the cells is a calorimetric signal that is monitored as a function of time. The calorimetric
signal is directly proportional to the heat released/absorbed of the reaction that occurs in the

sample cell.

The reference cell is constructed to match the sample cell as much as possible. Accordingly, it
has the same volume as the reference cell as well as the reference needle that is placed into
the reference cell during the measurements to correspond to the titrant syringe needle. The
cells are connected via the thermal controller. In addition, the reference cell requires the same

solvent as used in sample and titrant syringe solutions.

The buret assembly holding the titrant syringe has two main functions: a) delivery of very
precise aliquots (syringe of 100 yL - min. delivery volume is 0.11 pL) of “titrant” solution at
specified time into the sample cell containing the “titrand” solution; b) appropriate stirring of the

sample cell solution through titrant syringe needle.

An access to the cells is provided by platinum tubes that connect the cells with the buret cavity.
The access tubes enable the delivery of titrant, manipulations with the filing syringe, displacing

the reference needle. They also serve as a thermal barrier to the outside of calorimeter.

2.2.2. Measurements.

The main prerequisites for getting reasonable results are ITC measurements

- well-defined reaction product;
- no side reaction products;
- no production of gases/solids;
- homogeneousness of all reactants and reaction product(s) in chlorobenzene (solvent of
choice);
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- fast enough reaction.

Consequently, if one of these prerequisites is not fulfilled, the conditions of the reaction of
interest should be reconsidered.

In general, ITC measurements can be run in two modes: a) sequential injection; b) continuous.
However, regardless of the chosen mode, every ITC experiment involves the following: a)
preparing the titrant syringe and sample cell solutions of well-defined concentrations; b)
appropriate preparing the sample cell, reference cell and the titrant syringe; ¢) mounting the
buret; d) pre-equilibration of the solutions; €) running the stirring and equilibration of the
solutions to a stable base line; f) running the experiment; g) data collection; h) cleaning the

calorimeter; i) performing data analysis.

The first step for fruitful ITC experiment is defining reaction conditions, i.e. concentration of the
solutions, number of injections, volume of injection, time between two consecutive injections,
temperature and stirring rate. The properly chosen parameters should allow obtaining of ITC
thermogram containing well-defined heat responses as well as the base line (see an example
depicted in Figure M3 — left side). Otherwise, the parameters should be refined. The base line is
the heat flow before and after the injection, it shows the power required to maintain zero-
temperature difference between the cells. Consequently, the base line is used to calculate the
area of heat released/absorbed after the injection. Resulting from successfully performed ITC
measurement, a heat change plot as function of time is obtained. In order to get reliable data,
the heat effects caused by dilution of the titrant and any temperature differences between titrant
and sample cell solution must be accounted for, as well. This can be achieved most easily by
preforming blank ITC experiments and by subtracting the blank heat data from the experimental
one. By integrating newly heat peak areas, the heat data as a function of molar ratio of the
reactants rises up, which can be subsequently analyzed (see an example depicted in Figure M3

— right side).
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Figure M3. left side — ITC thermogram representing well-defined heat responses and base line.
right side — ITC integrated and fitted heat peaks of the thermogram shown on the left side.

2.2.3. Data analysis.
2.2.3.1. Generalities.

Like mentioned above, the heat change/rate data as a function of time is early result of ITC

experiment. In general, this ITC data could be analyzed in two ways:

a) thermodynamic;
b) kinetic.

Herein, both methodologies will be briefly discussed.
2.2.3.2. Thermodynamic study.

By integrating heat change areas, the heat data as a function of molar ratio of reactants is
obtainable. In order to analyze this data and get all the thermodynamic parameters of
interaction/reaction of interest, first of all, one should know what kind of process takes place in
calorimeter (competitive replacement, one or multiple site bonding, dimmer dissociation, etc.),
because only proper understanding of chemical process will lead to reliable thermodynamic
parameters. Extraction of all the thermodynamic parameters is only possible by employing
appropriate models. The models, implemented in Nano-analyzes software, are mathematical
representations of possible chemical, physical or biological processes that take place in
calorimeters and in which a heat/heat rate, a dependent variable, is defined as a function of
some independent variable (for instance molar ratio of reactants) and one or more model
parameters. Fitting the ITC data to the model and determining the best model parameters (e.g.

n, K, AH) can be done using a nonlinear regression procedure along with equations
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implemented in a particular model. From these parameters (K and AH) the other thermodynamic

parameters (i.e. AG and AS) are easily obtainable.

The nonlinear regression is an iterative process, which begins by guessing model parameters
and generating a theoretical curve. Subsequently the theoretical curve is compared to the actual
heat data by calculating an error as a sum of squared deviations between the model curve and
the data. The process is repeated until the error is changed insignificantly. That final error (as

standard deviation) is used to calculate the errors of the obtained model parameters, as well.

It is worthy to note that the quality of the model parameters is largely dependent of starting
assumptions, first of all, of starting concentrations of the used solutions. Therefore, preparation

of solutions of well-defined concentrations of reactants is rather quite important.

If no model fits the integrated heat data, only one choice remains to obtain the thermodynamic
parameters. Namely, the heat data can be analyzed manually. Unfortunately, this method can
provide only raw values of the reaction/interaction enthalpy (raw AH). To obtain reliable raw AH
values, one should follow a rather simple procedure: summing up all the integrated areas
(peaks) of the released/absorbed heat against a molar content introduced by injection(s) before
the athermicity point is reached.

In addition, regardless of the used method for analyzing ITC heat data, the molar ratio (n, also
known as stoichiometric coefficient) of the reactants can be precisely monitored during the

whole course of the reaction/interaction process.
2.2.3.3. Estimation of an error of the ITC measurements.

Herein, the used procedure of estimation of the error of the ITC measurements will be briefly

discussed. The base of the used procedure are well-known mathematical formulas and facts:
Firstly, the used mathematical formulas are:
- The variance o of x is the square of the standard deviation, o = sd(x)?,
followed by:
Rule 1: Variances add on addition or subtraction:

sd (2)? = sd (x)%+ sd (y)?
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Rule 2: Relative variances add on multiplication or division:

sd (2)% z% = sd (x)%/x? + sd (y)% y?

Second, the used standard uncertainties (deviations - sd) of the instruments:

Vol. flask [mL] + [mL] Balance +[g]
2 0.015 analytical 0.0001
5 0.02 Injection syringe [JuL] + [uL]
10 0.02 100 0.1
20 0.03 Cell syringe [mL] + [mL]
25 0.03 2.5 0.025
50 0.05 ITC machine + [uJ]
100 0.08 nano 0.1

while for Molar mass it was + 0.01 [g/mol].
Later, the used chemical formulas:

- number of mol - n = m/M [mol]
- concentration - ¢ = n/V [mol/L]
- number Of InJECted mOl per |nJeCt|On = ninjected = Csyringe * Vof injection [m0|]

- enthalpy - AH = Qproduced/ Ninjected

where ;

m — weighted mass of a compound on the analytical balance

M — molar mass of a compound

V — volume of used volumetric flask

Ninjected — NUMber of mol injected into sample cell by titration syringe during ITC
experiment

Csyringe — CONCenNtration of a solution it the titration syringe

Votinjection — VOlume of a solution in the titration syringe injected per single titration

Qproduced — heat produced during ITC experiment — average value

In order to get the error of obtained AH by ITC measurements standard deviations (sd) and
relative variance of every single factor in the above listed chemical-mathematical formulas,
should be figured out. For achieving that goal, above listed rules (rule 1 and rule 2) should be

followed.

Accordingly, firstly it was found: sd of n:
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and finally sd of AH:

|Sd {Qprnduced}_ 4 sd {niniec'ted}_ A

sd(AH) = | H

meduced_ Dinjected”

Used values of:

- sd(m) = 0.0001 g
- sd(M) = 0.01 g/mol

- sd(Vsm) = 0.02 ml

- Sd(Vof injection) =0.1 |.lL
- Sd(Qproduced) =0.1 |J..J

In order to find sd of the mean value of AH, following formula was used:

lsd (AH,)? sd (AH.)? sd (AH.)? sd (AH.)2
| .13'+ ':}+ ',.3}+ 'j}f-‘-Hmean

sd(AH = -
(AHmean) \ AH,* AH-," AHgz" AH,"

with consideration that a relative variance of natural numbers could be excluded.

In addition, it was assumed that the fluctuations in detected heat arise from the diffusion of
titration solution from the titration syringe during the stirring process and from an uncertainty on

the injected volume by the titration syringe. Thus, it was considered that the minimum of
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detectable heat by ITC should be chosen for the error on detected heat (Q), while for the error

Of Vot injecton it Should be the minimum of injectable volume by ITC injection mechanism.

During the thesis’ work, these calculations were done for all related ITC experimental data,

producing a large set of AH + sd values.
2.2.3.4. Kinetic study.

Besides fruitful use in thermodynamic studies, ITC measurements found to be useful in kinetic
studies, as well. Namely, the use of the ITC on the kinetic studies is based on the capability of
the calorimeter to record a heat change every single second during the experiment.
Consequently, a rich base of the heat experimental data arises, carrying information about a
rate of transformation of reactants into reaction products. Although it has been reported that the
obtained rate of the transformation is not the exact rate, but directly proportional to the exact
rate with the constant of proportionality inherent to the ITC device and type of the experiment,
the heat change data during a time found to be exploitable in terms of initial rate and initial rate

constant.®

The method of kinetic study adapted in this thesis provides information about initial rate
constants and partial reaction orders. The method is based on well-known facts about flooding
method of simplifying reaction kinetics. Basically, the flooding method — carrying out reactions in
presence of one of reactants in a large excess with respect to other one (limiting reactant) —
makes the reaction kinetics directly dependent only in the change of concentration of the limiting

reactant. This situation can be described in the following*3®:

Imagining a fictitious reaction:

aAd+bB % cC _
(equation 3.1),

its reaction rate in stoichiometric condition of the reactants can be expressed as:

dla] )
Tk k[A]*[B]®

(equation 3.2),

135 [N© 294] K. H. Ebrahimi, P.-L. Hagedoorn, D. Jacobs, W. R. Hagen, Scientific Reports, 5:16380.
136 [N© 295] J. H. Espenson, Chemical Kinetics and Reaction Mechanisms; McGraw-Hill series in advanced
chemistry, eds. J. Ricci, J.W. Bradley, McGraw-Hill, Inc, 1981.
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while if the reaction is carried out in a large excess of reactant B, the rate becomes simplified:

dlA
- -."Et] = KAl
(equation 3.3),
where
k' = k[B]®

(equation 3.4).

Therefore, all the ITC experiments dealing with the kinetics were carried out in a large excess in
reactant placed in the sample cell.

In general, to figure out the initial rate constants and partial reaction order with respect to
reactant in excess the following procedure®” was employed. By integrating the equation 3.3 the
integrated rate expression is obtained:

By plotting In[A] against time and its linear fitting, the initial rate constant k’ is obtained.
Consequently, pseudo-first-order kinetics are reachable as well as the partial first reaction order
with respect to the limiting reactant. According to equation 3.4, by plotting In[B] against the
obtained k’ values of various starting concentrations of reactant B and its linear fitting, partial
reaction order with respect to reactant B, i.e. the reactant in excess, is obtained. The same

method can be used for the reaction product C as it was for the limiting reactant A.

Within the kinetic studies of this thesis, the initial rate constant derived from the limiting reactant
is denoted by kops While the initial rate constant derived from the reaction product by k. The
difference between their values is due to the fact that k includes concentration contributions of

both reactants.

Like mentioned at the beginning of this section, ITC experiment provides the heat change per
second, which can be easily transformed to rate of transformation of the reactants to the product
by employing a direct relation between the change of enthalpy (AH) [ucal/mol] and the rate virc
[uM/s] through the change of applied compensate power (Ap) [ucal/s] and volume of sample cell

(V) [L], see equation 3.5. The exact concentrations of the reactants are assumed as known.38

137 [N° 295] J. H. Espenson, Chemical Kinetics and Reaction Mechanisms; McGraw-Hill series in advanced
chemistry, eds. J. Ricci, J.W. Bradley, McGraw-Hill, Inc, 1981.
138 [N© 181] T. Wiseman, S. Williston, J. F. Brandts, L. N. Lin, Anal. Biochem. 1989, 179, 131.
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The only prerequisite for the ITC kinetic study is well defined first, or eventually second, titration

heat released/absorbed peak.

Ap

Vrre =
A I;(equation 3.5)

Then, by plotting the early first changes of concentrations of the limiting reactant (A:) or the
product (C,) after lag time (response time that is a characteristic of the ITC device) against time
(t), the initial rate constants kops and k, respectively, can be observed. Subsequently, by plotting
the obtained rate constants (kops and k) against the starting concentration of the reactant in

excess (Bo) the partial reaction order with respect to reactant B can be obtained.
2.3 Static DFT-D calculations

Like mentioned in the Introductory chapter, to achieve the Thesis’ aims, the work during the
thesis has been conceived to be collaborative — between the groups of Prof. Dr. Grimme, Dr.
Djukic and Prof. Dr. Zari¢. The latter two were supposed to be represented by myself, while the
Grimme’s group by PhD candidate Mr. Hansen. According to non-written collaborative
agreement, the produced data by each group might be only published in scientific journals.
Therefore, the theoretical part of this thesis is significantly shorter than the overall produced

theoretical data.

As discussed in the Introductory chapter, although several methods being developed to treat
dispersion correction, only most widely-used Grimme’s dispersion corrections were used within
this thesis. In particular, Grimme’s third development (D3)**® was employed. Due to the fact

explained above, a number of tested methods were limited.

The calculations were performed either using the Amsterdam Density Functional package
(ADF2013 version)? or Gaussian 09 program package.*!, due to the joint nature of the thesis
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140 [N° 296] G. te Velde, F.M. Bickelhaupt, S. J. A. van Gisbergen, C. Fonseca Guerra, E. J. Baerends, J. G. Snijders,
T. Ziegler, J. Comput. Chem. 2001, 22, 931.
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work and an accessibility to supercomputer resources in particular country. All the calculations
were performed employing rather known DFT-D methods in both gas and solution phase. The
main purpose of such calculations was to estimate the thermodynamic parameters of all the
systems that were previously experimentally studied. The interaction energies were calculated
for some systems, as well. By comparison to the experimentally obtained values of the
thermodynamic parameters, the extent of mutual accordance of the theoretical and

experimental values was estimated and lately critically discussed.
The general calculation procedure involved the following:

a) constructing starting geometries of the investigated reactants;

b) constructing starting geometries of the assumed pairs/reaction products;

c) performing geometry optimization calculations on the starting geometries employing
chosen static DFT-D method;

d) performing vibrational frequency calculations at the same level of theory;

e) calculating the thermodynamic parameters from statistical data (internal energy and
entropy) generated by vibrational frequency calculations.

f) estimating interaction/reaction enthalpies (AH), Gibbs free energies (AG) and entropies
(AS) from a difference between corresponding values of the pair/product and free
reactants.

All further details of the performed calculations are given in Chapter 3, while the calculation
results are given within the Chapters 4-8.
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2.4. Cambridge Structural Database (CSD)

The Cambridge Structural Database (CSD),*? established in 1965, represents a large base of
crystal structures of small organic and organometallic molecules. The CSD contains over
650000 structures derived as results of both X-Ray and neutron diffraction analysis. The
precisely determined 3D structures are accompanied with all relevant crystallographic data of
the structures, enabling the interpretation of structures in chemically meaningful way. Analysis
of crystal structures from the CSD has found to be a useful method in investigating geometrical
characteristic of various systems. In this way, some non-covalent interactions were recognized
and described, such as cation-T interactions of transition metal complexes,'*® interactions of
chelate’* and hydrogen-bridged rings,** as well as interactions of aromatic rings at large
horizontal displacements*® Based on CSD study the importance of several other types of non-
covalent interaction was recognized as well as their influence on crystal packing.'*” The CSD
data analysis has also been used in a systematic study of various types of chemical bonds,*

and specifically, a metal-ligand bond.*® A knowledge gained by analysis data from CSD
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underpins huge areas of fundamental and applied science. Similar to CSD, the Protein Data

Base!™° (PDB) is found to be important for studying non-covalent interactions within proteins.*®!

In this Thesis, CSD analysis was used only in case of study of the interactions within phosphine-

borane Lewis pairs.

The CSD (November 2015 released, version 5.37)'%2 search was performed on the crystal
structures involving phosphine and borane molecules screening for their intermolecular or
intramolecular contacts. The CSD search program ConQuest 1.18'° was used to retrieve
structures satisfying the following criteria: (a) the crystallographic R factor < 10%, (b) the error-
free coordinates according to the criteria used in the CSD, (c) no polymer and ionic structures,

(d) structures with the disorder and (e) structure solved from powder were not included.

The phosphine-borane interactions were analyzed by using the geometrical parameters defined
in Figure M4. The structures where the distance between phosphorus and boron atoms (dg-p)
was less than 2.5 A were extracted from the CSD. The additional geometrical parameters were:
the dihedral angle — an angle between the planes formed by atoms directly bound to
phosphorus and boron atoms (@), the normal distance between phosphorus atom and the plane
formed by atoms directly bound to boron atom (R) and the offset distance between the
projection of phosphorus atom on the plane formed by atoms directly bound to boron atom and
the centroid of atoms directly bound to boron atom (r).

The results and analysis of the results of the performed search are given in Chapter 4,
Subchapter 2.
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Figure M4 The geometrical parameters describing phosphine-borane interactions: a) dsrp
distance and angle ¢, b) normal distance R and offset distance r. The X and Y are substituents
on boron and phosphorus atoms, respectively. The dihedral angle ¢ is an angle between the
planes formed by atoms directly bound to phosphorus and boron atoms.
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Chapter 3

3.1. NMR detalils.

All 1D NMR measurements (*H (300, 400, 500, and 600 MHz), !B (128 MHz), 3C (75 and 126
MHz), *F (282 MHz), 3P (121 and 162 MHz), were performed on Bruker DPX 300 and 400,
Avance | 500, and Avance Il 600 spectrometers. Used deuterated solvents were chloroform-d;
dichloromethane-d, or toluene-ds. NMR spectra were recorded at 25°C and referenced to the
residual proton and carbon signals of the deuterated solvent (*H, *C) or to phosphorus, boron
and fluorine signal of the external reference standards (3P, !B, °F), i.e. to CF3CeHs in
chloroform-dfor *°F, and to NaBH,4 in D-O for !B. 'H and *C signals are reported relative to
SiMes (TMS). Chemical shifts & and coupling constants are expressed in parts per million (ppm)
and hertz (Hz), respectively. Multiplicity: s = singlet, d = doublet, t = triplet, g = quadruplet, sept
= septuplet, dt = triplet of doublets, td = doublet of triplets, m = multiplet. Relevant NMR spectra
are given throughout the Chapters 4-8 or in Supplementary Information.

3.2. X-Ray diffraction analysis details.

Structural X-Ray diffraction analysis was performed on the Bruker APEX Il DUO Kappa-CCD
diffractometer equipped with an Oxford Cryosystem liquid N, device, using Mo Ka radiation (A =
0.71073 A). The crystal-detector distance was 38 mm. The cell parameters were determined
(APEX2 software)1 from reflections taken from 3 sets of 12 frames, each at 10 s exposure. The
structures were solved by direct methods using the program SHELXS-2013.2. The refinement
and all further calculations were carried out using SHELXL-2013. Recording and resolving of the

crystal structures were done by X-Ray service at Unistra.
3.3. ESI-MS details.

ESI-MS analysis of the samples was performed on a Bruker Daltonik GmgH (Bremen,
Germany) microTOF spectrometer equipped with an orthogonal electrospray (ESI) interface.
Relevant MS spectra are given throughout the Chapters 4-8 or in Supplementary Information.

3.4. IR details.

The infra-red spectra of powder amorphous samples were recorded on an ATR spectrometer
provided by Bruker optics and analyzed with OPUS software. Relevant IR spectra are given

throughout the Chapters 4-8 or in Supplementary Information.
97



Chapter 3

3.5. ITC experimental details.

Isothermal titration calorimetry (ITC) experiments were carried out on a Waters-SAS nano-ITC
device® (TA Instruments ®) equipped with two stainless steel Hastelloy cells of 1 mL volume
each). Auto equilibration of the ITC was performed before every experiment to reach an

acceptable baseline.
3.6. Static DFT-D calculations.

All computations were performed by the methods of the density functional theory (DFT) using
Amsterdam Density Functional package (ADF2013 version)®® or Gaussian 09 program

package.®®

All the geometry optimizations and computing of interaction energies were employed Perdew-
Burke-Ernzerhof (PBE)*®’ GGA functional augmented with Grimme’s D3°8 inclusion of mid-to-

long range dispersion force with a Becke-Johnson (BJ),'*° unless stated otherwise.
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Chapter 3

All computations performed in ADF used the scalar relativistic Zeroth Order Regular
Approximation (ZORA)* and were carried out with single polarized triple-¢ (TZP)!%! basis set
while in Gaussian 09 were carried out with Karlsruhe’s valence polarized triple-C (def2-TZVP)2

unless stated otherwise.

Geometry optimizations by energy gradient minimization were carried out in all cases with an
integration grid accuracy spanned 4 - 6.5 (ultra-fine in Gaussian09), an energy gradient
convergence criterion of 1e-3 au and tight SCF convergence criterion (1e”’ au), unless stated

otherwise.

Solvation by chlorobenzene in ADF was accounted for using the COSMO procedure with
Klamt's values of van der Waals radii for atoms,*% i.e. epsilon - 5.62, radius - 3.48 A, while in
Gaussian by employing standard solvation method - Polarizable Continuum Model (PCM)54

with default solvent parameters.

All the geometry optimizations were confirmed as true energy minima by calculating vibrational

modes.

Calculations of vibrational modes (analytical second derivative of vibrational frequencies)'®
were performed at 298.15 K at the same level of theory as the geometry optimizations
calculations (i.e. ZORA-GGAPBE-D3(BJ)/TZP level in ADF, PBE-D3(BJ)/def2-TZVP level in

Gaussian), unless stated otherwise.

The vibrational modes were also used for obtaining thermodynamic parameters of the systems,
namely internal energy and entropy, by statistical thermal analysis. Enthalpies and Gibbs free
energies of the systems are deduced from the internal energies and entropies. Reaction

enthalpies (AH), Gibbs free energies (AG) and entropies (AS) of the pair formation are
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estimated as a difference between corresponding values of the pair and free reactants. In the

same manner Ej,; was obtained.

The basis set superposition error (BSSE) was not calculated and accounted for unless stated
otherwise.

Graphical representations of molecular structures were drawn using ADFview v13 implemented

in ADF 13 package'®® or Mercury v3.9.16¢
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Chapter 4

4.1. Subchapter 1. - Experimental and theoretical approach.

4.1.1. Introduction.

It has been known that most of the phosphine-borane (Lewis acid-base) pairs among
themselves make a classical covalent bond.®” However, the discovery of “frustrated” Lewis acid
- base pairs (FLPs), among which tris(pentafluorophenyl)borane with a variety of phosphines
are the most studied ones, showed a great influence of the non-covalent interactions in these
systems, and opened a new field of research in chemistry.68

FLP concept, established by Stephan, has found great interest over past decade.'®*The concept
is based on the finding that systems containing Lewis acids and bases that are prevented from
classical donor-acceptor interactions by steric (and electronic) factors keep their Lewis acidity
and basicity and, consequently, are available for interaction with another molecule. In that way
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FLPs can activate H, or other small molecules.”® Access to free electron donor and acceptor
centers is provided either by introducing steric demanding groups or by dissociative equilibrium.
An overall electron content of both donor and acceptor is found to be important for FLP
behavior, as well.”* The correlation between the loose character of the bimolecular pair and the
related catalytic reactivity led to propose the possible existence of van der Waals complexes’?
wherein optimal covalent connection between the donor and the acceptor would be basically
prevented —or frustrated- by steric cluttering, leading to a dynamic assembly in which a highly

polarized interspace would ease the concerted cleavage!’ of weakly polarized bonds.*’*

The phosphine-borane pairs, especially “frustrated” ones, have found great use in different

domains: from the synthesis and catalysis to the hydrogen storage and materials.2’”® Further
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cases including frustrated azaheterocycles/borane'’® pairs were also reported and further
supplemented with a large variety of alternative pairs.!”” The syntheses of molecules containing
intramolecular frustrated Lewis partners have paved the way to a rich organocatalysis bringing

organoboron chemistry into a new era.'’®

Many reports have dealt with calculations on phosphine-borane systems, particularly their
interaction energies and related distances between acid and base centers; the influences of the
substituents on the boron and phosphorus atoms on their reactivity; the catalytic reaction

mechanisms, as well as the importance of non-covalent interactions.!’® Also, some advances
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were made in the synthesis of various kinds of phosphine-borane pairs and in their use,
especially the use as the metal-free catalysts of a bond cleavage in small molecules (H2, COy,
etc.).1® Review given by Stephan in 2016 outlines the major advances over the past decade in
FLP chemistry as well as its application areas.!®! Recently, it has been found that a mode of
action of FLPs could proceed through radical mechanism, as well, that would lead to homolytic

cleavage of concreted bond.!82

Although annual reports on the boron chemistry!®® gives a great overview on arising boron
chemistry and huge contribution in chemistry overall, a systematic structural description of the

phosphine-borane systems has not been given yet.

Manners and co-workers gave in 2010 a detailed overview on (amine-) and phosphine-borane
adducts.'® They described phosphine-borane adducts: in general; their history; reactivity and
functionalization; coordination chemistry with transition metals as well as their polymeric

chemistry.

The nature of boron-donor (so-called triel) bonds is explained by 1-hole concept (as 1-hole
bonds). Depending on the nature of the donor, boron-donor bonds may vary from strong and
(partially) covalent bond to weak interactions.*8®

Quite intriguing, whilst a great number of articles have dealt with the possible modes of action of

FLPs over small molecule activation!® or structure-activity relationships*®’ in FLP’s for hydrogen
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activation catalysis and its thermochemistry®® little has been published on the actual
thermochemistry of the interactions in solution of intermolecular pairs and particularly on the
actual aggregation mode for such loose “pairs” (FLPs) in solution. An article by Macchioni et al.
in 2014 presented one rare attempt at determining the enthalpy of interaction of intermolecular
FLPs by means of *H and *F NMR techniques.8®

The research within the study of the formation of the Lewis pairs from the borane 1.1 (acting as
Lewis acid) and various phosphines 1.2a-g (acting as Lewis base) was done by experimental
(mainly using ITC measurements and DOSY NMR experiments) and theoretical tools (using
static DFT-D calculations). Among used phosphines there are those which, interacting with the
borane 1.1, should give classical Lewis pair (notorious example is the phosphine 2.2a) as well
as those which form notorious frustrated Lewis pairs (example is the phosphine 2.2d).
Regarding the others, in the literature!® the only known pair is 2.1/2.2e, which instead of
forming classical Lewis pair rather form a frustrated one derived from nucleophilic substitution of
fluorine atom in para position by phosphorous (see Scheme 1.1.2). This fact might be an issue
within the investigation. All other systems should not, in principle, exhibit any unusual behavior.
Therefore, in order to settle right conditions for ITC experiments, a round of the reaction tests
was carried out on all considered reaction systems 1.1/1.2a-g.

186 [N° 372] S. Kronig, E. Theuergarten, D. Holschumacher, T. Bannenberg, C. G. Daniliuc, P. G. Jones, M. Tamm,
Inorg. Chem. 2011, 50, 7344.

[N° 378] C. Jiang, O. Blacque, T. Fox, H. Berke, Organometallics 2011, 30, 2117.

[N° 379] B. Schirmer, S. Grimme, Chem. Commun. 2010, 46, 7942.

[N° 380] Z. Lu, Z. Cheng, Z. Chen, L. Weng, Z. H. Li, H. Wang, Angew. Chem. Int. Ed. 2011, 50, 12227.

[N° 381] D. W. Stephan, S. Greenberg, T. W. Graham, P. Chase, J. J. Hastie, S. J. Geier, J. M. Farrell, C. C. Brown,
Z. M. Heiden, G. C. Welch, M. Ullrich, Inorg. Chem. 2011, 50, 12338.

187 [N© 446] F. Bertini, V. Lyaskovskyy, B. J. J. Timmer, F. J. J. de Kanter, M. Lutz, A. W. Ehlers, J. C. Slootweg, K.
Lammertsma, J. Am. Chem. Soc. 2012, 134, 201;

[N° 447] R. C. Neu, E. Y. Ouyang, S. J. Geier, X. Zhao, A. Ramos, D. W. Stephan, Dalton Trans. 2010, 39, 4285.

188 [NC 448] S. Kronig, E. Theuergarten, D. Holschumacher, T. Bannenberg, C. G. Daniliuc, P. G. Jones, M. Tamm,
Inorg. Chem. 2011, 50, 7344;

[N° 449] A. Hamza, A. Stirling, T. A. Rokob, I. Papai, Int. J. Quantum Chem. 2009, 109, 2416;

[N° 427] T. A. Rokob, A. Hamza, I. Papai, J. Am. Chem. Soc. 2009, 131, 10701.

[N° 450] S. M. Kathmann, H. Cho, T.-M. Chang, G. K. Schenter, K. Parab, T. Autrey, J. Phys. Chem. B 2014, 118,
4883.

[N° 451] S. M. Whittemore, G. Edvenson, D. M. Camaioni, A. Karkamkar, D. Neiner, K. Parab, T. Autrey, Catal.
Today 2015, 251, 28;

[N 452] A. Y. Houghton, T. Autrey, J. Phys. Chem. A 2017, 121, 8785.

189 [N© 453] L. Rocchigiani, G. Ciancaleoni, C. Zuccaccia, A. Macchioni, J. Am. Chem. Soc. 2014, 136, 112.
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Scheme 1.1.1 Schematic representation of the investigated reactions within the study of
formation of the (frustrated) Lewis pairs from the borane 1.1 and various phosphines 1.2a-g.
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Scheme 1.1.2 Simplified schematic representation of the possible side reaction — nucleophilic
aromatic substitution of fluorine atom in para position within tris(pentafluorophenyl)borane (1.1)
induced by tricyclohexylphosphine (1.2e) and long reaction times.

4.1.2. Experimental section.

4.1.2.1. Generalities.

The experiments considered an (equilibrium) reaction between the tris(perfluorophenyl)-borane
(1.1, Scheme 1.1) and particular phosphine (1.2a-g, Scheme 1.1).

4.1.2.2. Techniques.

The interaction of interests was examined experimentally and theoretically. The main employed
experimental technique was ITC. Before doing ITC experiments every studied reaction system
was examined into the conventional Schlenk line using standard experimental techniques. The
reactions and the reaction products were monitored and characterized by standard experimental
techniques: NMR (*H, 13C, 3P, 1%F, 11B) spectroscopy, X-Ray crystallography (where possible),
mass spectrometry (where possible) and elemental analysis (where possible). Additionally, all
studied reactions except a reaction between tris(perfluorophenyl)borane and tris
(perfluorophenyl) phosphine were monitored by Diffusion-Ordered Spectroscopy (DOSY) NMR
experiment. As theoretical tools the static DFT-D calculations were employed. The calculations

were performed for each considered system.
4.1.2.3. Materials.

All used compounds were stored into a dry, argon filled glove box or under argon.

Chlorobenzene was purchased from Sigma Aldrich and distillated over calcium hydride and
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degassed prior to use. Tris(perfluorophenyl)borane (1.1) was ordered from TCI and used as
received. All used phosphines (1.2a-g) were ordered from Sigma Aldrich and used as received.
All solvents used in the synthesis and reaction tests (dichloromethane, pentane, hexene,
heptane) were ordered from Sigma Aldrich and distillated over an appropriate drying agent prior
to use. All deuterated solvents were ordered from Sigma Aldrich and dried through neutral

alumina prior to use.

4.1.2.4. Reaction tests
The reaction tests were performed in two approaches — synthetic and monitoring.

Since the reaction examinations within all the herein considered systems were conducted in the

same manner, only a general procedure is given.

Synthesis: The reactions were carried out under argon using standard Schlenk line technique at
ambient temperature. Tris (perfluorophenyl) borane (1.1) (0.0300 g, 0.057 mol) (or 30 mg, 57
mmol) was dissolved in 2 mL of dichloromethane and one equivalent (0.057 mol) of the
phosphine was added. After stirring for one hour, the solvent was removed under reduced
pressure to yield white residue. The residue was washed with 3 x 5 mL of pentane or hexane
and dried under reduced pressure for several hours giving white powder in almost quantitative
yield.

Monitoring: The same reactions (1:1 equivalent) were also carried out in deuterated solvent
(chloroform-d;), but without any further treatment and NMR spectra were subsequently (after

one hour) recorded at 25°C.

Crystals suitable for X-Ray diffraction analysis were obtained only in cases of tris (4-
methylphenyl)  phosphine  (1.2b), tris (3,5-dimethylphenyl)phosphine (1.2c) and
tricyclohexylphosphine (1.2e) (see Figure Sl 1.39-41). However, in the cases of resolved X-Ray
structures of tris (4-methylphenyl) phosphine (1.2b) and tricyclohexylphosphine (1.2e) it is
obtained that the structures do not correspond to the expected reaction products - Lewis pairs
1.3b and 1.3e, respectively. These structures show an activation of EtOH promoted by the
Lewis pair and the unexplainable case of phosphane-borane adduct. Correct structure of the
phosphine-borane Lewis pair is obtained only in case of tris (3,5-dimethylphenyl)phosphine 1.2c
(Figure SI 1.41).
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4.1.2.5. DOSY 2D NMR details.

All DOSY NMR experiments were performed on a Bruker Avance Il 600 MHz spectrometer,
equipped with a PABBI z diff probe, developing a pulse field gradient of 29 G A™ cm™. All
samples are prepared in a glove box at ambient temperature, charged in a micro (2.5 mm) NMR
tube and tightly closed. The sample contained 1:1 equivalent of both reactants, borane (1.1) and
phosphine (1.2a-e), in final concentration around 20 mmol/L in chloroform-di:. The H, 3P, °F
NMR spectra were acquired at 25 °C. Exclusively, the system 1.1/1.2a was probed in molar
ratio 10:1 (in final concentrations around 100 mmol/L: 10 mmol/L). Diffusion coefficients were
extracted in both a) manually by a visual peaking the peaks generated by module implemented
in the software MNoval12! and applying well-known Stoke-Einstein equation and b) analytically
by plotting the curves of the changing in NMR signal (In(l/lo) versus G2?) and its integral fitting.
DOSY spectra were generated by DOSY module of the software MNoval2.18® Related DOSY
NMR spectra are given throughout the chapter or in Supporting Information.

4.1.2.6. X-Ray diffraction analysis details.

Crystals for the X-Ray diffraction analysis were grown using diffusion crystal growing technique
from pentane, hexane or heptane at -25 °C. The crystallographic data of the obtained and

resolved structures are given in Supplementary Information (see Figure Sl 1.1.39-41)
4.1.2.7. ESI-MS details.

The details were the following:

Negative mode

Acquisition parameters:

Source Type - ESI Capillary 4500 V Nebulizer 0.4 Bar Corona 195 nA

lon Polarity - Negative Set Capillary Exit -160.0 V Dry Gas 4.0 I/min Set Hexapole RF 60.0 V
Scan Range - n/a Set Skimmer - 1 -50.0 V Dry Heater 180 °C APCI Heater 514 °C

Positive mode

Acquisition parameters:

Source Type - ESI Capillary 4500 V Nebulizer 0.4 Bar Corona 195 nA

191 [N© 455] Mestrelab Reasearch S.L. www.mestrelab.caom
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lon Polarity - Positive Set Capillary Exit 80.0 (or 150) V Dry Gas 4.0 I/min Set Hexapole RF 60.0
(or 220) V

Scan Range - n/a - Set Skimmer 1 50.0 V Dry Heater 180 (or 200) °C APCI Heater 514 °C
Mass Spectrum Molecular Formula Report

Acquisition parameters:

Set Corrector Fill 65 V

Source Type ESI lon Polarity Positive Set Pulsar Pull 817 V

Scan Range n/a Capillary Exit 80.0 V Set Pulsar Push 817 V

Scan Begin 50 m/z Hexapole RF 60.0 V Set Reflector 1700 V

Scan End 3000 m/z Skimmer 1 50.0 V Set Flight Tube 8600 V

Hexapole 1 24.3 V Set Detector TOF 2275 V

Sum Formula Sigma m/z Err [ppm] Mean Err [ppm] rdb N Rule e"

4.1.2.8. ITC experimental details.

The solutions of reactants (borane and phosphines) were prepared by dissolving a mass of
substrate in pure, freshly distilled and degassed chlorobenzene. The ITC experiments were
performed in sequential injection manner at 25°C with a moderate stirring rate (150-200 rpm).
The concentrations of the borane solutions were around 3.5 mmol/L, while the concentrations of
the phosphine’s solutions were between i.e. 20-80 mmol/L. The solution of tris (perfluorophenyl)
borane (1.1) was introduced in the sample cell (1.0 mL) while the servo-controlled ITC syringe
(100 pL) was filled with the solution of the phosphine (1.2a-g). The reference cell (1.0 mL) was
entirely filled with pure chlorobenzene. The auto equilibrating mode was allowed before the
experiment. The content of the syringe was injected into the sample cell through 45-90
equivalent injections (1.03 pL or 2.06 pL per injection) while a time delay between two
consecutive injections was 600-3000s (mostly 2000s), depending on the nature of a certain
system. After successfully finished ITC experiment a ratio between borane and phosphine in the
sample cell was up to 1:2 equivalents. For each studied system, at least three experiments
under the same conditions were done. Besides these, the blank (i.e. dilution) experiments of
each phosphine were performed, as well. Enthalpy of reaction (AH;) (as result of experiment)
was obtained by calculating the ratio of the heat released (obtained by integration of the heat
response - peak surfaces employing NanoAnalyze software!'®?]) and number of mols of the

phosphine injected until reaching a stationary response point (i.e. a point after which there is no
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heat changes during time). The heat of dilution of the particular phosphine is encountered in
each corresponding enthalpy calculation. Enthalpy of reaction (AH;) obtained in such way is so-
called raw enthalpy of reaction (raw AH;). Resulting AH; value represents an average value of
three corresponding experiments. Where possible, the fitting of the ITC thermograms by the
Independent model (implemented in NanoAnalyze software!®®) was employed rising up all the
thermodynamic parameters of the reaction (AH,, AG,, AS,). Additionally, from the stationary

response point molar (stoichiometric) ratio of the reactants is estimated.

Experiments with reverse order of the reactants were checked out, as well. However,
satisfactory results were not obtained. Namely, in most of the cases it was not possible to reach
proper stationary point under the employed experimental conditions. Additionally, in case of
CysP (1.2e) the employed experimental conditions readily allowed a secondary reaction (a

substitution of the fluorine in para position) to happen.
4.1.2.9. Static DFT-D calculation details.

The computations were performed by the DFT methods using Amsterdam Density Functional
package (ADF2013 version) and Gaussian 09 program package.

Starting geometries of the monomers (phosphines and borane) were taken from the CSD and
optimized as singlet ground states in the gas phase (in Gaussian 09) and chlorobenzene
solution phase (in ADF 13 and Gaussian 09). Geometries of the pairs (dimers) were constructed
from the previously optimized monomers in proposed orientations (a - face to face and b - face
to back) by Grimme!®® and optimized as singlet ground states in the gas phase (in Gaussian 09)
and chlorobenzene solution phase (in ADF 13). Trimer geometry of the 2-1a-2 was optimized in

both, the gas phase and chlorobenzene solution phase in Gaussian 09.

The interaction energies (Ein)) were computed only in Gaussian09 at PBE-D3(BJ)/def2-TZVP

level of theory.

192 [N° 293] www.tainstruments.com
193 [N? 425] C. Bannwarth, A. Hansen, S. Grimme, Isr. J. Chem. 2015, 55, 235.
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4.1.3. Results and discussion.

4.1.3.1. Reaction tests.

As mentioned, the reaction tests were carried out to give preliminary inside view of the
investigated systems (1.1/1.2a-f). The additional investigated system 1.1/1.2g was not probed.
Herein, as results of the tests, H, °F, 3P, 1B NMR spectra of notorious classical 1.1/1.2a and
frustrated 1.1/1.2d Lewis pairs as well as the spectra of the starting materials will be reported
and comparatively commented in detail, while for the other investigated systems only major
drawbacks will be given. The representations of all the spectra will be given in Supplementary

Information.
System 1.1/1.2a - (1:1).

The H NMR spectrum shows an upfield shifting of the signals compared to the free PhsP
(1.2a). Namely, there are two main broad signals at 7.58 ppm and 7.45, while in the free PhsP
there is a multiplet of signals from 7.34-7.29 ppm. Additionally, at around 7.37 ppm a broad and

overlapped signal can be observed (see Figure SI 1.1.1)

From the °F NMR spectrum a downfield shifting (compared to the free borane) of all the signals
and multiplying some of them are noticeable. Most probably the signal at -130.4 (ortho
fluorenes) is moved to -136.8 ppm while the signal at -146.0 ppm (-p fluorine) is moved to -
159.8. The third signal (-161.2 ppm meta-fluorenes) is probably divided into four signals: two
singlets (-160.2, -165.3) or one doublet -162.9 (J = 30 Hz) and two triplets (-159.8 (J = 20 Hz)
and -165.8 (t, J = 37 Hz) or, eventually, one triplet of doublets. (see Figure S| 1.1.2)

The 3P NMR spectrum shows a shifting the signal from -5.2 ppm (free phosphine) to 1.1 ppm
(pair), while *B NMR spectrum shows a change in the signal position - from 57.3 ppm (free
borane) to -3.4 ppm (pair). (see Figure Sl 1.1.3-4)

From these observations it could be concluded that the ITC measurements might be performed

in stoichiometric conditions reliably expecting the formation of cohesive pair.
System 1.1/1.2d - (1:1)

The 'H NMR spectrum shows existence of two species (the free phosphine and a pair). Their

signals appear at very similar chemical shifts and are partially overlapped: three singlets (6.76
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(s, Ar-H), 2.25 (s, -p-Me), 2.02 (s, -0-Me) ppm) belong to the free phosphine while the singlets at
6.77, 2.28 and 2.04 ppm correspond to the pair. However, one can notice some extra signals:
two doublets (one at 8.23 ppm (J = 48 Hz) and one at 7.11 (d, J = 54 Hz) larger in abundance)
and two singlets (6.63 and 2.38 ppm), which might correspond to activated impurities by the
pair. (see Figure Sl 1.1.13)

The ®F NMR spectrum suggests on at least two kinds of binding modes of the borane to the
phosphine. Namely, there are two sets of sighals — an upfielded and a downfielded compared to
the free borane (-130.4, -145.9, -161.2 ppm). The upfielded set consists of three relatively sharp
singlets (at -128.7, -143.4, -160.8 ppm) while the downfielded one contains one relatively broad
singlet (at -133.9 ppm) and two triplets (the well-defined at -160.1 ppm (J = 20 Hz) and the
fused at -166.0 ppm (J = 21 Hz)). (see Figure S| 1.1.14)

The 3P NMR spectrum shows, as well, an existence of two species: a pair with upfield shifted
signal - from -36.2 ppm (free phosphine) to -27.3 ppm (the pair) and free phosphine. (see Figure
S11.1.15)

From these observations one could conclude on rational possibilities of performing the ITC

measurements within stoichiometric conditions expecting rather the equilibrium mixture.
System 1.1/1.2b - (1:1) and system 1.1/1.2c - (1:1)

Similar to the system 1.1/1.2a the NMR spectra of the systems 1.1/1.2b-c (see Figure SI 1.1.5-
12) revealed the slight shifting and broadening of the signals in the proton spectra and a clear
shift of the signal in the related phosphorous and boron spectra indicating the existence of the
pair without the presence of the free reactants. The °F NMR spectra showed a multiplying of
the signals what might suggest the coupling with protons or/and the existence of molecular
clusters. Nonetheless, the spectra allowed the conclusion that these systems might be exploited
within ITC measurements in stoichiometric conditions expecting the formation of the cohesive

pairs.
System 1.1/1.2e - (1:0.2-1.3 equivalents; 0.5h-46.5h)

To figure out when and within what molar ratio the side reaction of nucleophilic aromatic
substitution occurs, a series of the tests were carried out within various molar ratios of the

reactants and reaction times at ambient temperature. The reaction mixtures were mainly
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monitored by *'P NMR. The results (see Figure Sl 1.1.16-17) suggested that within a molar ratio
of around 1:0.2 equivalents in favor of the borane, the mixture is rather clean giving only one
reaction product, probably a cohesive pair, regardless the employed reaction times. However, in
molar ratio close to stoichiometry (1:0.7) after longer reaction times (for instance 10h) the
mixture starting to be contaminated by other reaction products. Therefore, the results suggest
that within ITC experiments stoichiometric ratio of the reactants as well as long reaction times

should be avoided in order to raise chances to get reliable data.
System 1.1/1.2f - (1:1-2)

According to the results of °F and 3!P NMR spectra (see Figure S| 1.1.18-19) it could be
concluded that no formation of the pair is likely to happen within up to two equivalents of the
phosphine and 48h of the reaction time. Therefore, it is not likely to expect some other behavior

of the system neither within ITC stoichiometric measurements.
4.1.3.2. ITC experiments.

Following the main conclusion of the reaction tests (that shows that the reactions could be
satisfactory performed in stoichiometric conditions), all the ITC measurements within this study
were carried out in stoichiometric condition, with the final molar ratio of the reactants 1:2. The
main issue was the order of the reactants. As any choice, basically, had no significant favor,
both possible orders of the reactants were probed. However, lately it was found that more
appropriate order is titration of the borane (1.1) by the phosphine (1.2a-g). Therefore, the ITC
results (raw AH; values as well as Model ITC values of all thermodynamic parameters of the
reaction, where possible) of these experiments are reported in the main text (Table 1.1.1, Figure
1.1.1 and Figure Sl 1.1.36) while the results of the reverse ITC experiments are given in
Supplementary Information (see Table Sl 1.1.1, Figure Sl 1.1.37). In addition, the stoichiometric
coefficients, i.e. molar ratio of the reactants at a stationary point (n) of all the examined systems

are reported, as well.
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Table 1.1.1 ITC results — reaction enthalpy values (raw AH,) and stoichiometric coefficient (n) —
obtained from the sequential addition of the phosphine 1.2a-g into the cell contained the
solution of the borane 1.1.

n and
ITC raw AH;, + error
System o .
“substoichiometric” stationary
stage point
0.13-0.14 1
1.1/1.2a
-19.2+2.1 -124+1.3
0.11-0.13 1
1.1/1.2bs
-16.9+1.8 -129+14
0.14-0.16 1
1.1/1.2c
-21.4+2.3 -13.3+x14
0.11-0.13 0.18-0.20
1.1/1.2d
-29.3+4.7 -22.8+ 3.7
0.17-0.19 1
1.1/1.2e
-241+2.6 -34.4+3.7
no stationary
1.1/1.2f / state
(-0.3+0.1)
1
1.1/1.2g /
-140+2.1

The ITC results revealed few quite interesting things. Firstly, the obtained raw AH; values of
(supposedly) classical Lewis pairs (1.1/1.2a-c,g) do not show such a high exothermicity as it
has been published in the literature!®? — the values are valued around -13 - -14 kcal/mol.
Secondly, the supposed classical Lewis pairs (1.1/1.2a-c) showed an upsurge of heat release in
early (substoichiometric) stages of the reaction. The estimated raw AH; values of these
substoichiometric stages (up to 6:1 of molar ratio of the reactants - 1.1:1.2a-c) are ranged from
around -17 kcal/mol to -21.5 kcal/mol. Rather expectedly, all these systems (1.1/1.2a-c,g)
reached the stationary point (athermicity) within the ITC measurements at stoichiometry around
1:1.

Further, in opposite to the classical Lewis pairs, the frustrated pair 1.1/1.2d showed higher

exothermicity than predicted by the theory*®* and even much higher than the obtained reaction

194 [N© 456] G. Skara, B. Pinter, J. Top, P. Geerlings, F. De Proft, F. De Vleeschouwer, Chem. Eur. J. 2015, 21, 5510.
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enthalpy of the classical Lewis pairs — the raw AH, value of the system 1.1/1.2d is ca. -23
kcal/mol. Even more interestingly, the athermicity is reached within n=0.2 ruling out the
existence of 1:1 pair as the dominant type of association and rather suggesting the formation of
aggregates containing over two (even up to five) molecules of the borane (1.1) per one

molecule of the phosphine (1.2d).

The results of the reverse ordered ITC experiments (see Figure Sl 1.1.1 and Table SI 1.1.37)
roughly confirmed herein explained results (as Model ITC AH, values are ranged from ca. -13 to
-15 kcal/mol), suggesting that reliable data could be obtained for the 1.1/1.2a-c system
whatever the order of the reactants is. On the opposite side, the 1.1/1.2d system is not
exploitable in the reverse order of the reactants within employed ITC conditions, as it shows a
releasing of heat after stoichiometry, while that fact is in accordance with the observation that

suggests the occurrence of large molecular assemblies within the system 1.1/1.2d.

The results of the system 1.1/1.2e (see the shape of the related thermogram - Figure 1.1.1e)
readily suggest on the occurrence of two different processes — probably a formation of the truly
frustrated pair (or mixture of the classical and truly frustrated pair) as well as of the frustrated
one derived from the aromatic nucleophilic substitution. Therefore, although it is not totally
certainly, the heat released in early stages could correspond to the heat of the formation of the
classical/truly frustrated pair, while the rest of heat release might correspond to formation of the

frustrated pair as a product of an aromatic nucleophilic substitution.

Last but not least, the results of the system 1.1/1.2f clearly tell that the system does not reach
any athermicity neither before, at nor after stoichiometry. Thus, it suggests that the medium
permanently adjusts its compaosition through new intermolecular interactions as the phosphine is
added. Therefore, it is not possible to state that a “pair”, even frustrated, that is stabilized

predominantly by non-covalent attractive interactions, is the dominating molecular assembly.

[N° 429] S. Gao, W. Wu, Y. Mo, Int. J. Quantum Chem. 2011, 111, 3761.
[N° 425] C. Bannwarth, A. Hansen, S. Grimme, Isr. J. Chem. 2015, 55, 235.
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Figure 1.1.1 ITC thermograms in chlorobenzene at 25°C a) reaction between 1.1 (sample cell,
c= 3.82 mM) and 1.2a (syringe, c= 47.43 mM) through 90 sequential additions (of 1.03 uL
each), with a time delay of 2000 s; b) reaction between 1.1 (sample call, c= 3.63 mM) and 1.2b
(syringe, c= 6.63 mM) through 90 sequential additions (of 1.03 pL each) with a time delay of
2000 s; c) reaction between 1.1 (sample cell, c= 3.13 mM) and 1.2c (syringe, c= 57.20 mM)
through 90 sequential additions (of 1.03 pL each) with a time delay of 2000 s; d) reaction
between 1.1 (sample cell, c= 3.01 mM) and 1.2d (syringe, c= 21.11 mM) through 90 sequential
additions (of 1.03 pL each) with a time delay of 1000 s; e) reaction between 1.1 (sample call,
c=3.10 mM) and 1.2e (syringe, c= 55.25 mM) through 90 sequential additions (of 1.03 pL each)
with a time delay of 3000 s; f) reaction between 1.1 (sample call, c= 3.04 mM) and 1.2f
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(syringe, c= 55.36 mM) through 45 sequential additions (of 2.06 pL each) with a time delay of
1500 s; @) reaction between 1.1 (sample call, c= 3.76 mM) and 1.2g (syringe, c= 80.20 mM)
through 90 sequential additions (of 2.06 uL each) with a time delay of 2000s. Heat flow is
expressed in pJ/s vs time in s and n represents the molar ratio between reactants, i.e. n=
Ninjected/Ncell. The greyed part of thermograms a), b), ¢) and e) outlines unusual exothermicity i.e.
the upsurge of heat release in the early “substoichiometric” stages of the reaction, a
characteristic feature of most stable pair formation.

4.1.3.3. DOSY NMR experiments.

The 2D DOSY NMR experiments were carried out as complement to the ITC measurements in
order to try to confirm the observations noticed from the ITC experiments, i.e. to confirm the
assumed existence of larger molecular assemblies, especially within the supposed frustrated
Lewis pair systems. The DOSY experiments considered the systems 1.1/1.2a-d. The case of
1.1/1.2e was not included within the investigation due to issue of possible contamination of the
main, herein desired, reaction of the pair formation by side aromatic substitution reaction, while

the system 1.1/1.2f was not included because of no pair formation observed by ITC.

As mentioned in the introductory chapter, there is one rare example!® that considered 2D
DOSY NMR study of the FPLs. One case investigated therein - the (mes)sP/B(CeFs)s (herein
1.1/1.2d) pair, considering a large excess of one of the reactants, revealed clear dynamic
behavior that was treated assuming the exclusive population of the system by equilibrium
depicted in Scheme 1.1.1. One of the major drawbacks in this chemical system is that the
putative formation of the FLP does not result in major chemical shift changes. The authors
concluded that the pair formation was most probably not a selective process favoring special
orientations of the Lewis base and acid and that the energy of association was only slightly
endergonic with a Gibbs free energy of ca. +0.4 kcal/mol.

Herein, the considered molar ratio of the reactants was 1:1. Exclusively, the system 1.1/1.2a
was examined within the molar ratio of 1:0.1, as well. The results of the DOSY experiments are
summarized in Table 1.1.2, while all the corresponding DOSY spectra are given in
Supplementary Information (see Figure Sl 1.1.20-35).

Table 1.1.2 DOSY NMR results — final spherical volumes of noticed particles - of the reactions
of 1.1 with various phosphines 1.2a-d carried out within either molar ratio of the reactants of 1:1
or 2:0.1 in deuterated chloroform at 25°C.

195 [N? 453] L. Rocchigiani, G. Ciancaleoni, C. Zuccaccia, A. Macchioni, J. Am. Chem. Soc. 2014, 136, 112.
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V molecule
System Spectra
(angstrom?)
PhsP - 1H 214
B(PhFs)s - 19F 214
1.1/1.2a 628
B(PhFs)s/PhsP - 1H
[1:1eqv] 371
1866
B(PhFs)s/PhsP - 1°F
1085
PhsP - 1H 214
B(PhFs)s - 19F 365
1.1/1.2a 1866
B(PhFs)s/PhsP - 1H
[0.1:1eqV] 1090
No
B(PhFs)3/PhsP - 1°F ) )
information
(p-MePh)sP - *H 365
B(PhFs)s - 1°F 214
1.1/1.2b 628
B(PhFs)s/(p-MePh)sP - tH
[1:1eqv] 1866
B(PhFs)a/(p-MePh)sP - 19F 028
5)3/(p-Mern)sk -
P 1866
(m,m-Me2Ph)sP - 1H 365
B(PhFs)s - 19F 214
628
1.1/1.2¢c B(PhFs)s/(m,m-Me2zPh)sP - 1H
11 1866
:leqv
[ avl 633-683
B(PhFs)s/(m,m-Me2Ph)sP - 19F 1866
635-697
(0,p,0-MesPh)sP - *H 628
B(PhFs)s - 19F 214
1.1/1.2d 1866
B(PhFs)s/(0,p,0-MesPh)sP - 1H
[1:1eqv] 365
B(PhFs)a/( MesPh)sP - 19F 1806
5)3/(0,p,0-MesPn)sP -
P 365

The results derived from both *H and °F spectral domains revealed that in the cases of strong

cohesive pairs (1.1/1.2a-c), within stoichiometric conditions, there are species which are roughly
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equivalent in spherical volume to a sum of volumes of the free reactants, as well as much larger
ones which are roughly 2-4 times bigger than the simple pair, suggesting that, apart forming and
existing of the cohesive pairs, formation of the larger molecular aggregates (clusters) is rather
possible. Quite interestingly, by mixing 1.1 and 1.2a in molar ratio of around 10:1, that is about
the ratio for which a typical upsurge of heat is released in the early stages of the ITC experiment
(see Figure 1.1.1), DOSY 'H domain reveals the raise of a large molecular aggregate about up
to 5 times larger than a sum of the volumes of the free reactants, telling that even the pairs
known as strongly cohesive could form rather quite large molecular assemblies. The results of
the known frustrated Lewis pair (1.1/1.2d) suggest on the existing of a dynamic equilibrium
between larger assemblies (roughly up to 2.5 times larger in size of spherical volume) and free
reactants. Although the DOSY results did not find such large assemblies (5 times larger than the
free reactants) as roughly observed within the ITC experiments in case of 1.1/1.2d, they showed
dynamic behavior of the system that does not strictly exclude the existence of even larger
species. In addition, the DOSY results showed, in comparison to the results of Macchioni et
al.»® that 1:1 mixture of the reactants could allow the observation of larger assemblies than the
simple pairs.

4.1.3.4. Static DFT-D calculations.

Within the theoretical study of the formation of the (frustrated) Lewis pairs from the borane (1.1,
see Scheme 1.1.1) and various phosphines (1.2a-g, see Scheme 1.1.1) computations were
performed at ZORA-GGAPBE-D3(BJ)/TZP level of theory in chlorobenzene solution (COSMO)
phase as well as at GGAPBE-D3/Def2TZVP level of theory in gas phase and, in some cases, in
chlorobenzene solution (PCM) phase. The geometry optimizations were done on both the
reactants and, according to Grimme!®’, two possible corresponding reaction products (Figure
1.1.2) and conformed as true minima by performing calculations of vibrational modes.
Exclusively, the “sandwich” trimer (see Figure Sl 1.1.38) constituted of the molecules of the
borane 1.1 and one molecule of the phosphine 1.2a was computed. In addition, the interactions
of the pair formed of one/two molecule(s) of chlorobenzene and the borane 1.1 were
theoretically estimated. The resulting thermodynamic parameters of the studied reaction of the
pair formation (AH,, AG,, AS,) are reported in Table 1.1.3. The related Cartesian coordinates of

the optimized structure geometries are given in Supplementary Information (see section

196 [N° 453] L. Rocchigiani, G. Ciancaleoni, C. Zuccaccia, A. Macchioni, J. Am. Chem. Soc. 2014, 136, 112.
197 [N° 425] C. Bannwarth, A. Hansen, S. Grimme, Isr. J. Chem. 2015, 55, 235.
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A.1.1.7.), while the optimized structure geometries of the pairs in orientation “a” as well as of the

computed pairs 1.1/PhCI are displayed in Figure 1.1.3 and Figure 1.1.4, respectively.

B P, F‘\ 3
orientation "g" orientation "5”

Figure 1.1.2 Schematic representation of the face-to-face orientations of Lewis partners in
(F)LPs according to Grimme et al. 1%

Noticeably, regardless of the constitution of the system, all the computed AH; values are
negative (ranged from ca. -3.5 kcal/mol to -24 kcal/mol) suggesting that the formation of both
classical and frustrated pairs is rather energetically favorable in both gas and chlorobenzene
solution phase. A quite interesting fact is that both considered orientations (orientation “a” and
orientation “b”, see Scheme 1.1.X) showed aggregatory potentials. Namely, by comparison of
the AH, values of the two orientations, it seems that within the supposed classical Lewis pairs
(1.1/1.2a-c,g) the orientation “a” could be 2.5 times more stable than the opposite orientation
(the orientation “b”). However, within known and suspected frustrated Lewis pairs (1.1/1.2d-f)
both the orientations are energetically almost equal. According to these facts, it could be
concluded that it would not be surprising to have larger molecular aggregates than simple
stoichiometry pair. This assumption is confirmed by the calculation of the thermodynamic
parameters of the theoretical trimer 1.1/1.2a/1.1. Namely, even the theoretical trimer of known
classical Lewis pair (1.1/1.2a) showed quite large AH; value (ca. -35 kcal/mol) accompanied

with favorable Gibbs free energy (AG: value of ca. -3.5 kcal/mol).

Although all the systems showed significant formation enthalpies, calculated Gibbs free
energies tell that only formation of the classical Lewis pairs (1.1/1.2a-c,g) might be spontaneous
process (AG; values ranged from ca. -0.3 kcal/mol to -15.5 kcal/mol). Nonetheless, within
certain experimental conditions (for instance in presence of a large excess of the borane) the
possibility of formation of those frustrated pairs or even larger molecular aggregates should not
be excluded. Worthy to note, the calculation predicted formation of (covalent) bond between
phosphorus and boron centers within the supposed classical Lewis pairs 1.1/1.2a-c,g while
within the others (supposedly frustrated) the predicted B-P distances are significantly longer

(see Figure 1.1.3).

123



Chapter 4

Table 1.1.3 Results of static DFT-D calculations. The calculations were performed at ZORA-
GGAPBE-D3-BJ/TZP level of theory in chlorobenzene solution (COSMO) phase and at
GGAPBE-D3/Def2TZVP level of theory in gas phase and chlorobenzene solution (PCM) phase.

System

1.1/1.2a Aorientation

1.1/1.2a borientation

1.1/1.2a/1.1

11/12b dorientation

11/12b borientation

1.1/1.2¢ QAorientation

1.1/1.2c¢ Dborientation

11/12d dorientation

1.1/1.2d borientation

1.1/1.2€e Qorientation

1.1/1.2e Dborientation

1.1/1.2f Aorientation

1.1/1.2f borientation

1.1/1.29g Aorientation

1.1/1.29 Dorientation

Level of theory

GGAPBE-D3/Def2TZVP -gas
ZORA-GGAPBE-D3(BJ)/TZP - PhCI
GGAPBE-D3/Def2TZVP -gas
ZORA-GGAPBE-D3(BJ)/TZP - PhCI
GGAPBE-D3/Def2TZVP -gas
GGAPBE-D3/Def2TZVP -PhCI
GGAPBE-D3/Def2TZVP -gas
ZORA-GGAPBE-D3(BJ)/TZP - PhCI
GGAPBE-D3/Def2TZVP -gas
ZORA-GGAPBE-D3(BJ)/TZP - PhCI
GGAPBE-D3/Def2TZVP -gas
ZORA-GGAPBE-D3(BJ)/TZP - PhCI
GGAPBE-D3/Def2TZVP -gas
ZORA-GGAPBE-D3(BJ)/TZP - PhCI
GGAPBE-D3/Def2TZVP -gas
ZORA-GGAPBE-D3(BJ)/TZP - PhCI
GGAPBE-D3/Def2TZVP -gas
ZORA-GGAPBE-D3(BJ)/TZP - PhCI
GGAPBE-D3/Def2TZVP -gas
ZORA-GGAPBE-D3(BJ)/TZP - PhCI
GGAPBE-D3/Def2TZVP -gas
ZORA-GGAPBE-D3(BJ)/TZP - PhCI
GGAPBE-D3/Def2TZVP -gas
ZORA-GGAPBE-D3(BJ)/TZP - PhCI
GGAPBE-D3/Def2TZVP -gas
ZORA-GGAPBE-D3(BJ)/TZP - PhCI
GGAPBE-D3/Def2TZVP -gas
ZORA-GGAPBE-D3(BJ)/TZP - PhCI
GGAPBE-D3/Def2TZVP -gas
ZORA-GGAPBE-D3(BJ)/TZP - PhCI

AH;
[kcal/mol]
-23.0
-23.8
-12.4
-9.5
-35.9
-35.3
-17.6
-17.7
-12.1
-6.2
-20.2
-18.2
-11.6
-3.4
-10.0
-7.3
-10.1
-7.7
-13.7
-11.3
-12.2
-10.4
-9.9
-8.8
-10.9
-8.2

-28.1

AG;,
[kcal/mol]
-5.0
-8.8
0.8
6.1
-5.0
-3.4
0.4
-0.3
2.1
11.2
-04
-3.7
4.0
4.2
2.3
11.5
2.3
13.9
-0.2
6.0
0.5
7.4
2.0
8.1
1.3
7.0

-15.5

AS,
[cal/Kmol]
-60.3
-50.1
-44.3
-52.4
-103.6
-107.1
-60.3
-58.5
-47.5
-58.6
-66.4
-48.7
-52.4
-25.7
-41.1
-63.1
-41.5
-72.4
-45.0
-53.4
-42.6
-59.7
-40.0
-56.6
-40.8
-50.9

AE,
[kcal/mol]
-24.7

-14.0

-39.2

-38.7

-19.3

-13.7

-22.0

-13.1

-11.4

-11.6

-15.3

-13.7

-11.2

-12.2
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[1.1/1.2a (a)] U [1.1/1.2b (a)]
dgp=2.18A dgp=2.14A
AH,=-23.8 kcal/mol; AG,=-5.0 kcal/mol; AS,=-60.3 kcal/mol AH,=-17.7 kcal/mol; AG,=-0.3 kcal/mol; AS,=-58.5 kcal/mol
- ® \
©

v [1.1/1.2¢ (a)] [1.1/1.2d (a)]
dgp=2.15A dg.p=5.04 A
AH,=-18.2 kcal/mol; AG,=-3.7 kcal/mol; AS,=-48.7 kcal/mol AH,=-7.3 kcal/mol; AG,=11.5 kcal/mol; AS,=-63.1 kcal/mol

[1.1/1.2e (a)] [1.1/1.2f (a)]
dgp=2.32A dgp=4.79A
AH,=-11.3 kcal/mol; AG,=6.0 kcal/mol; AS,=-53.4 kcal/mol AH,=-8.8 kcal/mol; AG,=8.1 kcal/mol; AS,=-56.6 kcal/mol

Figure 1.1.3 Graphic representations of optimized geometries of the investigated systems in
orientation “a” at ZORA-GGAPBE-D3-BJ/TZP level of theory in chlorobenzene solution
(COSMO) phase. P: orange; B: pink; F: yellowish; C: grey; H: white.

By comparison of the experimentally obtained and theoretically computed reaction enthalpies,
significant differences in the corresponding AH, values of all the systems could be noticed. To
figure out a possible reason for such discrepancy between experimental and theoretical AH;

values, a round of the calculations of possible non-covalent pair(s) constituted of molecule(s) of
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the solvent'®® (chlorobenzene that could be considered as weak Lewis base) and molecule of
the borane was performed. The computed results are summarized in Figure 1.1.4. The results
revealed that moderate enthalpy of interaction (AH value is ca. 6 kcal/mol) might be reached
within the system 1.1/PhCl (1.4) as well as that even two molecules of chlorobenzene (1.5)
might be appropriately adapted for interaction with boron atom through chlorine (AH value is ca.
12 kcal/mol). Although it is reasonable to assume that more than two molecules of
chlorobenzene could surround molecule of the borane, herein the calculated attractive
interactions (see Figure 1.1.4.) might help in a final estimation of thermodynamic parameters of
the reaction/interaction within the investigated systems (1.1/1.2a-g). Therefore, such estimation
assumed “decoordination” of one or both chlorobenzene molecules from the borane before
subsequent borane-phosphine reaction/interaction giving new values of the thermodynamic
parameters herein labeled AH*/AG* and AH**/AG**, respectively. The newly estimated values of
the thermodynamic parameters accompanied with corresponding experimental values are
reported in Table 1.1.4.

@ 11— hh“~(:| AH4= -5.8 kcal/mol
i l AG4= 7.2 kcal/mol

2@ N K P @B/@ AH,= -11.9 keal/mol
j gl AG,= 15.2 kcal/mol

Fs
[1.5]
11 +12 ——=13 AH,, AG
cl
AH" = AH, - aH
14 +12 —=—= 13+ @ .-\G':.-\GL-,-\G:
cl

AH™ = AH, - AH; 1.5
15 + 12 —=—= 1.3+2© AG" = 4G~ AG, M .51
Figure 1.1.4 left side — Schematic representation of the computed theoretical pair(s) 1.1/(2)PhCl
(1.4-5) accompanied with the obtained results (AH and AG). right side — Graphic
representations of optimized geometries of the investigated systems (1.4-5) at ZORA-GGAPBE-
D3-BJ/TZP level of theory in chlorobenzene solution (COSMO) phase. CI: greenish; B: pink; F:
green; C: grey; H: white.

198 [N© 457] H. J. Kwon, H. W. Kim, Y. M. Rhee, Chem. Eur. J. 2011, 17, 6501.
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Table 1.1.4 Results of static DFT-D calculations of the orientation

[Pl

a” corrected by the estimated

values for the decoordination of chlorobenzene (Figure 1.1.4). The calculations were performed
at ZORA-GGAPBE-D3-BJ/TZP level of theory in chlorobenzene solution (COSMO) phase.

raw ITC
AH, AG, AH* AG* AH** AG**
System AH,
[kcal/mol] [kcal/mol] [kcal/mol] [kcal/mol] [kcal/mol] [kcal/mol]

[kcal/mol]
1.1/1.2a (a) -23.8 -8.8 -18.0 -16.0 -11.9 -24.0 -124+1.3
1.1/1.2b (a) -17.7 -0.3 -11.9 7.3 -5.8 -15.5 -129+1.4
1.1/1.2c (a) -18.2 -3.7 -12.4 -10.9 -6.3 -19.2 -13.3+1.4
1.1/1.2d (a) -7.3 115 -1.4 4.3 4.6 -3.7 -22.8+3.7
1.1/1.2¢e (a) -11.3 6.0 -5.5 -1.2 0.6 -9.2 -24.1+2.6
1.1/1.2f (a) -8.8 8.1 -2.0 0.9 3.1 7.1 -0.3+0.1
1.1/1.2g (a) -28.1 -15.5 -22.3 -22.7 -16.2 -30.7 -14.0+2.1

According to the roughly estimated values (AH*/AG* and AH**/AG**) and the experimental ITC
enthalpy values of the supposed classical Lewis pairs (1.1/1.2a-c,g) it seems that within the
bulkier pairs (1.1/1.2b-c) the decoordination of one molecule of chlorobenzene is more likely to
happen while within the pairs 1.1/1.2a,g the decoordination of two molecules of chlorobenzene
is more appropriate. Regarding the corresponding values of the system 1.1/1.2f, by
decoordination of one molecule of chlorobenzene the experimental and theoretical values are
found to be quite close to each other. Noticeably, the related values of the two other systems
(1.1/1.2d-e) are not directly comparable due to the fact that the calculation did not take into
consideration: a) the observation derived from the ITC experiments which revealed probable
molecular clustering (case 1.1/1.2d); b) the probable nucleophilic aromatic substitution reaction
that might bias the obtained ITC results. Nevertheless, the corrected results of the 1.1/1.2d-e
might suggest dynamic rearrangement of the solvent molecules in such a way that one solvent
molecule is being shared between two molecules of the borane what would lead to decreasing

of the loss of enthalpy caused by full decoordination of the solvent molecule.

In addition, these investigations showed that the interaction abilities of the solvent (interacting
competitively with the substrate of interest), could significantly bias the theoretically predicted
thermodynamic parameters of the reaction/interactions. This suggests that, in some cases, the

solvent interactions should be accounted for within theoretical calculations explicitly.
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4.1.4. Subchapter conclusion.

Within this study, the formation and behavior of the Lewis phosphine-borane pairs (1.1/1.2a-g,
Scheme 1.1.1) in chlorobenzene and deuterated chloroform solution were investigated by
experimental means using isothermal titration calorimetry (ITC) and 1D/2D NMR spectroscopy
as well as theoretically using static DFT-D calculations in both gas and chlorobenzene solution
phase. In addition, the thermochemical characteristics of theoretical trimer “sandwich” complex
1.1/1.2a/1.1 were calculated.

The reaction tests, i.e. monitoring the reaction systems by 1D NMR spectroscopy, revealed that
the systems 1.1/1.2a-c form cohesive pairs, the system 1.1/1.2d exist within an equilibrium, the
system 1.1/1.2f do not show any tendency to form any stable pair, while the system 1.1/1.2e
only with less than 0.2 equivalents of the phosphine form single reaction product. In addition,
the results of the reaction tests suggested that all the investigated pairs might be exploitable in

stoichiometric conditions within ITC measurements.

Due to the shape of the obtained ITC thermograms, in most of the investigated cases only
reaction enthalpies could be extracted. The resulting raw AH;, ranged from ca. -0.3 kcal/mol — -
24 kcal/mol, suggested that a variety of chemical features is incorporated within the studied
systems. Worthy to note, the well-known FLP 1.1/1.2d and supposed one 1.1/1.2e showed
much higher reaction enthalpies in comparison to known and supposed classical LPs (1.1/1.2a-
¢), which suggests that non-covalent interactions have a huge influence within these systems.
The ITC experiments of the 1.1/1.2d shed some light on actual situation into the solution ruling
out the 1:1 stoichiometry and suggesting a 5:1 molar ratio in favor to the borane as more likely

scenario. In addition, the system 1.1/1.2f showed no tendency to forming any stable pair.

The DOSY experiments have discovered the existence of molecular assemblies/clusters larger
than simple pair within the solution of the pairs. This observation is in accordance with an
assumption derived from ITC thermograms (and liberated heat) that, at least at the beginning of
the reaction between borane and phosphine (when there is an excess of borane), the formation
of clusters occurs. Additionally, in the case of messP (1.2d) an addition of ca. 0.2 equivalent of
the phosphine leads to chemical equilibrium. Moreover, DFT-D calculations suggest on cluster

formation by significantly higher AH, value for trimer than for dimer.
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The performed calculations, in comparison to the experimental results, predicted higher reaction
enthalpy values for assumed classical LPs 1.1/1.2a-c,g (AH: values ranged from ca. -18
kcal/mol to -28 kcal/mol), while lower enthalpies are obtained for assumed FLPs 1.1/1.2d-e (AH,
values ranged from ca. -7.5 kcal/mol to -11.5 kcal/mol). Discordance was obtained for the
system 1.1/1.2f, as its predicted AH, value is significantly higher. By the predicted Gibbs free
energy values only the systems 1.1/1.2a-c,g might interact spontaneously. The estimation of the
thermodynamic parameters of interaction of chlorobenzene (weak Lewis base and solvent of
choice) with the borane (1.1) revealed significant interaction enthalpy (ca. -6 kcal/mol per
molecule of chlorobenzene) that brings the theoretical values much closer to the experimental
ones, suggesting the importance of accounting for explicit interactions of the solvent with

substrate within the calculations.

In addition, new Lewis pair 1.3c was synthesized and fully characterized (by *H and *C NMR,

elemental analysis, MS and X-Ray).

Outlook. Performing the DOSY experiments within deuterated chlorobenzene solution is highly
desirable. The estimation of the thermodynamic parameters of all possible interactions of
chlorobenzenes with the borane would be important. Calculating the electrostatic potential of
chlorobenzene and all the reactants would be quite useful. Isolation and characterization of the
reaction products 1.3b are desirable.
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4.1.5. 3aKkrby4ak notnornasJsba.

Y okBupy oBe cTyauje, dopmmupare 1 noHawamwe Lewis-oBuMx napoBa (eHr. Lewsi pair - LP)
doccuH-6opaH (1.1/1.2a-g, cxema 1.1.1) y xnopobGeH3eHCKOM WU  OeyTEPUPCHOM
XJSTOPOPOPMCKOM pacTBOPY UCTPaKMBaAHO je eKCnepuMeHTarHo, KopuwheweM mnsoTepmarHe
TuTpaumoHe kanopumetpuje, (ITC) n 1D/2D NMR cnektpockonuje, n Teopujcku, kopuwherwem
ctatuukux DFT-D npopadvyHa y racHoj ¢asm m y pactBopy XxnopobeHseHa. [lopen Tora,
n3padyHaTe cy TepMOXEMUjCKE KapaKTEPUCTUKE Teopujckor Tpumepa - "ceHasuy" KoMmrekca
1.1/1.2a/1.1.

PeakunoHn TecToBW, OAHOCHO Mpahewe peakunoHux cuctema nomohy 1D NMR
crnekTpockonuje, oTkpunu cy aa cuctemn 1.1/1.2a-c chopmumpajy KOXepeHTHe napoBe, CUCTEM
1.1/1.2d noctoju y paBHOTeXM, cuctem 1.1/1.2f He nokasyje GUNO KakBy TeHAEHUUjy Ka
dopmupary ukakBor crabunHor napa gok cuctem 1.1/1.2e copmupa jegaH peakumoHu
npousBo kaga je ynotpebrbeHo mawe oa 0,2 ekBuBaneHTa docduHa. Mopepn Tora, pesyntatu
peakLMOHUX TeCcToBa yKka3syjy Ha TO Aa ce CBUM CUCTEMW MOTY UCMIUTMBATU Y CTEXMOMETPUjCKUM

ycnosuma y okBupy ITC mepersa.

36or obnuka gobujeHnx ITC Tepmorpama, y BehuHn mcnutaHmx crnyyajeBa mory ce gobutu
caMoO BpefHOCTM 3a peakumoHe eHTannuje. JobujeHe cupose (raw) AH; BpegHOCTH, Koje cy y
oncery og oko -0.3 kcal/mol pgo -24 kcal/mol, ykasyjy Ha pasnuuuTa Xemujcka CBOjCTBa
npoyyaBaHux cucrtema. Tpeba HanomeHyTn ga cy nosHatm FLP 1.1/1.2d n npeTtnocTtaBfbeHU
FLP 1.1/1.2e nokasanu MHOro Behe peakuuMoHe eHTannuje y OOHOCY Ha mno3HaTe M
npetnocTaeBrbeHe knacuyHe LP-oee (1.1/1.2a-c), WTO ykasyje Oa HEKOBaneHTHE WHTepakuuje
nmajy orpoMaH ytuuaj y osum cuctemmma. ITC ekcnepumeHTn 3a cuctem 1.1/1.2d yHEKonuko cy
pacBeTnunn crtawe y pacteopy oBor FLP-a uckrbydyjyhmn 1:1 ctexnomeTtpujy n ykasyjyhu Ha
MonapHu ogHoc 5:1 y kopucT BopaHa, kao Buwe BeposaTtaH. lMopea Tora, cuctem 1/1.2f Huje

nokasao TeHAeHUNjy ka dopmmparsy 6uno kaksor ctabunHor napa.

Ha ocHoBy DOSY ekcnepumeHaTa nokasaHo je na y pactBopvMma UCUTMBaHMX NapoBa nocToje
MOSEKYNCKM arperatu/knactepu koju cy Behu o npoctux naposa. OBO onaxake je y ckrnagy ca
npeTnocTaBkoOM M3BedeHoOM Ha ocHoBy ITC Tepmorpama (u ocrnioboheHe Tonnote) ga G6ap Ha
noyeTky peakuuje msameny 6GopaHa n ¢occduHa (kaga noctoju Buwak BGopaHa) gonasu Ao
dopmumparsa knactepa. lNMopeg Tora, y cny4yajy messP (1.2d) gogatak og oko 0,2 ekBuBaneHTa

docdhunHa goBoan OO0 ycnocTaBrbawa xemujcke paBHoTexe. LWrtasuwe, DFT-D npopavyHu
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yKasyjy Ha popmupare knactepa, Ha OCHOBY 3HayajHO Behe AH, BpegHOCTU 3a TpuMep Hero

3a aMmep.

Pesyntatn npopadyHa cy, y nopefewy ca pesyntatmma ekcnepumeHTta, npeasvgenv sehe
BpeOHOCTM peakUMOHUX eHTannuja 3a npeTnocTaBrbeHe knacuyHe LP-ose 1.1/1.2a-c,g (AH:
BpeaHOCTU KpeTane cy ce o oko -18 kcal/mol to -28 kcal/mol), a marwe peakumoHe eHTannuje
3a npetnoctaBibeHe FLP-oBe 1.1/1.2d-e (AH; BpegHoCcTM KpeTane cy ce o oko -7,5 kcal/mol go
-11,5 kcal/mol). JobunjeHn pesyntatn 3a cuctem 1.1/1.2f Takohe HUCy y carnmacHocTu, jep je
Teopujckn npeasuheHa AH, BpegHocT 3HauvajHO Beha of ekcrniepumeHTanHo ogpeheHe AH;
BpegHocTn. Ha ocHoBy npepnsufieHnx BpegHoctn Gibbs-oBux cnobogHux eHepruja camo 6um
cuctemn 1.1/1.2a-c,g MoOrmMmM p[ga WHTeparyjy CcrnoHtaHo. [lpoueHoM TepMOOUHAMMUYKNX
napameTtapa uHTepakuuje xnopobeHseHa (koju je cnaba 6a3a Lewis-oBa n pacteapay nu3bopa)
ca 6opaHom (1.1) gobujeHa je 3HadajHa eHTannuja MHTepakuuje (oko -6 kcal/mol no monekyny
XnopobeH3eHa) Koja TeopujcKke BPEAHOCTM 3HadajHO npubnmkaBa eKCnepuMeHTarHuMM, LWTO
yKasyje Ha 3Hayaj ypadyHaBawa EKCMUUMUTHUX MHTEepakuuja pacTtBapada ca CyrncTpatoMm Yy

OKBUPY NpopayyHa.

Mopen Tora, HoBu Lewis-oB nap 1.3c je cuHTeTUcaH 1 nNoTnyHo okapaktepucaH (*H n 3C NMR
CMEKTPOCKOMNWjOM, €efieMeHTariHOM aHanuM3oM, MaceHOM CNeKTPOCKOMMjOM W pPeHAreHCKOM

CTPYKTYPHOM aHaJ'IVI3OM).

MepcnektnBa. M3sohewe DOSY ekcnepumeHata y AeyTepucaHoM XNopobeH3eHCKOM
pacTBOpy je Beoma noxerbHo. [lpoueHa TepMOoAMHaMMYKMX MapameTapa CBux Moryhmnx
WHTepakumja xnopobeHseHa ca 6GopaHom 6Gu 6Guna of 3Hadvaja. MspadyHaBamwe
eneKkTpoCcTaTMYKor noTeHumjana xnopobeH3eHa W CBUX peakTaHata 6uno 6m  KOpuCHO.

MoxerbHa je nsonaumja n kKapakTepusauuja peakumoHor npomssoga 1.3b.
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4.1.6. Conclusion du sous-chapitre

Dans cette étude, la formation et le comportement des paires Lewis phosphine-borane
(1.1/1.2a-g, schéma 1.1.1) dans le chlorobenzéne et la solution chloroforme deutérée ont été
étudiés par des méthodes expérimentales utilisant la calorimétrie isotherme par titration (ITC) et
la spectroscopie RMN 1D/2D, ainsi que théoriguement utilisant des calculs statiques DFT-D a la
fois dans la phase de solution de gaz et de chlorobenzéne. De plus, les caractéristiques
thermochimiques du complexe "sandwich" trimére 1.1/1.2a/1.1 ont été calculées.

Les tests de réaction, i.e. la suite des systémes réactionnels par spectroscopie RMN 1D, ont
révélé que les systémes 1.1/1.2ac forment des couples cohésifs, le systéme 1.1/1.2d existe
dans un équilibre, le systeme 1.1/1.2f ne montre aucune tendance a former toute paire stable,
tandis que le systéme 1.1/1.2e au-dela de 0.2 équivalents de la phosphine forme un seul
produit de réaction. En outre, les résultats des essais de réaction ont suggéré que tous les
essais pourraient étre exploitables dans des conditions stoechiométriques dans les mesures de
I'TC.

En raison de la forme des thermogrammes ITC obtenus, dans la plupart des cas étudiés, seules
les enthalpies réactionnelles ont pu étre extraites. Le AH, brut résultant, va d’environ de -0,3
kcal/mol a -24 kcal/mol suggérant que diverses caractéristiques chimiques sont incorporées
dans les systémes étudiés. Il est intéressant de noter que les célébres FLP 1.1/1.2d et 1.1/1.2e
supposés ont montré des enthalpies de réaction beaucoup plus élevées que les LP classiques
connues et supposées (1.1/1.2a-c), ce qui suggere que les interactions non-covalentes ont une
influence au sein de ces systémes. Les expériences ITC du 1.1 / 1.2d ont révélé la situation
réelle dans la solution excluant la stoechiométrie 1:1 et suggérant un rapport molaire de 5:1 en
faveur du borane comme scénario plus probable. De plus, le systéme 1.1/1.2f n'a montré

aucune tendance a former une paire stable.

Les expériences DOSY ont découvert l'existence d'assemblages / clusters moléculaires plus
gros que la simple paire dans la solution des paires. Cette observation est en accord avec une
hypothése dérivée des thermogrammes ITC (et de la chaleur libérée) qui se produit, au moins,
au début de la réaction entre le borane et la phosphine (quand il y a un excés de borane). De
plus, dans le cas de I'addition de messP (1.2d) de ca. 0,2 équivalent de la phosphine conduit a
I'équilibre chimique. De plus, les calculs DFT-D suggérent la formation de grappes par une

valeur de AH; significativement plus élevée pour le trimére que pour le dimére.
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Les calculs effectués, comparés aux résultats expérimentaux, prédisaient des valeurs
d'enthalpie de réaction plus élevées pour les LP classiques supposées 1.1/1.2a-c,g (les valeurs
de AH;, allaient de -18 kcal/mol & -28 kcal/mol), tandis que les enthalpies inférieures pour les
FLP supposées 1.1/1.2d,e (les valeurs de AH; allaient de -7,5 kcal/mol a -11,5 kcal/mol). La
discordance a été obtenue pour le systéme 1.1/1.2f, car sa valeur prédite de AH; est
significativement plus élevée. D'aprés les valeurs d'énergie libre de Gibbs prédites, seuls les
systemes 1.1/1.2a-c,g pourraient interagir spontanément. L'estimation des parameétres
thermodynamiques de l'interaction du chlorobenzéne (base de Lewis faible et solvant de choix)
avec le borane (1.1) révele une enthalpie d'interaction significative (environ -6 kcal/mol par
molécule de chlorobenzéne) qui rapproche beaucoup plus les valeurs théoriques
expérimentaux, suggérant l'importance de tenir compte des interactions explicites du solvant

avec le substrat dans les calculs.

De plus, la nouvelle paire de Lewis 1.3c a été synthétisée et entierement caractérisée (par RMN

1H et 13C, analyze élémentaire, MS et rayons X).

Perspective. L'exécution des expériences DOSY dans une solution de chlorobenzene deutéré
est hautement souhaitable. L'estimation des paramétres thermodynamiques de toutes les
interactions possibles des chlorobenzénes avec le borane serait importante. Le calcul du
potentiel électrostatique du chlorobenzene et de tous les réactifs serait tres utile. L'isolement et

la caractérisation des produits de réaction 1.3b sont souhaitables.
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4.2. Subchapter 2. — Analysis of the Cambridge

Structural Database.

4.2.1. Introduction.

As an addition to the ITC and static DFT-D investigations, CSD analysis was used to study the
interactions within phosphine-borane Lewis pairs. Within this subchapter the CSD analysis’

results that have been recently published!®® are reported.

Like mentioned in the Methodology chapter, the CSD (November 2015 released, version
5.37)2° search was performed. The crystal structures involving phosphine and borane
molecules were screened for intermolecular or intramolecular contacts. The CSD search
program ConQuest 1.18%' was used to retrieve structures satisfying the following criteria: (a)
the crystallographic R factor < 10%, (b) the error-free coordinates according to the criteria used
in the CSD, (c) no polymer and ionic structures, (d) structures with the disorder and (e) structure

solved from powder were not included.

The phosphine-borane interactions were analyzed by using the geometrical parameters defined
in Figure 1.2.1. The structures where the distance between phosphorus and boron atoms (dg-p)
was less than 2.5 A were extracted from the CSD. The additional geometrical parameters were:
the dihedral angle — an angle between the planes formed by atoms directly bound to
phosphorus and boron atoms (@), the normal distance between phosphorus atom and the plane
formed by atoms directly bound to boron atom (R) and the offset distance between the
projection of phosphorus atom on the plane formed by atoms directly bound to boron atom and

the centroid of atoms directly bound to boron atom (r).

199 [N© 458] M. R. Milovanovi¢, J. M. Andri¢, V. B. Medakovi¢, J.-P. Djukic, S. D. Zari¢, Acta Cryst. 2018, B74, 255.

200 [N° 300] C. R. Groom, I. J. Bruno, M. P. Lightfoot, S. C. Ward, Acta Cryst. 2016, B72, 171.

201 [N° 324] 1. J. Bruno, J. C. Cole, P. R. Edgington, M. Kessler, C. F. Macrae, P. McCabe, J. Pearson, R. Taylor, Acta
Cryst. 2002, B58, 389.
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Figure 1.2.1 The geometrical parameters describing phosphine-borane interactions: a) dse
distance and angle ¢, b) normal distance R and offset distance r. The X and Y are substituents
on boron and phosphorus atoms, respectively. The dihedral angle ¢ is an angle between the
planes formed by atoms directly bound to phosphorus and boron atoms.

4.2.2. Results and discussion.

By searching the CSD, using the criteria described in the Methodology section, 571 contacts
between phosphine and borane molecules were found. The initial set of the contacts was
divided into three sets; two sets were made depending on substituents on boron atom, while in
the third set were frustrated Lewis pairs (FLPs). By analyzing the obtained data, it was noticed
that most of the structures contain BHz as borane molecule, hence it was the first set, while the
second set contained other found structures (except FLPs ones). The data on frustrated
phosphine-borane Lewis pairs show that they depend more on substituents on the boron atom
than on the phosphorus’ substituents.???> For the first set, BHz - P(Y1Y2Y3), we obtained 447
contacts from the CSD, for the second set, B(X1X2X3) - P(Y1Y2Y3), 99 contacts, while for the
third set, FLPs, 25 contacts.

4.2.2.1. The BHz- P(Y1Y2Y3) set.

The distribution of the dihedral angle ¢ (Figure 1.2.1) values of the analyzed contacts in the BH;
- P(Y1Y2Y3) set is shown in Figure 1.2.2. The results of the statistical analysis show that the
majority of contacts have the dihedral angle from 0° to 10° what indicates the preference for

parallel orientation of the planes defined in Figure 1.2.1.

202 IN° 382] D. W. Stephan, G. Erker, Angew. Chem. Int. Ed. 2015, 54, 6400.
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Figure 1.2.2 The distribution of the dihedral angle ¢ (Figure 1.2.1) of the interacting molecules
in the BH3- P(Y1Y2Y3) set.

The distribution of the distance between boron and phosphorus atoms ds-r (Figure 1.2.1) values
of the contacts in the BHs - P(Y1Y2Y3) set is shown in Figure 1.2.3. The dgp peaks are in the
range of 1.8-2.0 A, which corresponds to the length of strong classical covalent bond.?®® More

precisely, in most of the structures, the ds.p value is around 1.9 A.
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203 [N° 459] H. Jacobsen, H. S. Berke, Doring, G. Kehr, G. Erker, R. Fréhlich, O. Meyer, Organometallics 1999, 18,
1724.

[N° 460] A. G. Massey, A. J. Park, J. Organomet. Chem. 1964, .2, 245,

[N 461] A. G. Massey, A. J. Park, F. G. A. Stone, Proc. Chem. Soc. 1963, 212.

[N° 462] W. Van Doorne, A. W. Cordes, G. W. Hunt, Inorg. Chem. 1973, 12, 1686.

[N° 463] J. C. Huffman, W. A. Skupinski, K. G. Caulton, Cryst. Struct. Commun. 1982, 11, 1435.

[N° 464] M. Lutz, A. L. Spek, A. Azghay, J. C. Slootweg, CSD Commun. 2009.

[N° 371] M. Ullrich, A. J. Lough, D. W. Stephan, Organometallics 2010, 29, 3647.

[N° 465] S. R. Ghanta, M. H. Raoa, K. Muralidharan. Dalton Trans. 2013, 42, 8420.
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Figure 1.2.3 The distribution of the distance between boron and phosphorus atoms ds.e (Figure
1.2.1) of the interacting molecules in the BH3 - P(Y1Y2Y3) set.

The distribution of the offset distance r (Figure 1.2.1) values of the contacts in the BH; -
P(Y1Y2Y3) set is shown in Figure 1.2.4. The results show that most of the contacts have r values
in the range of 0.0-0.2 A, which means that phosphorus atom is placed right above the boron

atom.
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Figure 1.2.4 The distribution of the offset distance r (Figure 1.2.1) of the interacting molecules in
the BHs - P(Y1Y2Y3) set.

The distribution of the normal distance R (Figure 1.2.1) values of the contacts in the BHs; -
P(Y1Y2Y3) set is shown in Figure 1.2.5. The results show that in most of the contacts normal
distances are in the range of 2.20-2.30 A (with the peak in the range 2.20-2.25 A). Since r value
is close to 0.0 A, the comparison of the distributions of the dgr (Figure 1.2.3) and R (Figure
1.2.5) values shows that in the borane molecules boron atom is not in the plane with the

substituents; the geometry around boron atoms is pyramidal.

Considering known problems in applying neutron diffraction with boron containing compounds, it
can be expected that positions of hydrogen atoms were not determined with high accuracy.
Hence, the parameter that depend on positions of hydrogen atoms, dihedral angle ¢ (Figure
1.2.1), is not very reliable in this first set, BHsz - P(Y1Y2Y3).
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Figure 1.2.5 The distribution of the normal distances R (Figure 1.2.1) of the interacting
molecules in the BHs - P(Y1Y2Y3) set.

4.2.2.2. The B(X1X2X3) - P(Y1Y2Y3) set.

Analyzing data in the B(X1X2X3) - P(Y1Y2Y3) set two factors that can have significant influence
on geometric parameters in this set were noticed. The first one is the presence of aromatic rings
on boron atom, while the second one is a bridge between phosphorus and boron atoms. (The
bridge represents an atomic chain between phosphorus and boron centers that connect these
two centers besides their direct covalent bond connection.) Hence, within this set the results are
presented in two different ways: aromatic (the structures which contain aromatic substituent(s)
on the boron atom vs. other (the structures which do not contain any aromatic substituent on
the boron atom) (Figures 1.2.6-9) and bridged (the structures for which there is an atomic chain
between phosphorus and boron centers besides their direct covalent bond connection) vs. non-
bridged (the structures for which there is no such atomic chain between phosphorus and boron
centers) (Figures 1.2.10-13).

Data in the Figures 1.6-9 indicate small differences in the systems with and without aromatic
rings. The dihedral angle ¢ is quite similar it the two systems, in most of the structures the angle
is close to zero, however, in significant number of structures the angle can have values up to
40° (Figure 1.2.6). The distribution of the distance dg.r (Figure 1.2.7) shows again very similar
behavior of the two systems with tendency for slightly lower values for non-aromatic systems
with maximum of the distribution at 1.95-2.00 A, while systems with aromatic rings have
maximum at 2.00-2.05 A. Values of the offset r (Figure 1.2.8) are similar with small tendency for

aromatic systems for somewhat larger r values. The largest difference was observed for the
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normal distance R (Figure 1.2.9), with values significantly lower for aromatic system, indicating

compactness of these structures.
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Figure 1.2.6 The distribution of the dihedral angle ¢ (Figure 1.2.1) of the interacting molecules
in the B(X1X2X3) - P(Y1Y2Y3) set.

LA

30 .
N 25 W aromatic
other
20
15
10
° i i
D — .
Ly o Ln o Ln o L o L o
o M M = = — — ™ ™ rn
— 1—I| — ™l ™ ™ ™ ™ ™ ™
1 1 1 1 1 1 1 1 1
) o ] L ] n ] Ln ] Ln
o " S S = = - - ™~ ™~
— 4 — — o~ ~ ~ ~ rd T
dgr (A)

Figure 1.2.7 The distribution of the distance between phosphorus and boron atoms dg-r (Figure
1.2.1) of the interacting molecules in the B(X1X2X3) - P(Y1Y2Y3) set.
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Figure 1.2.8 The distribution of the offset distance r (Figure 1.2.1) of the interacting molecules in
the B(X1X2X3) - P(Y1Y2Y3) Set.

25 .
N W aromatic
20 other
15
10
5
Ly o] Ly (] LM -] Ly -] Ly o] Ly ] Ly -] Ly o]
= = = o o m m =5 5 wnoown W m P~
™ ™~ ™~ ™ ™ ™ ™ ™ ™ ™ ™ ™ ™ ™ ™ ™
1 1 1 i 1 1 1 1 1 1 1 1 1 1 1 1
-] Ly L] Ly ] LMy -] Ly o] LMy o] LM -] Ly o] Ly
2 @ = - ™~ ™ m m = = | . wn o M P
™ ™~ ™~ ™ ™ ™ ™ ™ ™ ™ ™ ™ ™ ™ ™ ™
(A)

Figure 1.2.9 The distribution of the normal distance R (Figure 1.2.1) of the interacting molecules
in the B(X1X2X3) - P(Y1Y2Y3) set.
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Figure 1.2.10 The distribution of the dihedral angle ¢ (Figure 1.2.1) of the interacting molecules
in the B(X1X2X3) - P(Y1Y2Y3) set.
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Figure 1.2.11 The distribution of the distance between phosphorus and boron atoms dg-p (Figure
1.2.1) of the interacting molecules in the B(X1X2X3) - P(Y1Y2Y3) set.
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Figure 1.2.12 The distribution of the offset distance r (Figure 1.2.1) of the interacting molecules
in the B(X1X2X3) - P(Y1Y2Y3) set.
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Figure 1.2.13 The distribution of the normal distance R (Figure 1.2.1) of the interacting
molecules in the B(X1X2X3) - P(Y1Y2Y3) set.

Comparison of data in the B(X1X2X3) - P(Y1Y2Y3) set considering presence of the bridge
between phosphorus and boron atoms indicate some significant differences in studied
geometrical parameters (Figure 1.2.10-13). The non-bridged structures have tendency for
values of the dihedral angle ¢ close to zero, while bridged structures have large ¢ values
(Figure 1.2.10). The bridged and non-bridged structures have the maxima of the distribution of
the distance dgr in the same range (2.00 - 2.05 A), however, the non-bridged ones show
tendency for somewhat shorter distances, while the bridged ones have significant number of
structures with larger distances (Figure 1.2.11). Non-bridges structures also have tendency for
shorter offsets r (Figure 1.2.12). The bridged structures have shorter normal distances R (Figure
1.2.13), the maximum in the distribution of the bridged structures is in the range 2.45-2.55 A,
while for non-bridged ones it is 2.45-2.55. In addition, significant number of the non-bridged
structures has distances above 2.55 A.

One can notice that both, the presence of the aromatic rings and the presence of the bridge in

the structure influence on shortening the normal distance R.

4.2.2.3. The frustrated Lewis pairs (FLPs) set.

In order to study crystal structures of frustrated Lewis pairs (FLPSs), the related literature has
been comprehensively screened. The presence of, at least, two pentafluorophenyl (-PhFs) or,
eventually, tetrafluorophenyl (-p-PhFsH) substituents on the boron atom, is found to be one of
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the most important criteria for the existence of frustrated phosphine-borane pairs.?** Based on
the literature, the FLPs structures with experiment evidence, such as the ability to activate
(small) molecules by heterolytic cleavage of the chemical bond, were found. In addition, to find
structures of the FLPs, although experiments were not performed to confirm it, visual analysis of
the set of structures with three cyclic substituents on the boron atom was done. The pair was
marked as “frustrated” if a particular structure was similar to a structure for which there is
experimental evidence for FLPs. The description of the considered FLPs structures is shown in

Table 1.2.1, while the structures are shown in Supplementary Information (Figure Sl 1.2.1-20).

In this study 25 contacts of FLPs structures in total were considered; 15 contacts of the
structures with experimental evidence in the literature that they belong to the class of frustrated
Lewis pairs (termed experimental FLPs) and 10 contacts of the structures without experimental
evidence in the literature that they belong to the class of frustrated Lewis pairs, but they are
structurally very similar to the documented ones (termed evaluated FLPs). The large fraction
(13 of 20 structures) of considered FLPs structures are the bridged phosphine-boranes pairs. In
five structures with pairs that are not bridged, heteroatoms (O, N, Si for instance)) are bound to
the phosphorus atom, that support the formation of the pairs in the crystal structure by electronic
effect. In addition, there are just two FLPs structures (probably more suitable “Confused” Lewis
Pairs-CLPs,?® as a boundary cases between classical and frustrated Lewis pair) without any
other heteroatom, which exist in equilibrium as non-bridged ones (and could be isolated).

On another hand, according to the criteria of the CSD search (Methodology Section) it might be
that some of FLPs structures were excluded, especially the structures with the “disorder” in the

crystal structure, which could be found in the literature.

204 [N° 382] D. W. Stephan, G. Erker, Angew. Chem. Int. Ed. 2015, 54, 6400.
205 [N© 466] A. C. McQuilken, Q. M. Dao, A. J. P. Cardenas, J. A. Bertke, S. Grimme, T.H. Warren, Angew. Chem. Int.
Ed. 2016, 55, 14335.
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Table 1.2.1 Summary description of structures found in the Cambridge Structural Database of
phosphine-borane FLPs. In some of the structures FLPs, were confirmed based on
experimental evidence, while some of the structures were chosen based on structural similarity

(evaluated FLPs).

Experimental

Bridged
Entry REFCODE evidence of State of existing Reference
or not
FLP activity
Yes —
o Ekkert et al.,
1 SEZKAL Coordination of Yes Covalently bound FLP
) ) 2013204
alkyl isocyanides
Yes —
o Liedtke et al.,
2 FUWKUF Coordination of Yes Covalently bound FLP
2014204
NO
Yes —
o Ekkert et al.,
3 SEZJUE Coordination of Yes Covalently bound FLP
, _ 2013204
alkyl isocyanides
Yes — Post reaction product in .
o o . ] Takeuchi et al.,
4 ODUJUU Activating of No stoichiometric reaction or an ——
ketones intermediate in catalytic reaction
Yes —
. o Caputo et al.,
5 FAPGIO Addition to No In equilibria
2012204
alkynes
Yes —
. o Caputo et al.,
6 FAPGEK Addition to No In small equilibria
2012204
PhCCH
Yes — Activation _
Heiden et al.,
7 OSUZEI of Hz at elevated Yes Covalently bound FLP
2011204
temperatures
Yes — Activation o Ullrich et al.,
8 OLAJOB No In equilibria
of Hz 2010204
Yes — Activation o Ullrich et al.,
9 OLAJUH No In equilibria
of H2 2010204
Yes —
FLP activity (CO2
_ _ _ Barry et al.,
10 MIKDER  capturing) thanks No Air stable acyclic FLP
2013204

to isomerization

on another PN
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No —

Liedtke et al.,
11 FUWLEQ Probably lower Yes Covalently bound FLP
o 2014204
FLP activity
Covalently bound FLP Post
) L Yu et al.,
12 BIRXAD No Yes reaction product of FLP activity
. 2013204
(H2) at higher temperatures
Post reaction product of FLP Geier &
13 XUPZAK No No activity (reduction of phosphines Stephan,
and activation of silanes (and H2)) 2010204
Ekkert et al.,
14 EWETAC No Yes Covalently bound FLP
2017204
) Barry et al.,
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2015204
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2017204
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Separated distributions of the analyzed geometrical parameters of both, experimental and
evaluated FPLs are given in Figure 1.2.14-17). It could be noticed that both, experimental and
evaluated FLPs have a very similar distribution of the studied geometrical parameters.
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Figure 1.2.14. The distribution of the dihedral angle ¢ (Figure 1.2.1) of the interacting molecules
in the contacts in the FLPs set.
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Figure 1.2.15. The distribution of the distance between phosphorus and boron atoms dgp
(Figure 1.2.1) of the interacting molecules in the FLPs set.

146



Chapter 4

N g B experimantal FLPs
5 M evaluated FLPs
a
3
2
: N
0 |
= r.:I: = o —
= ™ = o oo
o o o puc i

r(A)
Figure 1.2.16. The distribution of the offset distance r (Figure 1.2.1) of the interacting molecules
in the FLPs set.
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Figure 1.2.17. The distribution of the normal distance R (Figure 1.2.1) of the interacting
molecules in the FLPs set.

To show possible influence on geometrical arrangement of the interacting phosphine and
borane units in bridged (the structures for which there is an atomic chain between phosphorus
and boron centers besides their direct covalent bond connection) and non-bridged (structures
for which there is no an atomic chain between phosphorus and boron centers besides their
direct covalent bond connection) FLPs, separated distributions of the analyzed geometrical
parameters (Figure 1.2.1) for both (bridged and non-bridged FLPs) are shown in Figures
1.2.18 — 21. The influence of the bridge in FLPs structures is quite similar to the influence in the
B(X1X2X3) - P(Y1Y2Y3) set (Figures 1.2.10 — 13). The results indicate that the bridged FPLs

show larger discrepancy in the dihedral angle ¢ (up to 60° mainly between 30°-60°) while the
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non-bridged FLPs prefer ¢ values up to 20° (Figure 1.2.18). The bridged FLPs have slightly
lower the dsp distance values (maximum of the distribution is around 2.0 A) in comparison to
the non-bridged FLPs which have tendency for dg.r values around 2.05 A and 2.10 A. (Figure
1.2.19). The offset r values are higher for the bridged FLPs (mainly between 0.6 A and 1.0 A)
than for the non-bridged FLPs (between 0.0 A and 0.4 A) (Figure 1.2.20). The normal distance
R values in case of the bridged FLPs have the maximum around 2.2 A, while for the non-
bridged FLPs the maximum is around 2.7 A (Figure 1.2.21). Overall, in can be concluded that

the presence of the bridge has a huge influence on the geometric parameters in FLPs

structures.
7 .
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Figure 1.2.18 The distribution of the dihedral angle ¢ (Figure 1.2.1) of the interacting molecules
in the FLPs set.
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Figure 1.2.19 The distribution of the distance between phosphorus and boron atoms dgep
(Figure 1.2.1) of the interacting molecules in the FLPs set.
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Figure 1.2.20 The distribution of the offset distance r (Figure 1.2.1) of the interacting molecules
in the FLPs set.
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Figure 1.2.21 The distribution of the normal distance R (Figure 1.2.1) of the interacting
molecules in the FLPs set.

4.2.2.4. Comparison of the sets.

In general, the contacts in the B(X1X2X3) - P(Y1Y2Y3) set have greater tendency for the larger ¢
values (especially in the range from 10° to 30° (Figure 1.2.6 or Figure 1.2.10) than the contacts
in the BH3 - P(Y1Y2Y3) set (almost all contacts have ¢ below 10° (Figure 1.2.2)). In comparison
to the BHs - P(Y1Y2Y3) set (preferred dg.p values around 1.9 A (Figure 1.2.3)) preferred dgp of
the B(X1X2X3) - P(Y1Y.Y3) set (Figure 1.2.7 or Figure 11) are longer. The BHs - P(Y1Y2Y3) set
has a strong preference for r values ranged from 0.0 A to 0.2 A (Figure 1.2.4)), while the

B(X1X2X3) - P(Y1Y2Y3) set has a wider distribution of r values (Figure 1.2.8 or Figure 1.2.12).
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The normal distances are longer for the contacts in the B(X1X2X3) - P(Y1Y2Y3) set (Figure 1.2.9
or Figure 1.2.13) than for the contacts in the BHs - P(Y1Y2Ys) set (2.20-2.30 A (Figure 1.2.5)). As
in the BHs - P(Y1Y2Y3) set, the longer R (Figure 1.2.9 or Figure 13) in comparison to the dg.p
(Figure 1.2.7 or Figure 1.2.11) indicate a pyramidal geometry around the boron atom.

Comparison of the data of the FLPs set with the other two sets show that FLPs have slight
preference for parallel orientation of the planes (Figure 1.2.18) that differs from both, the
structures in the B(X1X2X3) - P(Y1Y2Y3) set (that have the contacts with ¢ values up to 30°
(Figure 1.2.6)) and the structures in the BHs; - P(Y1Y2Y3) set (that prefers only the lowest ¢
values: 0°-10° (Figure 12)).

It is interesting to note that only in FLPs set there are dg.p values slightly above 2.2 A (Figure
1.2.19). Overall, among all the sets of the structures the FLPs have, in average, the longest B-P
bond.

In comparison to the BHs - P(Y1Y.Y3) set (Figure 1.2.4) and the B(X1X2X3) - P(Y1Y2Y3) set
(Figure 1.2.8), the FLPs set has a wider range of the r values (Figure 1.2.20).

The distribution of the normal distance R (Figure 1.2.1) values of the contacts in the FLPs set is
shown in Figure 1.2.21. The results show that most of the contacts have tendency for two
different regions of the R values. First region is around 2.20 A (2.15-2.20 A), that differs slightly
from the BHs - P(Y1Y2Y3) set (Figure 1.2.5) and differs strongly from the B(X1X2X3) - P(Y1Y2Y3)
set (that has no preference for such low R values, (Figure 1.2.9)). Second region is in the range
of 2.50-2.70 A, that is similar to the preferred R values of the B(X1X2X3) - P(Y1Y2Y3) set (Figure
1.2.9) and different from the BHs; - P(Y1Y.Y3) set (Figure 1.2.5). In the first preferred region of R
values (around 2.20 A) of FLPs set there are a C-bridged type of FLPs structures (one example

of such structure is given in Figure 1.2.22).
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Figure 1.2.22 Crystal structure SEZKAL?°" with C,-bridge as an example of FLP structure with
short (2.17(4) A) normal distance R (Figure 1.2.1). P: orange; B: pink; F: yellow; C: grey; H:
white.

4.2.3. Subchapter conclusion.

Study of the interactions between phosphine and borane based on the analysis of the structures
archived in Cambridge Structural Database (CSD) was performed. Three sets of the structures
were considered: the BHs; - P(Y1Y2Y3) set containing BH3 as borane molecule; the B(X1X2X3) -
P(Y1Y2Y3) set with all other borane molecules, and the frustrated Lewis (phosphine-borane)
pairs set. The obtained data enabled the comparison of the geometrical parameters of the
classical and frustrated Lewis pairs. The results show that presence of aromatic substituents on
boron atom has small influence, while presence of the bridge (an atomic chain between
phosphorus and boron centers) has more significant influence on the geometries of phosphine-

borane interactions in crystals.

The results show that most of the found structures (78.1 %) contain BHz as borane. In the BHs -

P(Y1Y2Y3) set preferred mutual phosphorus — boron distances (dg-p, values) are around 1.9 A,

207 [N° 480] R. Frohlich, S. Grimme, G. Kehra, G. Erker, Chem. Sci. 2013, 4, 2657.
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preferred angles between the planes formed by the atoms directly bound to phosphorus and

boron atoms (¢) are in the range from 0°to 10°.

FLPs structures prefer a bit higher ds.p values (the peak is at 2.05-2.10 A) and among all here
studied sets only FLPs have some structures with dg.p slightly above 2.2 A. FLPs structures
have angle ¢ values in the larger region, up to 60°. It should be noted that majority of the
phosphine-borane FLPs found in the crystal structures from the CSD are “bridged” structures.
The only exceptions in crystal structures are the non-bridged frustrated phosphine-borane

adducts containing other heteroatoms (oxygen, nitrogen, silicon) bound to the phosphorus atom.

It is worth to note that all the considered FLPs, as matter of fact, do not show the “frustration” as
it is defined in the literature.2® Despite the experimental and theoretical finding that “frustration”
in FLP chemistry does not mean the complete suppression of covalent interactions between the
Lewis acid and base centers,?* it could be concluded that the capabilities of the pairs caused by
“frustration” cannot be recognized from the pairs’ crystal structures. Hence, it seems to be more
suitable to term these pairs as Loose Lewis Pairs (LLPs) rather than the Frustrated Lewis Pairs
(FLPs).

208 [N© 342] G. C. Welch, L. Cabrera, P. A. Chase, E. Hollink, J. D. Masuda, P. Wei, D. W. Stephan, Dalton Trans.
2007, 3407.

[N° 343] P. Spies, R. Frohlich, G. Kehr, G. Erker, S. Grimme, Chem. Eur. J. 2008, 14, 333.

[N° 382] D. W. Stephan, G. Erker, Angew. Chem. Int. Ed. 2015, 54, 6400.

209 [N° 481] T. Wiegand, H. Eckert, O. Ekkert, R. Fréhlich, G. Kehr, G. Erker, S. Grimme, J. Am. Chem. Soc. 2012,
134, 4236.

152



Chapter 4

4.2.4. 3aKkrby4ak notnornassba.

Y uumrby npoydaBawa WHTepakumja unamelly dochpuHa n 6GopaHa wmsBpLleHa je aHanusa
CTpyKTypa apxusmpaHmnx y Kembpuukoj 6asm cTpykTypHux nogataka (eHr. Cambridge Structural
Database (CSD)). PasmatpaHe cy Tpu rpyne ctpyktypa: BHs - P(Y1Y2Y3) ceT koju cagpxum BHs
kao monekyn 6opaHa; B(X1X2Xs) - P(Y1Y2Y3) ceT Koju cagpxu cBe octane monekyne 6opaHa, un
ceT gpycTpupaHunx Lewis-oBux (cpoccuH-6opaH) naposa. JobujeHn nogaum omoryhunu cy
ynopefhBake reoMeTpujckux napameTtapa KrnacudHux u dpyctpupaHux Lewis-ux naposa.
Pesyntatv nokasyjy ga npucycTBO apomaTu4HUX CyncTuTyeHata Ha atoMy 6opa uma manu
yTuuaj, 4OK NPUCYCTBO MOCTa (aTtoMcku naHau uamehy gocdopa n 6opa) nma 3HavajaH yTuuaj

Ha reoMeTpujy nHTepakumja doccuH-6opaHa y Kpuctanmma.

Pesyntatu nokasyjy ga BehmHa npoHaheHux ctpyktypa (78,1%) cagpxmn BHs kao monekyn
G6opaHa. Y BHs - P(YiY2Y3) cety npedepeHTHa MehycobHa pacTojatba namehy docdopa un
6opa (ds-r BpeaHoctn) cy oko 1,9 A, a npedepeHTHM yrnosu nsmehy pasHu opMmmpaHnx of

aToMa OUPEKTHO Be3aHMX 3a atome dpocdopa n 6opa (@) cy y oncery og 0° go 10°.

Ctpyktype FLP-a npedepupajy HewTo Behe dgp BpeaHocTu (nuk je Ha 2,05-2,10 A), a mehy
CBMM OBAE OonucaHum ceTtoBuMa camo y FLP ceTy noctoje ctpykType ca dgr Mano Behmm og
2,2 A. Ctpyktype FLP-a nmajy BpegHocTtu yrna ¢ y Behem pacnoHy, go 60°. Tpeba HanomeHyTu
Aa cy BehuHa dochuH-60paH FLP-oBa npoHaheHux y kpuctanHum cTpyktypama y CSD,
.npemowheHe” cTpykType. WM3y3eum y KpucTanHUM CTPyKTypama, Koju cy HenpemowheHu
dpycTpupaHn dochuH-60paHCKM agyKTn, cagpxe xetepoatome (KMCEOHUK, asoT, CUNnUnjym)

Be3aHe 3a aToM docdopa.

BaxHo je HanomeHyTu oa ceu pasmaTtpaHu FLP-u, y cTBapu, He nokasyjy ,dpycTpaumjy” kako je
TO AeduHucaHo y nutepatypu.?’® Ynpkoc pesyntatMma eKcnepuMEHTanHUX U TEeOPUjCKMX
UcTpaxmBaka, KOju ykasyjy Ha To ga ,dppycrtpaumja“ y xemuju FLP He 3HauM notnyHo
HernocTojate KOBAaNeHTHUX MHTepakuuja uaMeRy Lewis-ux KucenumHcko-6asHux LeHTapa,?®
MOXe Ce 3aKibyuMTW Oa Ce KapakTepucTuKe napoBa y3pokoBaHe "dppycTpaumjom” He mory
npenosHaTy U3 KpucTanHux CTpyktypa Tux napoea. Ctora, usrnega fa je norogHuje ga ce osu
naposun Hasueajy ,1abasun“ Lewis-oBn naposu (eHr. Loose Lewis Pairs (LLPs)), a He

~ppycTpmpann“ Lewis-oBu naposu (eHr. Frustrated Lewis Pairs (FLPs)).
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4.2.5. Conclusion du sous-chapitre

Pour étudier les interactions entre la phosphine et le borane sur la base de l'analyze des
structures archivées dans la base de données Cambridge Structural Database (CSD) a été
réalisée. Trois ensembles de structures ont été considérés: l'ensemble BH3-P(Y1Y.Y3)
contenant BHs comme molécule de borane; I'ensemble B(X1X2X3)-P(Y1Y2Y3) avec toutes les
autres molécules de borane et les paires frustrées de Lewis (phosphine-borane). Les données
obtenues ont permis de comparer les parametres géométriques des paires de Lewis classiques
et frustrées. Les résultats montrent que la présence de substituants aromatiques sur I'atome de
bore a peu d'influence, alors que la présence du pont (une chaine atomique entre les centers
de phosphore et de bore) a une influence plus significative sur les géométries des interactions
phosphine-borane dans les cristaux.

Les résultats montrent que la plupart des structures trouvées (78,1%) contiennent du BH3 sous
forme de borane. Dans lI'ensemble BHs-P(Y1Y2Y3), les distances préférées phosphore-bore (ds-p
valeurs) sont d'environ 1,9 A, les angles préférés entre les plans formés par les atomes

directement liés aux atomes de phosphore et de bore (¢) sont compris de 0° a 10°.

Les structures FLP préférent des valeurs dg.p un peu plus élevées (le pic est a 2.05-2.10 A) et
parmi tous les ensembles étudiés ici, seules les FLP ont des structures avec un dg.p [égérement
supérieur a 2,2 A. Les structures FLP ont des valeurs d'angle ¢ dans la plus grande région,
jusqu'a 60°. Il convient de noter que la majorité des FLP phosphine-borane trouvées dans les
structures cristallines de la CSD sont des structures «pontées». Les seules exceptions dans les
structures cristallines sont les adduits phosphine-borane frustrés non pontés contenant d'autres

hétéroatomes (oxygene, azote, silicium) liés a I'atome de phosphore.

Il vaut la peine de noter que tous les FLP considérés, en fait, ne montrent pas la "frustration"
telle gu'elle est définie dans la littérature.?°® Malgré la découverte expérimentale et théorique
que la "frustration" dans la chimie FLP ne signifie pas la suppression complete des interactions
covalentes entre l'acide de Lewis et les centers de base,?®® on pourrait conclure que les
capacités des paires provoquées par la "frustration” ne peuvent pas étre reconnues a partir des
structures cristallines des paires. Par conséquent, il semble plus approprié de qualifier ces

paires comme paires de Lewis laches (LLP) plutdt que de paires de Lewis frustrées (FLPs).
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Cis-migration of Me group within
pentacarbonylmethylmanganese
complex induced by phosphines
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5.1. Introduction.

The first evidence of the pentacarbonylmethylmanganese complex has been given in mid-fifties
(1957) by Coffield et al.?’® The pentacarbonylmethylmanganese complex has been the first
mononuclear complex containing carbonyl ligands ever synthetized. Since that discovery, the
complex has been intensively investigated using various experimental techniques available at
that time.?!! It was found that in reaction with nucleophiles a migration of the methyl group to
adjacent carbonyl ligand is induced and followed by insertion of the nucleophiles into the
complex.?'? Later, the migratory insertion sequence was found to be an important sequence in

organometallic synthesis and catalysis.?®* Therefore, many experimental and theoretical
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researches have been done in order to find its mechanism as well as kinetics of the insertion
step of many nucleophilic ligands.?* The complex has been found to be important in synthesis

as a precursor as well as a catalyst.?®

Nevertheless, little has been published?® on the actual thermochemistry of the insertion-
migration step-wise reaction of the pentacarbonylmethylmanganese complex with Lewis bases.
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Thus, in this study the reactions of the manganese complex with various organo-phosphorous

Lewis bases were investigated experimentally and theoretically.

The migration-insertion reaction sequence into the pentacarbonylmethylmanganese complex
(2.1) induced by a series of organo-phosphorous Lewis bases (Scheme 2.1), has been studied
in the sense of experimental kinetic and thermodynamic ITC and theoretical static DFT-D
studies. The reaction supposedly goes through the cis-migration of the methyl group to carbon-
monoxide ligand and subsequent insertion of the Lewis base into the manganese complex (see
Scheme 2.2). It has been reported that concurrent trans migration of the methyl group is
possible as well as decarbonylation of the resulting product of the migration-insertion step-wise
reaction.?'’ It has been shown that trans migration of methyl group occurs in reaction of 2.1 with
variety of nucleophilic substrates?'® (see Scheme 2.3), while with many other Lewis bases
exclusively the cis-migration takes place.?’® The reaction conditions that allow the trans
migration and/or the decarbonylation are longer reaction time periods (more than three hours)
as well as higher reaction temperatures®® (these side reactions, i.e. trans
migration/decarbonylation, are schematically shown in Scheme 2.3). Importantly, it has been
documented therein that the Lewis bases of interest in this study (2.2a,c) exclusively, whatever
the condition, gave cis-migration product, while 2.2b often gave a mixture of cis/trans products.
Therefore, is seems that the chosen Lewis bases 2.2a,c are rather good candidates for the ITC
research, while 2.2.b might be tricky one (see Scheme 2.1.3)

In order to verify whether the chosen Lewis bases (2.2a-c) are suitable candidates to 2.1, so
that their interaction leads to only one reaction product (preferably the product of the cis-
migration) which would be, therefore, desirable for further ITC investigations, preliminary

reaction tests were done.
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Scheme 2.1 Schematic representation of the investigated reactions within the study of cis-
migration of the methyl group within 2.1 complex induced by organophosphorous Lewis bases
(2.2a-c) and 2D representations of used Lewis bases throughout ITC experiments and static
DFT-D calculations.
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Scheme 2.2 Simplified schematic representation of the mechanism of the investigated reactions
within the study of cis-migration of the methyl group within 2.1 complex induced by organo-
phosphorous Lewis bases (2.2a-c).

5.2. Experimental section.

5.2.1. Generalities.

As mentioned in the introductory chapter, the experiments considered a reaction of the
pentacarbonylmethylmanganese complex (2.1) with various Lewis bases - organophosphorous
compounds (2.2a-c) (see Scheme 2.1). The reaction supposedly involves the cis-migration of
the methyl group to carbon-monoxide ligand and subsequent insertion of the Lewis base into

the manganese complex.
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5.2.2. Techniques.

The investigations within the study of the reaction of the pentacarbonylmethylmanganese
complex (2.1) with various of Lewis bases (2.2a-c) were preformed using ITC measurements
and static DFT-D calculations, while the synthesis and the reaction tests were carried out using

standard Schlenk line experimental technique.

The chemical characterizations were done employing Nuclear Magnetic Resonance (NMR) and

Infrared (IR) spectroscopy.
5.2.3. Materials.

All used compounds were stored and used into a dry and argon filled glove box or under argon.
Chlorobenzene was purchased from Sigma Aldrich and distillated over calcium hydride and
degassed prior to use. The pentacarbonylmethylmanganese complex (2.1) was prepared by
modified literature procedure.??! Decacarbonyl-dimanganese was purchased from Sigma Aldrich
and used as received. Methyl-iodide was purchased from Sigma Aldrich and used as received.
The phosphines (2.2a-b) and the phosphite (2.2c) were purchased from Sigma Aldrich and
used as received after checking their purity by NMR. All used solvents in the synthesis and
reaction tests (CH:Cl,, THF) were purchased from Sigma Aldrich and distillated over an
appropriate drying agent prior to use. Deuterated chloroform was purchased from Sigma Aldrich

and dried through neutral alumina prior to use

5.2.4. Reaction tests.

The reaction tests were carried out using standard Schlenk line experimental technique. Hence
the tests of all the investigated systems (2.1/2.2a-c) were performed in the same manner, only
the general procedure is given.

The tests considered few different experiments:

-Tests in chlorobenzene as the solvent:

The Schlenk tube was charged with 0.08 mmol of 2.1 (16.8 mg) and ca. 0.07-0.075 mmol of
2.2a-c. To the reactants 20 mL of chlorobenzene was added and the mixture was allowed to stir
for 4.5-30 hours at 25-35°C. Then, the solvent and the slight excess of 2.1 was evaporated

under reduced pressure. The residue was washed with pentane (3x5 mL) and dried for several

221 [N° 482] R. D. Closson, J. Kozikowski, T. H. Coffield, J. Org. Chem. 1957, 22, 598.
161



Chapter 5

hours under reduced pressure. The resulting product was checked by NMR (as solution in
deuterated chloroform) and IR (as powder) spectroscopy.

-Tests in deureated chloroform as the solvent:

The Schlenk tube was charged with 0.08 mmol of 2.1 (16.8 mg) and ca. 0.07-0.075 mmol of
2.2a-c. To the reactants 3-5 mL of deuterated chloroform was added and the mixture was
allowed to stir for 4.5h-30 hours at 2-35°C. The reaction mixture was subsequent, without any
further treatment, checked by NMR spectroscopy.

In addition, the same type of the experiments in deuterated chloroform was carried out with

different starting molar ratio of the reactants (2.1:2.2a-c — 2:1 and 1:2).

The relevant NMR and IR spectra are reported either throughout the main text or in

Supplementary Information.
5.2.5. ITC experimental details.

The solutions of the reactants (2.1 and 2.2a-c, see Scheme 5.1) were prepared by dissolving a
mass of substrate in pure, freshly distilled and degassed chlorobenzene. The ITC experiments
were performed using sequential injection at 25°C with a moderate stirring rate (150-200 rpm).
In a typical ITC experiment, the solution of the complex 2.1 was introduced in the ITC sample
cell while the servo-controlled ITC syringe (100 uL) contained the solution of Lewis base (2.2a-
c). The reference (1.0 mL) was entirely filled with pure PhCI. As the experiments considered a
large excess of the complex 2.1, the concentration of its solution in pure PhCIl spanned from
around 20 mmol/L to 100 mmol/L, while the concentration of 2.2a-c solutions were comprised
between 10-20 mmol/L. The content of the syringe was injected into the sample cell through 7-
10 equivalent injections (either 5.03 pL or 6.97 per injection, accordingly to the concentration of
the Lewis base solution) with time delay between two consecutive injections of 2000-3000s,
depending on the nature of the system. For each studied system at least three experiments
under the same condition were done (with an exception in the concentration of the solutions of
2.1, accordingly to the kinetic (in parallel to the thermodynamic) purpose of the performed
experiments). A heat dilution of each investigated Lewis base (2.2a-c) in neat PhCl was
estimated from the blank experiments (basically, the titration of the Lewis base in pure PhCI)
performed under the same condition as the main experiments. Afterwards, the obtained heat of
blank experiments was subtracted from all the corresponding titration curves. Enthalpy of
reaction (AH,) was obtained as a result of the experiment by summing up the heat released

upon first three injections against molar content introduced during those three injections.
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Resulting AH, values represent an average value of three corresponding experiments.
Unfortunately, this methodology of performing ITC experiment does not allow extracting reaction
free energies (AG,) and entropies (AS;), while kinetics parameters of reaction, i.e. the initial
rates and constants of reaction (vint and kint, respectively) as well as partial reaction order with
respect to reactant in excess, might be obtained.

5.2.6. Static DFT-D calculation details.

All computations were performed by the DFT methods using Amsterdam Density Functional
package (ADF2013 version).

Starting geometries of the reactants (2.1 and 2.2a-c, see Scheme 2.1) were taken from the CSD
and optimized as singlet ground states in the chlorobenzene solution phase. Geometries of the
reaction products (2.3a-c) were built up from the previously optimized reactants by changing the
methyl group within the complex 2.1 with particular Lewis base (2.2a-c) and making acetyl
group from the CO ligand in cis position regarding to the position of introduced Lewis base. All
those manipulations were done using the software provided within the ADF package. The
geometries of the reaction products constructed in such way were optimized as singlet ground
states in the chlorobenzene solution phase.

5.2.7. Synthesis.
5.2.7.1. Synthesis of 2.1

Synthesis of the pentacarbonylmethylmanganese complex was done following a modified

literature procedure??? Reaction scheme of the synthesis is depicted in Scheme ES 2.1.

Hg/Na amalgam

Mel
Mn3(CO)4o Na*[Mn(CO)s] ——= MeMn(CO); + Nal
THF THF 2.1]
0°C 0°C
4h 2h

Scheme ES 2.1 Simplified schematic representation of the synthesis of the
pentacarbonylmethylmanganese complex (2.1)

The modified procedure was the following: about 10 mL of liquid mercury (=150 g, =0.67 mol)

was put in a laboratory glass of 100 ml and washed with previously prepared ca. 18% HCI
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solution (3x20 mL), then with distilled water (3x20 mL) and with acetone (3x20 mL). Washed
mercury was transferred into a Schlenk tube and dried under reduced pressure over a night.
Tiny pieces of sodium (2.22g, 0.097mol), washed with pentane (3x10 mL) and dried with a
tissue paper, were carefully introduced into the Schlenk tube contained the mercury. After every
portion, the Schlenk tube was immediately evacuated under reduced pressure. Then, the tube
was allowed to cool down while the amalgam was displaced on the walls. Subsequently, 40 mL
of freshly distilled THF was added. After adding decacarbonyldimanganese (4.00 g, 0.010 mol)
a resulting mixture was allowed to stir for 4 hours at 0°C. Resulting mixture is transferred via
canula into another Schlenk tube that was charged with 2ml of methyl-iodide (4.56 g, 0.032 mol)
and allowed to stir next 2 hours at 0°C. To ensure the reaction completeness, the mixture was
subsequently heated for 10 minutes. Then, the content is reduced to a half by evaporation
under reduced pressure. After adding silica (ca. four spatulas), the evaporation was continued
until dryness. The crude product was purified by chromatography (through silica) with pentane
as an eluent. The solvent was removed under reduced pressure causing a crystallization of the
product. After recrystallization from pentane, 2.1 was dried under reduced pressure for several
hours at -20°C.

Yield: 1.68g (39%).

!H NMR (500 MHz, chloroform-d, &, ppm) -0.11 (s, 3H). *C NMR (126 MHz, chloroform-d, d,
ppm) 251.6, 213.3. IR (solid phase — powder, v, cm™?) 2915, 2109, 1949, 1175.

5.3. Results and discussion.

5.3.1. Reaction tests.

Before performing the ITC experiments all the reaction systems (2.1/2.2a-c, Scheme 2.1) were
investigated by standard Schlenk line technique in order to check whether the chosen reaction
systems are suitable for further ITC investigations. Namely, to check whether as the reaction
product only product of cis-migration-insertion sequence raises up as well as whether the

acquiring of the product is enough swift.

222 [N° 482] R. D. Closson, J. Kozikowski, T. H. Coffield, J. Org. Chem. 1957, 22, 598.
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According to the literature,?®® the system 2.1/2.2b could be problematic, as it frequently gives a
mixture of the cis/trans migration-insertion products. The other two systems 2.1/2.2a and
2.1/2.2c supposedly give only the cis product. If longer reaction time periods are applied, the
product of the decarbonylation could be noticed, as well. Such possible reactions are
schematically displayed in Scheme 2.3

cis/trans isomerization decarbonylation

CcO COMe CcO Me cO
OC. | Me PR, OC.< | PR3 oCc. | _PR; _-co OC. | PR3 OC._ | PR3
Mn —_— Mn + Mn —_—— Mn + n
OC~ | ~co conditions 0c” | SCO MeOC~ | ~co conditons oc” | YCO Me~ | ~CO

CcO CcO CcO CcO

MeMn(CO)s cis trans cis
[2.1]

trans

Scheme 2.3 Schematic representation of the possible side reactions (cis/trans isomerization

and decarbonylation) within the study of cis-migration of the methyl group within 2.1 complex
induced by organo-phosphorous Lewis bases (2.2a-c).

This investigation was based on the carrying out of the reaction of 2.1 with the chosen organo-
phosphorous Lewis bases (2.2a-c) under various experimental conditions, i.e. reaction
temperatures, reaction times and molar ratios between the reactants. After reactions, the
reaction products were isolated and characterized by NMR and IR spectroscopy.

223 [N° 559] C. S. Krainhanzel, P. K. Maples, J. Chem. Soc. 1965, 87, 5267.
[N° 560] R. N. Haszeldine, J. Chem. Soc. (A), 1969, 698.
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Figure 2.1 Superimposed *H NMR spectra of the reaction of 2.1 with 2.2b carried out at various
reaction temperatures (2°C, ambient temperature and 30°C) within various reaction times (10h,
20h and 30h). The spectra are recorded in deuterated chloroform at 400 MHz.

Figure 2.1 displays the *H NMR spectra of the obtained reaction products of the system 2.1/2.2b
by carrying out the reaction at the various reaction temperatures (at room temperature, 30°C
and 2°C, respectively) within 10h, 20h and 30h, respectively. Noticeably, in the cases when the
reaction was carried out at the room temperature or at the higher one within 10h or more, the
reaction product was constituted of the mixture of the cis/trans products as well as of the
products of the decarbonylation. Otherwise, the reaction preformed at 2°C even within 30h gave
almost only the cis reaction product without the product of the decarbonylation process. In all
the cases a certain amount of the starting materials is always noticeable, which means that an
equilibrium takes place (as an addition, see 3!P NMR spectra of the same reactions that are
shown in Figure 2.2). The reaction of 2.1 with 2.2b was carried out with different starting molar
ratios of the reactants, as well. The corresponding NMR spectra are given in Supplementary
Information (see Figures Sl 2.1-7). Nonetheless, the same conclusions could be drawn

(occurrence of the cis/trans products and reaction equilibrium). Altogether, the results of the
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reaction tests of the system 2.1/2.2b suggest the existence of an equilibrium between the
reactants and reaction products as well as the possibility to avoid the cis/trans isomerization and
decarbonylation of the (cis) reaction product by performing the reaction at lower temperature or
within shorter reaction time periods. Therefore, the ITC measurements of the system 2.1/2.2b
should be constrained to relatively short reaction time (at most to one hour) and, in order to

reach the reaction completion, to the presence of one of the reactants in excess.

The results of the reaction tests of the systems 2.1/2.2a and 2.1/2.2c confirmed the results from
the literature. There is no formation of the trans isomer, only cis-migration-insertion product is
noticed, as it can be seen from the *H NMR spectrum of 2.1/2.2a shown in Figure 2.3. The 3P
NMR spectrum of 2.1/2.2a is displayed in Figure 2.4. As the NMR spectra of 2.1/2.2a and
2.1/2.2c are similar, the spectra of the latter one are provided in Supplementary Information
(see Figure Sl 2.8-9). Expectedly, the equilibrium between the reactants and the product is
observed. Due to a higher reaction temperature (up to 35°C) and longer reaction time periods
(especially in the case of 2.1/2.2c) a small amount of the decarbonylated product is noticed.
Regarding to the NMR spectra, the more pronounced equilibrium in 2.1/2.2c. is the only
difference between these two systems (2.1/2.2a and 2.1/2.2c).

Supplementary to the NMR characterization, solid state (powder) IR experiments of all the
systems are done. The IR results are in accordance with the observations (discussed above)
provided by NMR spectroscopy. The IR spectra of all the investigated system are given in
Supplementary Information (see Figures Sl 2.12-15)
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Figure 2.2 Superimposed P NMR spectra of the reaction of 2.1 with 2.2b carried out at various
reaction temperatures (ambient temperature and 30°C) within various reaction times (10h and

20h). The spectra are recorded in deuterated chloroform at 121 MHz.
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Figure 2.3 *H NMR spectra of the reaction of 2.1 with 2.2a carried out in the temperature span
from 25°C to 35°C within 4.5h. The spectrum is recorded in deuterated chloroform at 400 MHz.
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Figure 2.4 3'P NMR spectra of the reaction of 2.1 with 2.2a carried out in the temperature span
from 25°C to 35°C within 4.5h. The spectrum is recorded in deuterated chloroform at 121 MHz.

5.3.2. ITC experiments.
5.3.2.1. Generalities.

The first challenge which has been met in the optimization of ITC experimental conditions was
the reaction rate as well as the temperature at which the reactions should be performed.
Namely, the reaction rate appeared to be quite low in rather standard ITC conditions
(concentration of the sample cell’s solution 1-5 mmol/L; concentration of the syringe’s solution
around 25 times higher). The changing of the order of reactants, i.e. what kind of solution (either
the solution of 2.1 or Lewis base (2.2a-c)) contained the sample cell and the syringe,
respectively, did not give a satisfying heat response (see the examples shown in Figure SI 2.16-
17). The increase of the reaction temperature did not produce enough swift heat release, as
well. As neither the change of order of the reactants nor the change of temperature made these
reaction systems exploitable under ITC investigation, only one possibility was left. Namely, to
increase the rate of an equilibrium reaction and to hurry the reaction to completion, the increase
of the concentration of the sample cell’s solution to a level of an excess regarding the conditions

of the sequential injection mode of ITC experiment, might be helpful. In accordance to that fact
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and to the prominent equilibrium features of the reactions (observed from the performed
independent reaction tests), all ITC investigations within the study of the cis-migration —
insertion reaction sequence were performed with large, but precisely defined, an excess of 2.1
(that was placed in the sample cell). In order to get kinetic characteristics of the particular
reactions, in parallel to thermodynamic ones, the value of a large excess of 2.1 was varied.
Accordingly, it was found that to reach the aim of ITC experiment, in other words, to get
readable and reliable ITC thermograms, the concentration of the 2.1 solution, relative to the

concentration of the 2.2a-c solutions, should be at least three times larger (see Figure Sl 2.19).
5.3.2.2. Thermodynamic study.

According to the employed conditions of the ITC experiments (mainly, the large excess of 2.1 in
sample cell) reaction enthalpies (AH;) only could be obtained. Namely, the reason why the other
thermodynamic parameters (AG,, AS;, ki) could not be obtained lies in the fact that it was not
possible to fit the ITC thermograms (what would result in all the thermodynamic parameters)
with any available ad-hoc logarithm. Thus, as the results of ITC thermodynamic study of the cis-
migration — insertion reaction sequence only raw AH; values are given (Table 2.1). In fact, to
make a difference between the AH, values resulted from a fitting of released and integrated ITC
heat by an appropriate ad-hoc algorithm form these AH, values, it should be more properly to
call these AH, values raw reaction enthalpy values (raw AH;), as they are derived from a “raw”
ITC data, that are, subsequently, manually transformed into AH; (for more details of herein
mentioned transformation, see ITC introductory chapter). As the ITC thermograms of all herein
studied systems (2.1/2.2a-c) are quite similar, only the thermogram of 2.1/2.2a is shown (Figure
2.5) in main text, while the others are given in Supplementary Information (Figure Sl 2.18-19). It
is important to notice that, according to the shape of the ITC thermogram of the system 2.1/2.2b
(Figure Sl 2.18), the possible isomerization of the product 2.3b (Scheme 2.1) is rather unlikely
to happen.

Table 2.1 ITC results obtained as raw values from the sequential addition ITC experiments that
considered an excess of 2.1 interacting with organo-phosphorous Lewis base (2.2a-c).

System raw AH; + error
[kcal/mol]
2.3a -12.4+£0.3
2.3b -10.6 £ 0.2
2.3c -9.1+£0.2
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Figure 2.5. left side — ITC thermogram of the reaction between 2.1 (sample call, c=20.91 mM)
and 2.2a (syringe, c=12.31 mM) in chlorobenzene. The titration was performed at 25°C through
10 sequential additions (of 5.03 yL each). Time between two consecutive injections was 2800 s.
Heat released is expressed in pJ/s versus time in s. right side — ITC integrated heat peaks of the
thermogram shown on the left side. Integrated heats are expressed in pcal versus molar ratio of
the reactants.

Although the obtained ITC results (raw AH,) are similar, ranged from ca. -9 kcal/mol to -12.5
kcal/mol, they are rather consistent. Namely, the relatively small difference (of ca. 3.5 kcal/mol)
between their raw AH, values, might be directly related to their structural characteristics. In
comparison to the others, 2.2c possesses most flexible, but, in the same time, the biggest
substituents (-OPh). It seems that its bulkiness could not be compromised by its flexibility, as
the system 2.1/2.2c showed the lowest raw AH; values (-9.1 kcal/mol). Therefore, by decreasing
the steric cluttering around the phosphorous atom (from 2.2c to 2.2a) the availability of the
phosphorous atom (as most reactive part within the molecule) for reaction with 2.1 increases,

what apparently leads to larger raw AH; values alongside the series (from 2.2c to 2.2a).

A possible interference of chlorobenzene (which could be considered as a weak Lewis base, as
well) on the investigated reaction sequence was not estimated. One more issue that might be
addressed is a capability of chlorobenzene to promote the cis-migration of the methyl group

within 2.1. complex.
5.3.2.3. Kinetic study.

As mentioned in the ITC introductory chapter, one of the prerequisites of the ITC kinetic study is
a gradually changing of concentration in one reactant retaining a concentration of second one
as constant. As well, a heat response of the first or, furthest, the second injection, should be
properly established, in order to avoid the complications related to the accuracy of concentration

of solutions that are present in the calorimeter. Herein the imposed conditions (a large excess of
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2.1) of ITC experiments allowed such kinetic study, as each ITC experiment within each studied
system (2.1/2.2a-c) were carried out with different concentration in 2.1 complex. As the
experiments were performed in the presence of a large excess of 2.1, further manipulations of
the ITC data and the obtaining kinetic parameters were simplified, according to the well-known
fact of kinetics with one reactant in excess. Consequently, only initial rate constants and partial

reaction order with respect to reactant in excess could be derived.

Caused by not well established first two heat peaks in the systems 2.1/2.2a and 2.1/2.2c as well
as by lack of starting materials to redo the ITC experiments, only the data of 2.1/2.2b were

managed.

The results of the kinetic ITC study of the system 2.1/2.2b are summarized in Table 2.2
including the used concentration of each reactant solution. It can be noticed that the
concentration of 2.1 was ca. 3-6 times larger from the concentration of 2.2b, but under the used
ITC experimental conditions that ratio is multiplied representing the molar ration ca. 1:500-1000
in favor to 2.1 (see right side of Figure S| 2.18 or Figure 2.5, as the illustrative example). By
plotting the initial ITC rates of reaction (ITC Rate) of the very first few seconds after the ITC lag
time against time (t) and subsequent linear fitting the data, the value of k could be obtained from
the slope. Similarly, by plotting the logarithmic values of exact concentration of 2.2b in given
time (In(c(2.2b)) against time (t) the value kobs could be obtained. The plots ITC Rate against t
and In(c(2.2b)) against t are displayed in Figure 2.6 and in Figures SI 2.20-21. To gain the
partial reaction order with respect to 2.1, k or ks vValues of at least three independent ITC
experiments should be linearly correlated with logarithmic values of the used concentrations of
2.1 within these ITC experiments (In(co(2.2b)). Thus, Figure 2.7 shows a dependence between k
(and kobs) values and In(co(2.2b)). For more details what k and kons exactly represent as well as
how their values could be obtained see Methodology chapter (page 87).

Table 2.2 Results of the ITC kinetic study obtained from the sequential addition ITC experiments
that considered an excess of 2.1 interacting with organo-phosphorous Lewis base 2.2a.

b Molar ratio order with order with
N° exp 22 [2.1] under ITC k respect to k respect to
mmol/L  mmol/L I obs P
conditions 2.1 2.1
1 16.93 101.43 1:855 3.3*103 + 3*10+4 2.8%10°+ 2*10°©
2 18.61 74.57 1:572 2.5%103 + 2*10+4 0.94 + 0.03 1.9*105+ 2*10°¢ 0.93+0.16
3 17.46 54,57 1:446 1.8*103 + 2*104 1.6*105+ 1*106
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For more details what do k and kos exactly represent as well as how their values could be

obtained see ITC methodology chapter.
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Figure 2.6 left side - Linear fit of the plot of the ITC Rate as a function of time for the reaction of
2.1 (sample call, c=101.43 mM) with 2.2b (syringe, c=16.93 mM) carried out in ITC calorimeter.
ITC Rate is expressed in pM/s and time in s. Obtained k = 3.3*102 + 3*10%, as the result of the
fitting. right side - Linear fit of the plot of logarithm of 2.2b concentration as a function of time for

the same reaction. Obtained Kobs = 2.8*10° + 2*10°° as the result of the fitting.
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Figure 2.7 left side - Linear fit of the plot of logarithm of obtained k values as a function of the
logarithm of 2.1 starting concentrations for the reaction of 2.1 with 2.2b carried out in ITC
calorimeter. Obtained partial reaction order with respect to 2.1 is 0.94 + 0.03, as the result of the
fitting. right side - Linear fit of the plot of logarithm of obtained kons values as a function of the
logarithm of 2.1 starting concentrations for the reaction of 2.1 with 2.2b carried out in ITC
calorimeter. Obtained partial reaction order with respect to 2.1 is 0.93 + 0.16, as the result of the

fitting.
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Based on the obtained k or kos values, that are rather small (ranged from 1.8*107 to 3.3*10°3
and from 1.6*10° to 2.8*10°, respectively), one could conclude that the cis-migration of the
methyl group induced by 2.2b and following insertion of 2.2b into 2.1 is a rather slow process.
The obtained order value of ca. 0.94, as the final result of the kinetic ITC investigation, suggests
partial first reaction order with respect to 2.1. According to the similar structures of the Lewis
base along herein studied series (2.2a-c), it could be concluded that partial first reaction order
with respect to 2.1 takes place in the reaction of 2.1 with the two other Lewis bases (2.2a and
2.2c). Although such result has been already proven by other experimental techniques,??* this
investigation showed again ITC’s powerful abilities in accurate measurement of released heat
and, in turn, in precise determination of initial rates/rate constants of reaction as well as of

partial reaction orders.
5.3.3. Static DFT-D calculations.

All computations within the study of cis-migration of the methyl group (to CO ligand) followed by
insertion of the organo-phosphorous compound (2.2a-c) to the pentacarbonylmethylmanganese
complex (2.1) were performed at ZORA-GGAPBE-D3(BJ)/TZP level of theory in chlorobenzene
solution (COSMO) phase. The geometry optimizations were done for all the reactants (2.1,
2.2a-c) and corresponding products (2.3a-c, Scheme 2.1) and conformed as true minima by
performing calculations of vibrational modes. The resulting optimized geometries of the products
are shown in Figure 2.8 while Cartesian’s coordinates of all the optimized geometries within this
study are given in Supplementary Information (see SI, section A.2.4.). Thermodynamic
parameters (AH;, AG,, AS)), derived as results of the performed static DFT-D calculations, are
reported in Table 2.3.

Table 2.3 Results of static DFT-D calculations. The calculations were performed at ZORA-
GGAPBE-D3-BJ/TZP level of theory in chlorobenzene solution (COSMO) phase.

Hele =S 3 Iz [kczg/H%ol] [kcgg;rrrml] [caI/AKSrrnoI]
2.3a ZORA-GGAPBE-D3(BJ)/TZP - PhCI -31.3 -17.0 -48.1
2.3b ZORA-GGAPBE-D3(BJ)/TZP - PhCI -25.4 -95 -53.5
2.3c ZORA-GGAPBE-D3(BJ)/TZP - PhCI -21.6 -7.9 -46.1

224 [N° 495] R. J. Mawby, F. Basolo, R. G. Pearson, J. Am. Chem. Soc. 1964, 86, 3994.
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[2.3a]
\._ AH,=-31.3 kcal/mol; AG,=-17.0 kcal/mol; AS,=-48.1 cal/molK
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Figure 2.8 Graphic representations of optimized geometries of the investigated systems at
ZORA-GGAPBE-D3-BJ/TZP level of theory in chlorobenzene solution (COSMO) phase. P:
orange; O: red; Mn: violet; C: grey; H: white.

The results of the AH, ranged from ca. -22 kcal/mol to -31 kcal/mol, suggest that strong to very
strong chemical attraction takes place in the chemical transformation of 2.1 with the Lewis
bases 2.2a-c to the corresponding products 2.3a-c. The particular values of the reaction entropy
are rather consistent. Namely, similarly to the results of ITC experiments, the largest AH,
belongs to the system 2.1/2.2a, that possesses the smallest substituents (one phenyl and two
methyl) compared to the other systems (Scheme 2.1). Most probably that fact allows the
phosphorus atom to establish more efficient connection to the manganese as well as more
appropriate interactions between the substituents of the reactants. Regarding the other two
studied Lewis bases (2.2b-c), that possess larger substituents (three -Ph and three -OPh
groups, respectively), it could be concluded that repulsive interactions within the systems
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2.1/2.2b-c are more expressed. In addition, the presence of three electronegative oxygen atoms
directly connected to the phosphorous atom (2.2c) might decrease the availability of the
phosphorous’ free electron pair that would be reflected on the strength of P-Mn bond. The
computed Gibbs free enthalpies (ca. -8 kcal/mol - -17 kcal/mol) confirmed rather spontaneous
process of the studied chemical transformation. The obtained negative values of AS; (ca. -50
cal/Kmol) are in accordance with the fact of the reducing of entropy during the regarded

chemical transformation.

By comparing the AH, values obtained by static DFT-D calculations and ITC measurements, it
could be noticed that the calculations do overestimate the AH, values of all the systems for ca.
2.5 times (see Table 2.4). One of possible reasons for such difference between the
experimental and theoretical AH, values might be poor solvation treatment within the
calculations. Namely, chlorobenzene as a weak nucleophile could, in principle, interact with the
2.1 after the cis-migration step as well as with Lewis bases (2.2a-c) by its aromatic ring, but
rather differently according to the structures of the 2.2a-c. Therefore, an estimation of the
interactions of the reactants (2.1, 2.2a-c) with chlorobenzene is necessary.

Table 2.4 Ratio of AH; values of the systems 2.1/2a-c obtained as the results of static DFT-D

calculations (ZORA-GGAPBE-D3-BJ/TZP (COSMO)) and sequential injection ITC
measurements.

System Static DFT-D AH//ITC raw AH,
2.3a 25
2.3b 2.4
2.3C 2.4

5.4. Chapter conclusion.

The supposed cis-migration of the methyl group within the pentacarbonylmethylmanganese
complex (2.1, Scheme 2.1) induced by various organo-phosphorous Lewis bases (2.2a-c,
Scheme 2.1) and subsequent insertion of the Lewis bases into the complex 2.1 were examined
experimentally (by the reaction tests using standard Schlenk line technique, Nuclear Magnetic
Resonance (NMR) spectroscopy, Infrared (IR) spectroscopy and Isothermal Titration
Calorimetry (ITC)), and theoretically (by static Density Functional Theory (DFT) with Grimme’s

dispersion correction — D3).

The reaction tests were done in order to verify whether the chosen reaction systems are

suitable for the ITC investigations. The tests were carried out in chlorobenzene (with
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subsequent isolation of the products) and deuterated chloroform (without the isolation of the
product) as the solvent in the temperature span 2-35 °C within 4.5-30h. The ITC experiments
considered sequential addition of 2a-c into a large excess (ca. 450-850 times) of 2.1. The static
DFT-D calculations were performed at ZORA-GGAPBE-D3(BJ)/TZP level of theory in
chlorobenzene solution (COSMO) phase. As ITC results partial reaction order with respect to
2.1 and raw AH; values are obtained while the calculations gave the values of all

thermodynamic parameters of the reaction (AH,, AG,, AS)).

The reaction tests suggested that the side reactions (i.e. the isomerization and decarbonylation
of the cis product) could be avoided at lower reaction temperatures within shorter reaction

times.

The ITC thermodynamic results (range of ITC raw AH; -9 — -12.5 kcal/mol) suggested that
reasonably stronger interactions could be established through the examined cis-migration-
insertion reaction sequence. The particular raw AH, values are rather consistent in terms of the
structural differences among the used Lewis bases (2.2a-c), representing the influence of steric
hindrance on achieving of more appropriate interactions. The ITC kinetic results have confirmed
partial first reaction order with respect to the complex 2.1.

Although, the static DFT-D COSMO calculations predicted much larger reaction enthalpies - AH,
values from ca. -22 kcal/mol to -31 kcal/mol, the computed AH, values are mutually in
accordance (regarding their structural and electronic (manly phosphorous’ free electron pair
availability) characteristics) and ca. 2.5 times larger than ITC raw AH; values. Such
overestimation might be the consequence of improper treatment of the solvation through the
computations. Regarding to the computed Gibbs free energies (AG; values from ca. -8 kcal/mol
to -17 kcal/mol), all the examined systems (2.1/2.2a-c) might give the reaction products (2.3a-c)

guite spontaneously.

Outlook. The research should be supplemented with reaction tests carried out in ITC
conditions, i.e. when 2.1 is present in (large) excess. A possible interference of chlorobenzene
on the investigated reaction sequence to be estimated, especially by the calculations. It would
be interesting to address the ability of chlorobenzene to promote the cis-migration of the methyl
group within 2.1. complex itself. An estimation of BSSE as well as a calculation of interaction

energies of all herein studied systems would be appreciable.
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5.5. 3akrby4ak nornassrba.

lMpeTnocTaBrbeHa CiS Murpauvja MeTun rpyne yHyTap KOMMnekca MeTuS-MaHraH-
neHtakapboHuna (2.1, cxema 2.1) y3pokoBaHa pasnnumtum opraHodocgopHum 6asama (2.2a-
c, cxema 2.1) n HakHagHa uHcepumja Lewis-oBnx 6asa y komnnekc 2.1 ucnutaHa je
eKcrnepuMMeHTanHo (peakuuoHUM TecToBMMa NpuMeHOM cTaHgapaHe Schlenk line TexHuke,
HyKreapHOM MarHeTHOM pesoHaHumoHoMm (eHr. NMR) cnektpockonujom, nHdpaupBeHoM (eHr.
IR) cnekTpockonujoMm n n3oTepmanHom TUTpaumoHoMm KanopumeTpujom (eHr. ITC)), n Teopumjcku
(mnomohy ctatnyke Teopuje pyHkUMoHana ryctuHe (eHr. DFT) ca Grimme-oBom KopekuujoM 3a

ancnepsujy - D3).

PeakumoHn TecToBM Cy U3BPLUEHWM Kako OM ce MpoBepwuno Aa nv cy m3abpaHu peakuuoHu
CUCTEMU NOroAaHu 3a ucnutuBawe nomohy ITC-a. TectoBu cy nsseneHn y xnopobeHseHy (y3
HakHagHO M30roBake Npon3Boaa) 1 aeytepucaHom xnopodopmy (6e3 nsonosarwa Nponssoaa)
Kao pacTtBapady y pacrnoHy TemnepaTtype of 2-35 °C y nepuogy oa 4,5-30h. ITC ekcnepnmeHTH
nogpasymeBanu cy NOCTEPEHO AogaBake 2a-C Y Benukn Buwak (oko 450-850 nyta) komnnekca
2.1. Cratnukm DFT-D npopavyHn ypahenHn cy Ha ZORA-GGAPBE-D3(BJ)/TZP Teopujckom
HUBOY y pacTBopy xrnopobeHszeHa (COSMO). Kao ITC peayntatn gobujeHn cy napuujanHun pea
peakunje y ogHocy Ha 2.1 u cupoBe (raw) AH; BpegHOCTM, OOK Cy npopadyHuma gobujeHe

BPEAHOCTM CBUX TEPMOANHAMUYKUX peakumoHnx napameTtapa (AH,, AG:, AS)).

PeakumoHn TecTtoBM ykasyjy Ha TO Aa Ce HexerbeHe peakuuje (Tj. M3omMepusoBake W
AekapboHunoBawe Cis npomssoga) Mory nsbehu npu HKOj peakumoHoj TemnepaTypu n kpahem

Tpajakby peakuuje.

ITC TepmoguHamuykmn pesyntatn (ITC cupose (raw) AH; Bpegoctn y pacnoHy og -9 go -12,5
kcal/mol) ykaszanu cy ga 6u ce pasymHO jade MHTepakuuje Morfie yCnocTaBUTU NOCPenCcTBOM
NUCNUTUBaHE CIiS MUrpauMoHe-UHCEpPLMOHEe peakumoHe cekBeHue. ojegnHadHe cupoBe (raw)
AH; BpeQHOCTN NPUINYHO CY KOH3UCTEHTHE Y Norneay CTPYKTYPHUX pasnuka mefy kopuwheHum
Lewis-oBum Gasama (2.2a-C), WITO ofgpakaBa yTULA] CTEPHUX CMETHU Ha popMMpare javmx
nHTtepakumja. ITC KMHETUYKM pesynTaTu NOTBPAUNU Cy NPBU pen peakuuje y ofHOCYy Ha

komnnekc 2.1.

Nako cy cratmykm DFT-D COSMO npopayyHu npegsugenu mHoro Behe (oko 2,5 nyta)

peakuunoHe eHTannuje - AH, BpegHoctn of oko -22 kcal/mol go -31 kcal/mol, nspavyHarte AH;
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BpeaHocTn MehycobHo cy ycknaheHe (C 063MpoM Ha CTPYKTYpHE W eneKTPOHCKe (yrnaBHOM
AOCTYNHOCT CrnobGoAHOr eneKkTpoHCKOr napa Ha docdopy) KapaKTepUCTUKE WCMUTUMBAHUX
cuctema) u oko 2,5 nyta Behe og ITC cupose (raw) AH; BpegHocTu. TakBa npeuewnBama Mory
OMTKM nocneguvua HenpaBWiHOr TpeTMaHa pacTBapada Yy OKBUMPY TEOPWCKMX MpopavyHa.
WN3pauvyHaTte BpegHocTn Gibbs-oBe cnobogHe eHepruje (AG: BpegHocTu og oko -8 kcal/mol go -
17 kcal/mol), ykasyjy Ha To ga 6u cBu ucnmtmeaHu cuctemm (2.1/2.2a-c) mornu gatn peakumnoHe

npoussoge (2.3a-c) NPUINYHO CMOHTAaHO.

MepcnekTuBa. Victpaxmeare 6 Tpebano gonyHUTN peakumoHnm TectoBumMa nssegeHnm y ITC
ycrnosuMma, Tj. y npucyctBy 2.1 y (Benukom) Buwiky. Tpebano ©m npoueHutn moryhu ytmua;
xnopobeH3eHa Ha WCMMTUBAHY peakuMoHy CMely, HapouuTo npopadvyyHuma. buno 6u
WHTEepPEeCcaHTHO UCINTaTM CNOCOBOHOCT XITOpobeH3eHa Aa camMoCTarHO NPOMOBMLLE CiS MUrpauujy
MeTWn rpyne yHytap komnnekca 2.1. Takohe ©um Guna noxerbHa npoueHa BSSE-a, kao wu

n3payyHaBare eHeprmje nHTepakuuje CBuUx NpoyyaBaHMX cMCTEMa Yy OBOj CTyaAUjW.
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5.6. Conclusion du chapitre

La migration cis supposée du groupe méthyle dans le complexe
pentacarbonylméthylmanganése (2.1, schéma 2.1) induite par diverses bases de Lewis
organophosphorées (2.2a-c, schéma 2.1) et l'insertion ultérieure des bases de Lewis dans le
complexe 2.1 ont été examinées expérimentalement (par des tests de réaction utilisant la
technique de la ligne de Schlenk standard, la spectroscopie par résonance magnétique
nucléaire (RMN), la spectroscopie infrarouge (IR) et la calorimétrie par titrage isotherme (ITC))
et théoriguement (DFT) avec la correction de la dispersion de Grimme — D3.

Les tests de réaction ont été effectués afin de vérifier si les systémes réactionnels choisis sont
appropriés pour les investigations ITC. Les tests ont été effectués dans du chlorobenzéne (avec
isolation subséquente des produits) et du chloroforme deutérié (sans isolement du produit) en
tant que solvant dans l'intervalle de température de 2 a 35 ° C dans un espace de 4,5 a 30
heures. Les expériences ITC ont considéré |'addition séquentielle de 2a-c en large exces
(environ 450-850 fois) de 2.1. Les calculs DFT-D statiques ont été effectués au niveau de
théorie ZORA-GGAPBE-D3 (BJ) / TZP dans la phase solution de chlorobenzéne (COSMO). En
tant que résultats ITC, 'ordre partiel en 2.1 et les valeurs brutes AH, sont obtenus tandis que les
calculs donnent les valeurs de tous les parameétres thermodynamiques de la réaction (AH;, AG;,
AS)).

Les essais de réaction ont suggéré que les réactions secondaires (c'est-a-dire l'isomérisation et
la décarbonylation du produit cis) pourraient étre évitées a des températures de réaction plus

basses dans des temps de réaction plus courts.

Les résultats thermodynamiques de I''TC (fourchette de AH; -9 - -12,5 kcal/mol de I''TC raw)
suggeérent que des interactions raisonnablement plus fortes pourraient étre établies grace a la
séquence de réaction de l'insertion et de la migration cis examinée. Les valeurs brutes de AH,
sont plutét cohérentes en termes de différences structurelles parmi les bases de Lewis utilisées
(2.2a-c), représentant l'influence de I'empéchement stérique sur l'obtention d'interactions plus
appropriées. Les résultats cinétiques de I''TC sont confirmés au premier ordre dans le complexe
2.1.

Bien que, les calculs statiques DFT-D COSMO prédisent des enthalpies de réaction beaucoup

plus grandes - les valeurs de AH, d’environ de -22 kcal/mol a -31 kcal/mol, les valeurs calculées
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de AH; sont mutuellement conformes (en ce qui concerne leurs caractéristiques structurelles et
électroniques (disponibilité des paires d'électeurs libres de phosphore)) et environ 2,5 fois plus
grand que les valeurs AH;, brutes ITC. Une telle surestimation pourrait étre la conséquence d'un
mauvais traitement de la solvatation a travers les calculs. En ce qui concerne les énergies libres
de Gibbs calculées (valeurs de AG; comprises entre environ -8 kcal/mol et -17 kcal/mol), tous
les systémes examinés (2.1/2.2a-c) pourraient donner les produits de réaction (2.3a-c) de

maniere trés spontanée.

Perspective. La recherche devrait étre complétée par des tests de réaction effectués dans des
conditions ITC, c'est-a-dire lorsque 2.1 est présent en excés (important). Une éventuelle
interférence du chlorobenzéne sur la séquence de réaction étudiée doit étre estimée,
notamment par les calculs. Il serait intéressant d'aborder la capacité du chlorobenzéne de
favoriser la migration cis du groupe méthyle au sein de 2.1 complexe lui-méme. Une estimation
de la BSSE ainsi qu'un calcul des énergies d'interaction de tous les systémes étudiés ici

seraient appréciables.
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Amination of Fischer carbenes
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6.1. Introduction.

Fischer type carbenes, discovered by Fischer and Maasbhél in 1964,2% could be expressed by
general structural formula of (CO)sM=C(X)R wherein carbene carbon atom is connected to a
low-valent transition metal from VI-VIII group of PTE. The nature of the metal-carbene bond
could be described as o-donating/mr-back-donating, while nature of binding within M-C-X as
(weak) three-centered four-electron bonding interaction.??® The group X is usually electron
donating group having a stabilizing effect to electron deficient carbene carbon atom while R
group could be either a saturated or unsaturated organic group. To stabilize low valent metal
center many T accepting ligands could be employed. In the typical Fischer carbene complex
these 1 accepting ligands are carbonyls.??” Due to such constitution of the carbene, its general
chemical characteristic could be described as electrophilic, opposite to Schrock type
carbenes??® that are nucleophilic. In particular, within the Fischer carbenes there are few
potential reactive sites.??° It has been found that a reacting mode of the Fischer carbenes could
be an abstraction of methyl group from the methoxy substituent,?*® as well. As a consequence of
possessing such versatile chemical properties, accompanied with adjustable electronic
characteristics of the substituents (X, R) on the carbene carbon atom, Fischer carbenes have
been found as very important precursors in both organic and inorganic synthesis?*! as well as in

the synthesis of biological active substrates.?*
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For the sake of consistency, a detailed referring to all chemical transformations (such as
cycloaddition, metathesis, cross-coupling etc.), wherein the Fischer carbenes are involved, will
be avoided. The focus will be only given to the chosen aminolysis reaction?®® of the Fischer
carbenes, which mechanism?** as well as kinetics?® is well established. From the point of view
of the mechanism, in general, the amination of the Fischer carbenes could be considered similar
to the amination of esters.?® Intriguingly, although it has been done a lot both experimentally
and theoretically regarding the mechanisms of action,?’ structural features and structure-
reactivity relationship®® of Fischer carbenes, little has been published?*® about the actual

thermochemistry of any transformation including Fischer carbenes.
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Thus, within the study of the amination of the Fischer carbenes (3.2a-c, see Scheme 3.1) by
various amines (3.3a-c, see Scheme 3.1) the experimental and theoretical estimations of
thermodynamic parameters of the aminolysis reaction are provided.

The aminolysis reaction?*® of Fischer carbene complexes?* (3.2a-c, Scheme 3.1) induced by
the series of the amines (3.3a-c, Scheme 3.1) was investigated by experimental means (the
reaction tests and ITC measurements) as well as by theoretical means (static DFT-D
calculations). The well established mechanism of the aminolysis reaction,?*? which is, in general,
guite similar to the mechanism of the reaction of carboxylic esters with amines, implies the
nucleophilic attack of the amine to carbene carbon atom, subsequent transfer of proton from the
amine to the methoxy group by an external molecule (for instance amine, solvent or cosolvent)
followed by the departure of the methanol giving the final product of the amination. Supposedly,
the rate of this equilibrium step-wise reaction is determined by the nucleophilicity (or pKa values)

of the amine in question. According to the literature,?*® no side reaction occurs.

Therefore, it seems that, in terms of ITC measurements, the only issue might be the rate of the
amination. Thus, before performing the ITC experiments, reaction tests were carried out to
estimate whether the reaction of interest could be satisfactorily used with the ITC as well as to
confirm that there is no side reaction product.
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Scheme 3.1 Schematic representation of the investigated reactions within the study of
amination of the Fischer carbenes 3.2a-c by amines 3.3a-c.

6.2. Experimental section.

6.2.1. Generalities.

Generally, the experiments within this study considered nucleophilic substitution reaction of the
methoxy group (leaving as methanol) within Fischer’'s carbene complexes (3.2a-c) are induced

by various amines (3.3a-c) (see Scheme 3.1).
6.2.2. Techniques.

The investigations within the study of amination of the Fischer carbenes (3.2a-c) by various
amines (3.3a-c) were performed experimentally (using ITC measurements) and theoretically
(using static DFT-D calculations) while the reaction tests were carried out using standard
Schlenk line experimental technique. Analytical characterizations of the known products were

done employing NMR and IR spectroscopies.
6.2.3. Materials.

All used compounds were stored and used into a dry and argon filled glove box or under argon.
Chlorobenzene was purchased from Sigma Aldrich and distillated over calcium hydride and
degassed prior to use. Fischer's carbene complexes (3.2a-c) were prepared using modified
literature procedure.?** Starting carbonyl complexes (3.1a-c) were purchased from Sigma

Aldrich, stored into a fridge and used as received. Phenyl-lithium (PhLi) and trimethyloxonium
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tetrafluoroborate ((MeO)sBF4) were purchased from Sigma Aldrich, stored into a fridge and used
as received. Amines (3.3a-c) were purchased from Sigma Aldrich and used as received after
checking their purity by NMR. All used solvents in the synthesis and reaction tests (CH2Cl,
Et,O, pentane, hexane) were purchased from Sigma Aldrich and distillated over an appropriate
drying agent prior to use. Deuterated chloroform was purchased from Sigma Aldrich and dried

through neutral alumina prior to use.
6.2.4. Reaction tests.

Due to the aim of the research (estimating thermodynamic and kinetic parameters of the
reaction) and the fact that the studied aminolysis reaction is rather very well-known, the
reactions were only monitored. Namely, all the reaction tests were carried out in CDCl; without
isolating the reaction product while the reaction was monitored by *H NMR spectroscopy. The
tests considered various reaction times (1 hour — 5 days) as well as molar ratios of the reactants

(up to four equivalents in favor of the amine).

As all the reaction tests were carried out in the same manner, only a general procedure is given
herein. Into the solution of the Fischer carbene complex (3.2a; 3.2c) (0.15 mmol) in 1 mL of the
deuterated chloroform solution of the amine (3.3a-c) containing 0.15 mmol of the amine was
added by syringe. The mixture was allowed to stir at ambient temperature. After one hour, a
second equivalent of the amine was added in the same manner. The reaction mixture was
monitored by *H NMR spectra after one hour as well as after two hours of the beginning of the
reaction. Exclusively, the system 3.2a/3.3b was monitored by 'H NMR spectra in presence of

the excess of the amine 3.3b (5 equivalents) after 1 day, 2 days and 5 days of the reaction.
6.2.5. ITC experimental details.

The solutions of the reactants (3.2a-c and 3.3a-c, see Scheme 3.1) were prepared by dissolving
a mass of substrate in pure, freshly distilled and degassed chlorobenzene. The ITC experiments

were performed using sequential injection at 25°C with a moderate stirring rate (150-200 rpm).

The ITC measurements were done in the presence of an excess of the amine. Therefore, the
solution of the amine (3.3a-c) was introduced in the ITC sample cell while the servo-controlled

ITC syringe (100 pL) contained the solution of the Fischer carbene complex (3.2a-c). The
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reference (1.0 mL) was entirely filled with pure PhCI. The concentration of the Fischer carbene
complex (3.2a-c) in pure PhCl was 16-19 mmol/L, while the concentrations of the amine (3.3a-
c) solutions were from around 30 mmol/L to 130 mmol/L. The content of the syringe was
injected into the sample cell through 10 equivalent injections (6.97 pL per injection) while time
delay between two consecutive injections was in the range of 1500-3000s, depending on the

nature of the amine.

For each studied system at least three experiments were done under identical condition, with an
exception in the concentrations of the amine solutions that were varied according to the kinetic
purpose of the performed experiments. A heat dilution of the Fischer carbene complexes in neat
PhCIl was estimated from blank experiments (basically, the titration of the complex in pure PhCI)
performed under the same condition as the main experiments. Afterwards, the obtained heat of
blank experiments was subtracted from all the corresponding titration curves. The enthalpy of
reaction (AH,) of the considering systems 3.2a-c/3.3a-c was obtained by summing up the heat
released upon first three injections against a molar content introduced during those three
injections. Resulting AH, values represent an average value of three corresponding
experiments. As mentioned throughout the manuscript, this methodology of ITC measurements
(presence of one of reactants in excess) and subsequent treatment of the ITC data does not
allow extraction of reaction free energies (AG;) and entropies (AS;), whereas kinetics

parameters of reaction might be obtained.

6.2.6. Static DFT-D calculation details.

All computations were performed by the DFT methods using Amsterdam Density Functional
package (ADF2013 version).

Starting geometries of the reactants (3.2a-c and 3.3a-c, see Scheme 3.1) and the reaction
products (3.4-6a-c, see Scheme 3.1) were taken from the CSD or built up from the similar
structures and optimized as singlet ground states in the chlorobenzene solution (COSMO)
phase. In addition, within the study of the mechanism of the aminolysis reaction, the supposed
reaction intermediates (see Figure 3.11) were built up from the previously optimized geometries
of the reactants and subsequently optimized as singlet ground states in the chlorobenzene
solution (COSMO) phase. All the starting geometries were built using the software provided

within the ADF package.
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6.2.7. Synthesis.
6.2.7.1. Synthesis of the Fischer carbenes 3.2a-c.

Since all the used Fischer carbenes were synthesized in the same way, using modified literature
procedure®® only the general procedure is given. Synthetic scheme is depicted in Scheme ES
3.1.

co c:o © c|:o
coO C_ MesO]'BF 4 oC CcO
-l PhLl @ [Me30]"BF4 M(\ O—Me
oc/ | >co E‘tzo \( ETQO “Et,0 oc” |
co r.t CcoO - LiBF,4 co
30min ’15h Ph
M=Cr, Mo, W

Scheme ES 3.1 Simplified schematic representation of the synthesis of the Fischer carbenes
3.2a-c.

Into the solution of previously dried metal carbonyl complex (M(CO)s, M=Cr, Mo, W) (4.5 mmol)
in 20 mL freshly distilled diethyl-ether, 3 ml of 1.8M solution of phenyl-lithium in diethyl-ether
(0.45g, 5.4 mmol) were slowly added by syringe. After 30 minutes of stirring at ambient
temperature into the dark-colored reaction mixture trimethyloxonium tetrafluoroborate
((MeQO)3BF4) (0.86 g, 4.5 mmol) was added. The resulting mixture was allowed to stir over the
night and the solvent was evaporated under reduced pressure. The crude product was
subsequently chromatographically purified through neutral silica with 300 mL of pentane and
mixture of 250 mL pentane/100 mL of dichloromethane as the eluents. The product was
characterized by 'H and *C NMR spectra as well as IR spectroscopy (related spectra are given
is Supplementary Information, Figures Sl 13-17; 20-22).

Yield: 3.2a = 0.53g (38%); 3.2b = 0.59g (37%); 3.2c = 0.7g (35%).

NMR: 3.2a *H NMR (300 MHz, chloroform-d, &, ppm) 7.48 — 7.34 (m, 3H), 7.34 — 7.20 (m, 2H),
4.70 (s, 3H).*C NMR (126 MHz, chloroform-d, &, ppm) 351.0, 224.1, 216.2, 153.7, 130.4,
128.2, 123.1, 67.2. 3.2b *H NMR (400 MHz, chloroform-d, 8, ppm) 7.61 — 7.51 (m, 2H), 7.50 —
7.38 (m, 3H), 4.87 (s, 3H). 3.2c *H NMR (500 MHz, chloroform-d, 3, ppm) 7.59 — 7.51 (m, 2H),
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7.50 — 7.39 (m, 3H), 4.77 (s, 3H). *C NMR (126 MHz, chloroform-d, 3, ppm) 203.6, 197.3,
155.2, 131.8, 128.1, 126.4, 70.2.

IR (solid phase — powder, v, cm™): 3.2a 2061, 1985, 1959, 1888, 1438, 1428, 1247, 1209, 1140,
1126. 3.2b 2068, 1988, 1962, 1887, 1438, 1428, 1250, 1222, 1141, 1129. 3.2c 2068, 1982,
1956, 1881, 1437, 1426, 1246, 1221, 1139, 1127.

6.3. Results and discussion.

6.3.1. Reaction tests.

Due to the similarities of the series of the investigated Fischer carbene complexes (3.2a-c,
Scheme 3.1) the reactions of chromium complex (3.2a) with all the amines (3.3a-c, Scheme 3.1)
were fully studied, while the tungstene complex (3.2c) was monitored only for its reaction with

the amine 3.3b. The molybdenum complex (3.2b) was only synthetized.

The reaction tests considered various molar ratios of the reactants and reaction time periods. In
the following figures (Figure 3.1-3) the monitored reactions of the systems 3.2a/3.3a-c are

shown.

Noteworthy, all the systems within stoichiometric conditions exist in an equilibrium consisting of
the amination reaction product (3.4a-c, see Scheme 3.1) and the free reactants. Expectedly, if
two equivalents of the amine are used, the equilibrium of the systems 3.2a/3.3a and 3.2a/3.3c is
displaced, in some higher extent, towards the reaction product, while the system 3.2a/3.3b,
even in larger excess of the amine, does not show any reaction product. By comparison of
systems 3.2a/3.3a and 3.2a/3.3c, it seems that the system 3.2a/3.3a is more likely to give the
expected amination reaction product. To estimate the influence of the reaction time for the
system 3.2a/3.3b, reaction tests were carried out in a large excess of amine 3.3b (more than 5
equivalents) within the reaction time of up to 5 days. Related 1H NMR spectra are given in
Supplementary Information (see Figure S| 3.18-19). However, no amination reaction products
are obtained. Thus, it seems that this reaction, carried out at ambient temperature, rather could
not give the expected product. It is worth mentioning, within all the investigated systems there is
no occurrence of any side reaction products. In addition, system 3.2¢/3.3b was probed as well.
However, the same conclusion as for the system 3.2a/3.3b could be drawn — no reaction

product is obtainable within the used conditions.
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Figure 3.1 Superimposed *H NMR spectra of the reaction of 3.2a with 3.3a carried out in various
molar ratios of the reactants (1:1 and 1:2) within various reaction times (1h and 2h). The spectra
are recorded in deuterated chloroform at 300 MHz.
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Figure 3.2 Superimposed *H NMR spectra of the reaction of 3.2a with 3.3b carried out in various

molar ratios of the reactants (1:1 and 1:4) within various reaction times (1h and 2h). The spectra
are recorded in deuterated chloroform at 400 MHz.
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Figure 3.3 Superimposed *H NMR spectra of the reaction of 3.2a with 3.3c carried out in various
molar ratios of the reactants (1:1 and 1:2) within various reaction times (1h and 2h). The spectra
are recorded in deuterated chloroform at 300 MHz.

6.3.2. ITC experiments.
6.3.2.1. Generalities.

Governed by the suggestion of the reaction tests on the investigated systems, ITC
measurements were performed with an excess of amine (3.3a-c) with respect to the Fischer
carbene complex (3.2a-c). In that way, the equilibrium nature of the reaction should be
minimized as well as the issues caused by quite low reaction rate could be overcome. To
ensure proper base line before subsequent injection takes place, relatively long time-delay
(1500s-3000s) between two consecutive injections was employed. To confirm the chosen
condition as optimal, ITC measurements in stoichiometric conditions were done as well. From
the preformed ITC experiments, only the raw AH, values are derived as thermodynamic
parameters of the reaction, while the initial rate constant and the partial reaction order with

respect to the amine in excess are obtained as kinetic parameters of the reaction.
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6.3.2.2. Thermodynamic study.

Although the studied reaction was clean in terms of the expected reaction products, its
equilibrium nature was the major issue for ITC measurements. Considering the mechanism of
the reaction, the only way to overcome the issue and obtain a satisfactory fast heat response
was employing an excess of the amine accompanied with relatively long time-delay between
consecutive injections. Consequently, only raw AH; values are obtained. For illustration
purpose, in Figure Sl 3.1 the ITC thermogram of the reaction of 3.2a with 3.3a in stoichiometric
condition is given. It can be noticed that the rate of the amination (nucleophilic substitution
reaction) is too low that does not allow extracting thermodynamic parameters of the reaction.
The ITC results (raw AH; values) of herein studied systems (3.2a-c/3.3a-c, see Scheme 3.1) are
summarized in Table 3.1. Noticeably, in all the systems when the amine is 3.3b, no enthalpy
values are obtained. It suggests that, even though the ITC experiments performed in large
excess of 3.3b, the energetic barrier of the transition/intermediary state in the course of the
reaction could not be overcame (see ITC thermogram depicted in Figure 3.5 that show mainly
just heat of dilution of the amine). To confirm that assumption, static DFT-D calculations were
employed (see detailed explanation in the following chapter that deals with the theoretical
calculations). Considering the obtained AH; values (that are in range from around -15 kcal/mol
to -20 kcal/mol) in general, it could be concluded that the amination of the Fischer carbenes is
energetically quite favorable. Comparison of the raw AH; values of the reaction of the amine
3.3a with the series of the Fischer carbenes 3.2a-c (ranged around 16 kcal/mol) one could
conclude that metal atom has no large influence on the enthalpy of the reaction. Regarding the
raw AH; values of the reaction of the amine 3.3c with the same carbenes (ranged around 18
kcal/mol to 20.5 kcal/mol) the influence of the metal is more pronounced but not consistent with
their size (as intermediary large metal — molybdenum has the raw AH; value — 18 kcal/mol).
However, comparing the obtained trends, it seems that the molybdenum carbene complex
exhibits lowest enthalpy values, while tungstene one tends to highest AH;, values. The examples
of the ITC thermograms of the investigated systems are shown in Figure 3.4-6, while, due to
their similarities, the ITC thermograms of other systems are given in Supplementary Information
(see Figure SI 3.2-5).
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Table 3.1 ITC results obtained from the sequential addition ITC experiments that considered an
excess of the amine 3.3a-c interacting with the Fischer carbene complex 3.2a-c.

raw AH, =
System error
[kcal/mol]
3.2a/3.3a -15.5+0.5
3.2a/3.3b /
3.2a/3.3c -19.1+0.6
3.2b/3.3a -15.3+0.6
3.2b/3.3b /
3.2b/3.3¢c -18.1+0.5
3.2¢/3.3a -16.3+0.3
3.2¢/3.3b /
3.2¢/3.3c -20.5+0.8
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Figure 3.4. left side — ITC thermogram of the reaction between 3.3a (sample call, c=94.48 mM)
and 3.2a (syringe, c=16.27 mM) in chlorobenzene. The titration was performed at 25°C through
10 sequential additions (of 6.97 uL each). Time between two consecutive injections was 1000 s.
Heat released is expressed in pJ/s versus time in s. right side — ITC integrated heat peaks of the
thermogram shown on the left side. Integrated heats are expressed in pcal versus molar ratio of

the reactants.
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Figure 3.5. left side — ITC thermogram of the reaction between 3.3b (sample call, c=570.92 mM)
and 3.2c (syringe, c=16.04 mM) in chlorobenzene. The titration was performed at 25°C through
10 sequential additions (of 6.97 uL each). Time between two consecutive injections was 3000 s.
Heat released is expressed in pJ/s versus time in s. right side — ITC integrated heat peaks of the
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thermogram shown on the left side. Integrated heats are expressed in pcal versus molar ratio of
the reactants.
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Figure 3.6. left side — ITC thermogram of the reaction between 3.3c (sample call, c=109.12 mM)
and 3.2c (syringe, ¢c=15.73 mM) in chlorobenzene. The titration was performed at 25°C through
10 sequential additions (of 6.97 yL each). Time between two consecutive injections was 2000 s.
Heat released is expressed in pJ/s versus time in s. right side — ITC integrated heat peaks of the
thermogram shown on the left side. Integrated heats are expressed in pcal versus molar ratio of
the reactants.

6.3.2.3. Kinetic study.

The employed ITC conditions (the excess of the amine) allowed determining the reaction kinetic
parameters (the initial rate constant and the partial reaction order with respect to amine), as
well. As mentioned in the introductory chapter, to obtain reliable kinetic parameters, the first or
eventually the second titration within ITC measurement must be proper. Due to that fact, only
exploitable thermograms within this study were those of the following systems: 3.2a-c/3.3a and
3.2¢/3.3c. Expectedly, as it was the case within the thermodynamic analyzes, the systems that
included the amine 3.3b could neither be analyzed in sense of the kinetics. The results of the
kinetic analysis are reported in Table 3.2 while the corresponding plots are displayed in Figures
3.7-8 as well as in Figure Sl 3. 6-11.

The obtained initial rate constant (k) values of the systems 3.2a-c/3.3a (spanned from 6.6*10*
to 6.8*107?) suggest on moderately swift transformation within the amination reaction process. It
seems that the transformation is roughly ten times slower with the tungstene carbene complex
(3.2c) than with the other ones. The transformation of system 3.2¢/3.3c is approximately ten
times faster than the transformation of the system 3.2¢/3.3a. This observation might be caused
by the difference of the pKa values of the used amines (pKa(3.3a) = 9.34; pKa(3.3c) = 11).
Considering the obtained partial orders in the amine, that are within the error bar, valued around

2, it could be concluded partial second reaction order with respect to amine, which is in perfect
198



Chapter 6

accordance with the literature.?*® Therefore, once again, the established method of estimating

kinetic parameters of reaction is found to be satisfactorily accurate.

Table 3.2 Results of the ITC kinetic study obtained from the sequential addition ITC experiments
that considered an excess of 4.4b interacting with the palladacycle 4.3a.

[Fischer [amine] Molar ratio order with order with
System  carbene] under ITC k respect to Kobs respect to
mmol/L . ; i
mmol/L conditions amine amine
16.27 94.48 1:833 4.5*102 £+ 3*10°3 2.7*104 £ 2*10°
16.21 28.23 1:250 4.1*10° £ 2*10* 3.6*10°5 £ 2*106
3.2a/3.3a 35.23 93.46 1:381 4.5*102 £ 2103 213+0.24 1.9*104 + 1*10° 1.58+0.22
35.49 93.46 1:378 6.8*102 £+ 3*103 2.8*104 + 1*10°
17.02 50.67 1:427 1.5*102 + 1*103 1.2*104 + 9*10¢
17.24 29.16 1:243 3.8*103 + 3*10+ 3.2*10°5 £ 2*10°
3.2b/3.3a 1503 64.02 1:509 194102+ 2¢10% 21804 figay guygs 224%012
18.42 105.82 1:824 7.7%102 + 3*10°3 6.1*104 £ 3*10°
16.09 95.32 1:850 7.8*107% £ 8*104 7.0%105+ 7*10©
3.2¢/3.3a 16.09 47.59 1:424 2.9%103 + 3*10+ 2.02+£0.42 2.6*105+ 3*10°¢ 2.02+£0.42
16.09 28.79 1:257 6.6*104 £ 7*10° 5.9*106 + 6*107
15.84 134.59 1:1219 7.0102 + 2*103 6.4*104 + 2*10°
3.2¢/3.3¢ 15.73 109.12 1:995 6.2*102 £ 2*103 1.72+0.31 5.7*104 + 2*10° 1.70 £ 0.32
15.62 60.78 1:558 1.9*102 + 2*103 1.8*104 + 1*10°
% 0.20 H g 5.0872 .
g ors ] . % 5.0870 -
E 5.0868 - .
t [s] t[s]

Figure 3.7 left side - Linear fit of the plot of the ITC Rate as a function of time for the reaction of
3.3a (sample call, c=94.48 mM) with 3.2a (syringe, c=16.27 mM) carried out in ITC calorimeter.
ITC Rate is expressed in puM/s and time in s. Obtained k = 4.5*102 + 3*103, as the result of the
fitting. right side - Linear fit of the plot of logarithm of 3.2a concentration as a function of time for
the same reaction. Obtained kops = -2.7*10* + 2*10°5, as the result of the fitting.

246 [N° 599] H. Werner, E. O. Fischer, B. Heckl, C. G. Kreiter, J. Orgonomet. Chem. 1971, 28, 367.

[N° 603] D. M. Andrada, M. E. Zoloff Michoff, R. H. de Rossi, A. M. Granados, Phys. Chem. Chem. Phys. 2010, 12,
6616.

[N° 574] B. Heckl, H. Werner, E. O. Fischer, Angew. Chem. Int. Ed. 1968, 7, 817.

[N° 604] C. F. Bernasconi, S. Bhattacharya, Organometallics 2003, 22, 1310.

[N° 605] C. F. Bernasconi, C. Whitesell, R. A. Johnson, Tetrahedron 2000, 56, 4917.
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Figure 3.8 left side - Linear fit of the plot of logarithm of obtained k values as a function of the
logarithm of 3.3a starting concentrations for the reaction of 3.2a with 3.3a carried out in ITC
calorimeter. Obtained partial reaction order with respect to 3.3a — 2.13 + 0.24, as the result of
the fitting. right side - Linear fit of the plot of logarithm of obtained kops Values as a function of the
logarithm of 3.3a starting concentrations for the reaction of 3.2a with 3.3a carried out in ITC
calorimeter. Obtained partial reaction order with respect to 3.3a — 1.58 + 0.22, as the result of
the fitting.

6.3.3. Static DFT-D calculations.

The theoretical investigations of the amination of the Fischer carbenes were done on the series
of the Fischer carbenes (3.2a-c, see Scheme 3.1) and various amines (3.3a-c, see Scheme
3.1). All the computations were performed at ZORA-GGAPBE-D3(BJ)/TZP level of theory in
chlorobenzene solution (COSMO) phase. The geometry optimizations were done on both
reactants (3.2a-c and 3.3a-c) and corresponding products (3.4-6.a-c, see Scheme 3.1) and
confirmed as true minima by performing calculations of vibrational modes. In addition, the
calculation of the intermediary states within the course of the aminolysis reaction on the
systems 3.2a-c/3.3b were performed (at the same level of theory). The derived thermodynamic
parameters (AH,, AG, AS)) of the aminolysis reaction are shown in Table 3.3. The
corresponding optimized structure geometries are displayed in Figure 3.9 while the Cartesian
coordinates of all related optimized geometries are given in Supplementary Information (see Sl,
section A.3.5.).
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Table 3.3 Results of static DFT-D calculations. The calculations were performed at ZORA-
GGAPBE-D3-BJ/TZP level of theory in chlorobenzene solution (COSMO) phase.

AH AG AS

SHEE BV O s Tl Tealimall fealiral
3.4.a ZORA-GGAPBE-D3(BJ)/TZP - PhCI -16.2 -16.8 2.0
3.4.b ZORA-GGAPBE-D3(BJ)/TZP - PhCI -6.7 -7.0 1.1
3.4.c ZORA-GGAPBE-D3(BJ)/TZP - PhCI -19.8 -19.7 -0.3
3.5.a ZORA-GGAPBE-D3(BJ)/TZP - PhCI -17.0 -15.5 -4.8
3.5.b ZORA-GGAPBE-D3(BJ)/TZP - PhCI -6.1 -4.4 -5.8
3.5.c ZORA-GGAPBE-D3(BJ)/TZP - PhCI -20.6 -18.6 -6.7
3.6.a ZORA-GGAPBE-D3(BJ)/TZP - PhCI -16.1 -16.6 1.6
3.6.b ZORA-GGAPBE-D3(BJ)/TZP - PhCI -5.5 -5.7 0.9
3.6.c ZORA-GGAPBE-D3(BJ)/TZP - PhCI -20.1 -20.1 -0.2

Noticeably, all the calculated reaction enthalpies (AH;,) are negative (ranged from -5.5 kcal/mol
to -20.5 kcal/mol) meaning that all herein investigated aminolysis reactions might be
energetically favorable in comparison to the reverse reaction. Regarding calculated Gibbs free
energies of reaction (AG; values ranged ca. 4 kcal/mol - 20 kcal/mol) it could be concluded that
all considered transformations are spontaneous in chlorobenzene solution. By comparison
within the related systems (i.e. the systems 3.2a-c/3.3a, 3.2a-c/3.3b and 3.2a-c/3.3c) quite
similar reaction enthalpies are noticeable. As opposed to the obtained ITC trends (AH; values of
the 3.2b/3.3a,c3.2a-c/3.3 are lowest among all related systems), predicted theoretical AH;
values suggest highest exothermicity in case of the Fischer carbene 3.2b. Interestingly, the
systems, for which experimental ITC values were not obtained (i.e. system that include the
amine 3.3b), theoretically have lowest reaction enthalpies (in range 5.5-6.7 kcal/mol) as well
Gibbs free energies (in range 4.4-7.0 kcal/mol) with decreasing values from chromium (3.2a) to
tungstene (3.2c) carbene complex. Worthy to note that, although the ITC experimental values
(raw ITC AH,) suggested different trends from the calculated ones, it could be concluded that
the experimental (see Table 3.1) and calculated (see Table 3.3) reaction enthalpy values are in

very good accordance.
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Figure 3.9 Graphic representations of optimized geometries of the investigated systems at
ZORA-GGAPBE-D3-BJ/TZP level of theory in chlorobenzene solution (COSMO) phase. N:
bluish; O: red; Cr: violet; Mo: greenish; W: blue; C: grey; H: white.

In order to explain experimental observations related to the systems 3.2a-c/3.3b (no
experimental values were obtained), a round of calculations was performed on the supposed
intermediary states appearing within the course of the amination process. The calculation
included the systems 3.2a/3.3a-c as well as the systems 3.2b-c/3.3b. The resulted values of the
thermodynamic parameters (AH and AG) of the intermediary states relative to the reactants are
shown graphically in Figure 3.10 and Figure Sl 3.12, while the graphic representations of the
considered intermediary states are depicted in Figure 3.11. The results clearly show the
differences between used amines. Namely, the nucleophilic attack of the amines 3.3a and 3.3c
(establishing intermediary state T1) is energetically negligible (AH values are 0.2 kcal/mol and -
1.5 kcal/mol, respectively) while the attack of the amine 3.3b is energetically quite unfavorable
(AH values are 9.4 kcal/mol). The calculated Gibbs free energy values of the first step

(intermediary state T1) of all the studied cases suggest the thermodynamically unfavorable

202



Chapter 6

process. However, the calculated AH and AG values (roughly higher than -10 kcal/mol) of the
second step show that the proton transfer and potential departure of methanol from the complex
(intermediary state T2 (products)) are thermodynamically favorable. Again, the exception is the
system involving the amine 3.3b that shows positive AG value (2.5 kcal/mol). The same
conclusion can be drawn for the systems 3.2b-c/3.3b, as it can be seen in the Figure Sl 3.12.
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Figure 3.10 Graphic representation of the AH and AG values (given as energy expressed in
kcal/mol) for particular states (given through reaction coordinate, see also Figure 3.11) within
the course of the amination process of the Fischer carbene complex 3.2a induced by various
amines 3.3a-c. The calculations were performed at ZORA-GGAPBE-D3-BJ/TZP level of theory
in chlorobenzene solution (COSMO) phase at 298.15K.
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Figure 3.11 Schematic representation of the considered particular states within the theoretical
study of the course of amination process of the Fischer carbenes 3.2a-c induced by various
amines 3.3a-c (see also Figure 3.10).

These two facts related to the system 3.2a-c/3.3b, i.e. relatively high energy barrier of the first

reaction step (herein T1) accompanied with an unfavorable second step (herein T2 (products))
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can rationally explain lack of possibility of obtaining experimental thermodynamic reaction
parameters (by ITC measurements). In addition, the results of the first step of the systems
3.2a/3.3a (AH = 0.2 kcal/mol) and 3.2a/3.3c (AH = -1.5 kcal/mol) might explain, in general, the
difference in the reaction rate (obtained by kinetic analysis of the ITC results) of the amines 3.3a
and 3.3c with the herein investigated Fischer carbenes (see subchapter ITC experiments —
kinetic study).

6.4. Chapter conclusion.

The amination of the Fischer carbenes 3.2a-c (Scheme 3.1) induced by the series of
amine 3.3a-c (Scheme 3.1) was investigated experimentally using the reaction tests and
Isothermal Titration Calorimetry (ITC) as well as theoretically employing static Density

Functional Theory with Grimme’s dispersion correction (DFT-D3) calculations.

The reaction tests, carried out in deuterated chloroform within various molar ratios of the
reactants and reaction times without the isolation of the reaction products, confirmed the
equilibrium nature of the amination process and no existence of side reaction products. They
suggested that a large excess of one of the reactants should be employed in ITC

measurements in order to overcome the existing equilibrium.

The ITC measurements, performed in large excess of the amine, allowed estimation of
the reaction enthalpies as well as the initial rate constants and the partial reaction order with
respect to used amine. The thermodynamic parameters of the reaction (AH;, AG,, AS,) as well
as the thermodynamic parameters (AH, AG) of the particular intermediary states (see Figure
3.11) on the course of the amination process are obtained as results of the performed

calculations.

The thermodynamic ITC results (AH; values larger than -15 kcal/mol, Table 3.1)
suggested on energetically favorable transformations within the amination process in the
systems 3.2a-c/3.3a and 3.2a-c/3.3b, while the systems 3.2a-c/3.3b were found to be non-
exploitable even in tremendously large excess of the amine 3.3b. In addition, regarding the
results, clear dependence of the type of metal atom on the reaction enthalpy could not be
drawn. The Kinetic ITC results rather confirmed partial second reaction order with respect to the

amine as well as a moderate swift of the transformations in the early stages of the reaction.
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The calculated reaction enthalpies (ranged from around -5.5 kcal/mol up to -20
kcal/mol), similarly to the experimental ones, show that in all the investigated systems the
overall energetics might be favorable, while the calculated Gibbs free energies (ranged from
around -4.5 kcal/mol up to -20 kcal/mol) suggested on spontaneous process within all the
systems. Although the calculations predicted different influence of the type of metal atom on the
reaction enthalpies than the ITC experiments did, within the error bar the experimental and the
theoretical reaction enthalpy values are rather in excellent accordance. In addition, the
calculation revealed that the amination of the herein investigated Fischer carbenes by
phenylamine (3.3b) is not thermodynamically possible at 25°C, as both the enthalpy and the
Gibbs free energy of the first reaction step (nucleophilic attack of the amine) are largely positive
(AH value larger than 2.5 kcal/mol; AG value larger than 20 kcal/mol) as well as the Gibbs free
energy of the second step (transfer of proton and potential leaving of methanol) (AG valued

around 8 kcal/mol).
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6.5. 3akrby4ak nornassrba.

AHMUMHOBake Fischer-oBux kapbeHa 3.2a-c (cxema 3.1) y3pokoBaHa cepujoM amumHa 3.3a-C
(cxema 3.1) ucnuTMBaHa je eKCnepuMeHTanHoO - Kopuwhernem peakuuMoHUX TecToBa WU
n3otepmanHe TutpauuoHe kanopumetpuje (ITC), n Teopujckm - kopuwhewem npopadyHa
3aCHOBaHVX Ha Teopujn pyHKUMOHana ryctmHe ca Grimme-OBOM KOpeKuujom 3a Aucrnepaujy
(enr. DFT-D3).

PeakunoHn TecToBW, U3BEeAEHW Yy OeyTepucaHOM XNopodopMmy Mpu pasfiMiuTuM MOJSTapHUM
OfHOCMMa peakTaHaTa U peakunoHuM BpemMeHuma, 6e3 nsonoBawa peakumoHUX NMPOu3BOAa,
NOTBPAUNM Cy PaBHOTEXHY MpPMpPoOAy npoueca aMuHOBawa W HEMOCTojake CrnopegHux
peakuMoHUX npounssofa. PesyntaTn peakuMoHUX TeCTOBa ykasanu cy Ha To ga ou tpebano y
ITC meperwrma aa ce KOPUCTU BENWKM BULLAK jeQHOr 04 peakTaHaTa Kako Ou ce npeBasuwina

noctojeha paBHOTEXA.

ITC meperwa u3BegeHa Yy BENMKOM BULWIKY amMuHa omoryhmna cy npoueHy peakuMoHUX
€eHTanmnuja, Kao 1 MHULUMjanHMx KOHCTaHTKM Op3nHa 1 NapumjanHor pega peakumje y ogHocy Ha
kopuwheHn amuH. Kao pesyntar TeopujckMx npopavyHa OoOujeHn cy TepMOOUHaAMUYKK
peakunoHn napametpn (AH;, AG;, AS;), kao u TepmoauHamumyknm napameTpu (AH, AG)

nojeanHavyHuX nHTepmeamjepa (Buam cnuky 3.11) y Toky npoueca ammHoOBaka.

TepmoguHamunykm ITC pesyntatu (AH, BpegHoctn Behe og -15 kcal/mol, Tabena 3.1) ykasanu
CYy Ha eHepreTCcK/ NOBOSbHE NMPOMEHEe YHyTap npoueca aMmvHoBawa y cuctemmma 3.2a-c/3.3a u
3.2a-c/3.3c, gok cy cuctemu 3.2a-c/3.3b okapakTepucaHu Kao HeynoTpebrbMBM Yak U y3
Kopuwhere n3y3eTHO Benukor Buwika amuHa 3.3b. Ha ocHoBy [o6ujeHux pesynTaTta, Huje 6uno
mMoryhe wun3BecTM jacHe 3akibyydke O yTuuajy Tuna meTana Ha peakuumoHy entnanuvjy. ITC
KMHETUYKM pe3ynTaTu Cy NOTBPAMNM OPYrv pen peakuuje y OAHOCY Ha aMuHe, Kao U yMepeHo

Op3e xemujcke NpoMeHe y paHuM (hpasama peakuuje.

M3pauyHaTe peakumoHe eHTannuje (y pacnoHy og oko -5,5 kcal/mol go -20 kcal/mol), cnmyHo
eKcnepMMeHTanHuM BpeaHOCTUMa, ykasyjy Ha To Aa Yy CBUM UCMUTUBAHUM CUCTEMMMA YKyMnHa
eHepreTuka npoueca TpaHcdopmaumje Mmoxe Gutn nNoBosrbHa, AOK cy m3padyHate Gibbs-oBe
cnobogHe eHepruje (y pacnoHy og oko -4,5 kcal/mol go -20 kcal/mol) ykasane Ha cnoHTaHe
peakuMoHe npouece y CBUM cucteMmma. Mako cy npopayyHu npeaBuaenn pasnuvyunt yTuuaj

TnNa aToma MeTana Ha peakuuoHe eHTannuje y nopehewy ca ITC ekcrnepumeHTUMa, MOXe ce
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3aK/bY4UTU da Cy, Yy OKBUPY EKCMNepUMEHTasnHe rpeLuke, eKCnepuMeHTanHe Wu Teopujcke
BPEAHOCTM peakUMOHUX eHTannuja y OANWYHOj carnacHoctu. [lopen Tora, pesyntatu
npopadyHa Cy nokasanu ga amuvHoBawe ucnutuBaHux Fischer-oBux kapbeHa deHunammHom
(3.3b) Huje TepmoguHamuykm moryhe Ha 25 °C, jep u eHtannuja n Gibbs-oBa cnobogHa
eHeprvja NpBOr peakunoHOr Kopaka (HykneounHn Hanaa aMmmHa) umajy no3vTtMBHE BPeLHOCTU
(AH BpeaHocT Beha og 2,5 kcal/mol, AG BpegHocT Beha og 20 kcal/mol), kao n Gibbs-oBa
cnobogHa eHepruja gpyror Kopaka Koju ykrbydyje npeHoC NpoToHa U MOTEHUMjanHo oTnyLlTamwe

meTaHona (AG BpeaHocT oko 8 kcal/mol).
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6.6. Conclusion du chapitre

L'amination des Fischer carbénes 3.2c (Schéma 3.1) induite par la série d'amine 3.3a-c
(Schéma 3.1) a été étudiée expérimentalement utilisant les tests de réaction et la Calorimétrie
par Titration Isotherme (ITC) et théoriguement par la Théorie Fonctionnelle de Densité Statique

avec les calculs de correction de la dispersion de Grimme (DFT-D3).

Les essais de réaction, effectués dans du chloroforme deutéré dans différents rapports molaires
des réactifs et les temps de réaction sans isolement des produits de réaction, ont confirmé la
nature d'équilibre du procédé d'amination et I'absence de produits de réaction secondaire. lls
ont suggéré qu'un grand excés de I'un des réactifs devrait étre utilisé dans les mesures de I'I'TC

afin de surmonter I'équilibre existant.

Les mesures d'ITC, réalisées dans un large excés d'amine, ont permis d'estimer les enthalpies
de réaction ainsi que les constantes de vitesse initiales et I'ordre partiel dans I'aminé utilisée.
Les parameétres thermodynamiques de la réaction (AH;, AG,, AS,) ainsi que les parametres
thermodynamiques (AH, AG) des états intermédiaires particuliers (voir Figure 3.11) sur le

déroulement du processus d'amination sont obtenus comme résultats des calculs effectués.

Les résultats de I''TC thermodynamique (valeurs de AH; supérieures a -15 kcal / mol, tableau
3.1) suggerent des transformations favorables a I'énergie dans le processus d'amination dans
les systemes 3.2a-c/3.3a et 3.2a-c¢/3.3c, tandis que les systémes 3.2a-c/3.3b ont été trouvés
non exploitables méme dans un excés extrémement important de I'amine 3.3b. De plus, en ce
gui concerne les résultats, une dépendance claire du type d'atome de métal sur I'enthalpie de
réaction n'a pas pu étre établie. Les résultats de I''TC cinétique ont plutét confirmé le second
ordre partiel dans l'amine ainsi qu'un mouvement modéré des transformations dans les

premiers stades de la réaction.

Les enthalpies de réaction calculées (allant d'environ 5,5 kcal/mol jusqu'a 20 kcal/mol), de
méme que les entonnages expérimentaux, indiquent que dans tous les systemes étudiés,
I'énergie globale peut étre favorable, tandis que les énergies libres de Gibbs calculées (entre
4,5 kcal / mol et 20 kcal / mol) suggérent un processus spontané dans tous les systemes. Bien
gue les calculs prédisaient une influence différente du type d'atome de métal sur les enthalpies
de réaction que les expériences ITC, dans la barre d'erreur, les valeurs d'enthalpie de réaction

expérimentale et théorique sont plutét en accord excellent. De plus, le calcul a révélé que
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amination des carbénes Fischer étudiés ici par le phénylamine (3.3b) n'‘est pas
thermodynamiquement possible a 25°C, car I'énergie libre de I'enthalpie et de la premiéere étape
de réaction (attaque nucléophile de I'amine) largement positive (valeur AH supérieure a 2,5
kcal/mol, valeur AG supérieure a 20 kcal/mol) ainsi que I'énergie libre de la seconde étape de
Gibbs (transfert du proton et départ potentiel du méthanol) (AG évalué a environ 8 kcal/mol).

209



210



Chapter 7

Insertion of alkynes into palladacycles
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7.1. Introduction.

First metallacycles were synthetized in 1965 by Cope and Siekman?*’ by activating aromatic C-
H bond, through so-called cyclo-metalation reaction. Consequently, metallacycles contain a
direct metal-carbon bond, wherein the carbon atom is part of one of metal ligands. As the
activation of C-H bond is one of the most important subjects within organometallic chemistry,
resulting metallacycles found to be of great importance in many domains: from synthesis?* and
catalysis?*® to medicine?° and materials.?®* Among transition metals, palladium has been one of
most used metal within metallacycle chemistry so far. In general, the cyclo-metalation reaction
in case of palladium follows a base-assisted electrophilic pathway.?*> An insertion of various
kinds of alkynes into Pd-C bond has been observed by Pfeffer and co-workers.?3

That finding has found to be quite useful preparative method for range of palladacycles

containing various functionalities.?®* The mechanism of the insertion of the alkynes into the
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palladacycles has been intensively studied.?®® In general, the insertion of the alkynes is a step-
wise process beginning with a coordination of the alkyne to the palladium and subsequent
migratory insertion of the alkyne into Pd-C bond. Usually, the first insertion is rate determining
step within multiple insertions. It was found that electron deficient alkynes (for instance dimethyl
acetylenedicarboxylate (DMAD) (4.4a, see Scheme 4.1)) do single insertion while the electron
rich alkynes (for instance diphenyl-ethyne (4.4b, see Scheme 4.1)) give double inserted reaction

product.?®®
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While kinetics of the insertion reactions of the alkynes into the palladacycles are described®’ no
information of actual thermochemistry has been provided yet. Thus, within this study a round of
isothermal calorimetric measurements on the various insertion reactions (see Scheme 4.1),

supplemented with theoretical estimations, was engaged.

The insertion reactions of the alkynes (4.4a-b, Scheme 4.1) into the palladacyclic complexes
(4.3a-d Scheme 4.1)) were studied experimentally (by carrying out the reaction tests and ITC
measurements) and theoretically by performing static DFT-D calculations. The mechanism of
the investigated insertion reactions, which is rather quite known?® implies a perpendicular
approach of the alkyne to the palladium followed by labile coordination of the alkyne by means
of triple carbon — carbon bond and a decoordination of an adjacent MeCN ligand. From that
point the system might either go back or to a further step that starts with a nucleophilic attack of
the carbon, directly connected to the palladium, on the alkyne’s triple bonded carbon
establishing new carbon-carbon bond, while another triple bonded carbon connects to the
palladium. If the alkyne is 4.4a, this stair-case sequence finishes by coordination of the MeCN
resulting in single inserted product (4.5a-d). However, if the used alkyne is 4.4b, the sequence
cannot be stopped here due to the extreme reactivity of the formed single inserted product
which would rather react with another molecule of alkyne forming a new carbon-carbon bond
leading to the insertion of second alkyne into the palladacycle by "kicking out" one of the
coordinated MeCN molecules. According to the literature®® the insertion of the alkyne 4.4b
should lead exclusively to the double inserted product (4.6a) whatever the molar ratio of the
reactants (4.3a and 4.4b) is, while the insertion of the alkyne 4.4a is dependent of the molar
ratio, as additional (side) reactions (i.e. ligand exchange and double/triple insertion of the
alkyne, see Scheme 4.2-3) are, in presence of an excess of the alkyne, possible to happen.

Therefore, within this study the reaction tests were carried out to figure out whether the chosen
reaction system could be used in the ITC measurements as well as to check the literature

statements in the ITC conditions.
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Scheme 4.1 Schematic representation of the investigated reactions within the study of the
single/double insertion of the alkyne 4.4a-b into the palladacycle 4.3a-d.

7.2. Experimental section.

7.2.1. Generalities.

As mentioned in the introductory chapter, the experiments considered single insertion reaction
of dimethyl acetylenedicarboxylate (4.4a) into the palladacyclic complexes (4.3a-d) as well as
double insertion reaction of diphenylethyne (4.4b) into the palladacyclic complex (4.3a) (see
Scheme 4.1).

7.2.2. Techniques.

The investigations within the study of the insertion reactions of the alkynes (4.4a-b) into the
palladacycles (4.3a-d) were performed using ITC measurements and static DFT-D calculations,
while the synthesis and the reaction tests were carried out using standard Schlenk line
experimental technique. The chemical characterizations of the products were done employing
Nuclear Magnetic Resonance (NMR) spectroscopy, Elemental Analysis (EA), Mass

Spectrometry (MS) and X-Ray diffractometry (X-Ray).
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7.2.3. Materials.

All used compounds were stored and used into a dry and argon filled glove box or under argon.
Chlorobenzene was purchased from Sigma Aldrich and distillated over calcium hydride and
degassed prior to use. Alkynes (4.4a-b) were purchased from Sigma Aldrich and used as
received after checking their purity by NMR. If needed a purification of the alkynes was done
through silica with pentane as an eluent. Palladacyclic complexes (4.3a-d) were prepared by
modified literature procedure.?® Starting amino ligand 1-(3,4-dimethoxyphenyl)-N,N-
dimethylmethanamine (4.1c) were prepared by modified literature procedure.?®! Palladium-
chloride was purchased from Sigma Aldrich and used as received. Lithium-chloride was
purchased from Sigma Aldrich and used as received. (3,4-dimethoxyphenyl)methanamine was
purchased from Sigma Aldrich and used as received. N,N-dimethyl-1-phenylmethanamine
(4.1a) was purchased from Sigma Aldrich and used as received. m-tolylmethanamine (4.1d)
was purchased from Sigma Aldrich and used as received. Formic acid (88%) and formaldehyde
(37%) were purchased from Sigma Aldrich and used as received. Triethylamine was purchased
from Sigma Aldrich and used as received. All used solvents in the synthesis and reaction tests
(CH2Cl,, MeOH, MeCN, pentane, hexane) were purchased from Sigma Aldrich and distillated
over an appropriate drying agent prior to use. Deuterated chloroform was purchased from
Sigma Aldrich and dried through neutral alumina prior to use.

7.2.4. Reaction tests.

The reaction tests were carried out in two methodologies: a) in CHCl, followed by the isolation
of the reaction product and its subsequent characterization (mainly by *H NMR spectroscopy)
and b) in CDClIs; without the isolation of the reaction product while the reaction was monitored by

'H NMR spectroscopy.

260 [N© 684] Pfeffer, M, Goel, A. B. Cyclopalladated Compounds in Inorganic Syntheses; ed H. D. Kaesz, John Wiley
& Sons, Inc., Hoboken, New York, 1989, vol. 26, ch. 38, and related references therein.
261 [N° 685] E. L. Eliel, T. N. Ferdinand, M. C. Herrmann, J. Org. Chem. 1954,19, 1693.
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7.2.4.1. Synthetic approach.
7.2.4.1.1. Synthesis of 4.1c.

The synthesis of the precursor — tertiary amine 4.1c was done following modified literature
procedure.?®? Reaction scheme of the synthesis is depicted in Scheme ES 4.1.

OMe OMe
MeO MeO
+ HCOOH + H,co —240.80°C
Co,
-
NH, T
[4.1¢]

Scheme ES 4.1 Simplified schematic representation of the synthesis of the amine 4.1c.

Schlenk tube was put in a cold ice bath and loaded with starting materials: amine (1.50 g, 0.009
mol), formic acid 88% (1.44 g, 0.025 mol) and formaldehyde 37% (2.04 g, 0.025 mol). The
reaction mixture was refluxed (at 80°C) for 24 hours. To the reaction mixture 3 mL of HCI 6M
was added. The crude product was extracted with 3 x 5 mL of Et,O. Subsequently, to the water
layer a solution of sodium-hydroxide (ca. 2g in 3 mL of water) was added and a remained
product was extracted with 3 x 5 mL of Et;O. The resulting ether fraction was mixed, dried on
anh. magnesium-sulphate and filtrated. Hence, the solvent was evaporated resulting in colorless

oily product that was further dried under reduced pressure for several hours.
Yield: 0.97g (56%).

H NMR (400 MHz, chloroform-d, 3, ppm) 6.87 (t, J = 1 Hz, 1H), 6.80 (d, J = 1 Hz, 2H), 3.95 (d,
J =8.8 Hz, 1H), 3.87 (d, J = 8 Hz, 6H), 3.35 (s, 2H), 2.22 (s, 6H).

7.2.4.1.2. Synthesis of 4.2a-d.

As all these compounds were synthetized in the same manner, only a general procedure is
explained. The used procedure followed the literature procedure.?®®* Reaction scheme of the

synthesis is depicted in Scheme ES 4.2.

262 IN° 685] E. L. Eliel, T. N. Ferdinand, M. C. Herrmann, J. Org. Chem. 1954,19, 1693.
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- EtzNHCI Pd
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| RN
[4.1a,c-d] [4.2a,c-d]

a) R1=H, R2=
C) R1=OMe, R2=
d) R1=H, R2=

Scheme ES 4.2 Simplified schematic representation of the synthesis of the palladacycles 4.2a,
4.2c and 4.2d.

The flask was loaded with 37.5 mL of previously prepared solution of PdCI, (1.88 g, 0.011 mol)
and LiCl (2.5 g, 0.059 mol) in MeOH. The amine (4.1a,c,d) (0.011 mol) was added into the
solution of the palladium salt. After few minutes of stirring a cream-colored precipitate appeared.
Then, the solution of EtsN was added into the mixture drop-wisely within 80 minutes. The
resulting mixture was allowed to stir for 6 hours. Resulting yellow precipitate was filtrated
through Celite, washed with 3 x 10 mL of MeOH and with 2 x 10 mL of Et,O and dried under

reduced pressure for several hours. The product was obtained as pale-yellow powder.
Yield: 83-85%.

NMR

4.2a*H NMR (500 MHz, chloroform-d, 8, ppm) 7.22 — 6.81 (m, 8H), 3.93 (s, 4H), 2.85 (d, J = 13
Hz, 12H).2*C NMR (126 MHz, chloroform-d, &, ppm) 146.9 (d, J = 16 Hz), 143.0 (d, J = 15 Hz),
133.5, 132.9, 125.2 (d, J = 6 Hz), 124.7, 121.5 (d, J = 4 Hz), 73.25 (d, J = 20 Hz), 52.76 (d, J =
36.3 Hz).

4.2¢c *H NMR (300 MHz, chloroform-d, &, ppm) 6.70 (d, J = 11 Hz, 2H), 6.48 (d, J = 2 Hz, 2H),
3.89 (d, J = 3 Hz, 4H), 3.81 (d, 12H), 2.85 (d, J = 9 Hz, 12H).

4.2d *H NMR (400 MHz, chloroform-d, 8, ppm) 6.99 (d, J = 24 Hz, 2H), 6.76 (g, J = 8 Hz, 4H),
3.89 (s, 4H), 2.84 (d, J = 15 Hz, 12H), 2.26 (d, J = 10 Hz, 6H).

263 [N© 684] Pfeffer, M, Goel, A. B. Cyclopalladated Compounds in Inorganic Syntheses; ed H. D. Kaesz, John Wiley
& Sons, Inc., Hoboken, New York, 1989, vol. 26, ch. 38, and related references therein.
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Corresponding NMR spectra are given in Supplementary Information (see Figure Sl 4.10-14).
7.2.4.1.3. Synthesis of 4.3a-d.

As all these compounds were synthesized in the same manner, only a general procedure is
described in detail. The used procedure followed the literature procedure.?®* Reaction scheme
of the synthesis is depicted in Scheme ES 4.3.

R1 R1 @
R, R4
+ AgPF/AGRF, ——H2ClMeCN PFy/BF,"
pel 9rTre/AgEr4 rt N= 6/ 4
Pd J 5min Pd
N %2 - AgCl N, N=
VRN L RN _
[4.2a,c-d] [4.3a-d]

a) R1=H, Ro=H, PFg

b) Ri=H, R,=H, BF,

c) R{=OMe, R,=H, PFg
d) Ry=H, Ry=Me, PFg

Scheme ES 4.3 Simplified schematic representation of the synthesis of the palladacycles 4.3a-
d.

Into the solution containing the compound 2a-d (0.5 mmol) and 2 mL of MeCN in 20 mL of
CH_Cl,, the solution that contained PFs or BF4 (1.0 mmol) and 1 mL of MeCN in 5 mL of CH,Cl,
was added. These solutions were prepared in separate Schlenk tubes. The resulting mixture
was allowed to stir for few minutes, i.e. until a precipitate (AgCl) was observed. Then the
mixture was filtrated through Celite. The solvents of the resulting solution were evaporated
under reduced pressure. The crude product was then dissolved in minimal amount of CH>Cl»
and around 2 mL of pentane was added in order to induce precipitation of the product. After
adding the additional 5 mL of pentane the solvent was decanted and the product was dried

under reduced pressure for two hours. The product was obtained as a pale-brown powder.

Yield: 91-94%.

264 IN© 684] Pfeffer, M, Goel, A. B. Cyclopalladated Compounds in Inorganic Syntheses; ed H. D. Kaesz, John Wiley
& Sons, Inc., Hoboken, New York, 1989, vol. 26, ch. 38, and related references therein.
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NMR

4.3a *H NMR (300 MHz, chloroform-d, &, ppm) 7.09 — 6.84 (m, 4H), 3.91 (s, 2H), 2.80 (s, 6H),
2.44 (s, 3H), 2.34 (s, 3H). 3C NMR (126 MHz, chloroform-d, &, ppm) 145.1, 130.8, 123.7, 123.5,
120.1, 118.5, 70.8, 50.3, 20.0, 11.7.

4.3b *H NMR (400 MHz, chloroform-d, 8, ppm) 7.06 (ddd, J = 8, 7, 2 Hz, 1H), 6.96 — 6.86 (m,
3H), 3.94 (s, 2H), 2.84 (s, 6H), 2.50 (s, 3H), 2.34 (s, 3H).

4.3¢ *H NMR (300 MHz, chloroform-d, 8, ppm) 6.52 (s, 1H), 6.38 (s, 1H), 3.91 (s, 2H), 3.82 (d, J
=9 Hz, 6H), 2.82 (s, 6H), 2.48 (s, 3H), 2.19 (s, 3H).

4.3d 'H NMR (400 MHz, chloroform-d, 8, ppm) 6.90 — 6.65 (m, 3H), 3.91 (s, 2H), 2.81 (s, 6H),
2.48 (s, 3H), 2.27 (s, 3H), 2.14 (s, 3H).

Corresponding NMR spectra are given in Supplementary Information (see Figure Sl 4.15-19).
7.2.4.1.4. Synthesis of 4.5a-c.

As all these compounds were synthesized in the same manner, only a general procedure is
explained. The used procedure followed the literature procedure.?®® Reaction scheme of the
synthesis is depicted in Scheme ES 4.4.

R4 ®
R4
N= PFg/BF, * — PFg/BF4
N=— — 0 o r.t.
Pd\ 90min
N/ N= [4.4a]
7N\
[4.3a-c]

a) R1=H, R2= y PFG_

b) R1=H, R2= y BF4_

C) R1=OMe, R2: y PF6_
Scheme ES 4.4 Simplified schematic representation of the synthesis of the palladacycles 4.5a-
C.
The palladacycle (4.3a-c) (0.1 mmol) was dissolved in 10 mL of CH2Cl> and subsequently the
solution that contained (14.2 mg, 0.1 mmol) of the alkyne 4.4a in 1 mL of CH.Cl> was added.

After stirring the reaction mixture for 90 minutes, the solvent evaporated under reduced
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pressure. The resulting yellow residue was washed with 3 x 5 mL of hexane. After evaporation
of hexane under reduced pressure, a yellow-orange product appeared and was consecutively
dried under reduced pressure for several hours.

Yield: 62-64%.
NMR

4.5a 'H NMR (400 MHz, chloroform-d, &, ppm) 7.68 (d, J = 8 Hz, 1H), 7.55 (t, J = 7 Hz, 1H),
7.48 —7.36 (m, 1H), 7.32 (d, J = 7 Hz, 1H), 3.83 (d, J = 12 Hz, 1H), 3.83 (d, 6H), 2.99 (d, J =12
Hz, 1H), 2.96 (s, 3H), 2.90 (d, J =5 Hz, 1H), 2.56 (s, 3H), 2.26 (d, J = 15 Hz, 6H).

4.5b *H NMR (300 MHz, chloroform-d, 8, ppm) 7.68 (dd, J = 8, 1 Hz, 1H), 7.56 (td, J = 8, 1 Hz,
1H), 7.44 (td, J = 8, 2 Hz, 1H), 7.32 (dd, J = 8, 1 Hz, 1H), 3.91 (s, 3H), 3.69 (s, 3H), 2.99 (s, 3H),
2.99 (d, J =12 Hz, 1H), 2.63 (s, 3H), 2.34 (s, 3H), 2.28 (s, 3H).

4.5¢ *H NMR (300 MHz, chloroform-d, &, ppm) 7.21 (s, 1H), 6.78 (s, 1H), 3.96 (d, J = 8 Hz, 6H),
3.89 (s, 3H), 3.69 (s, 3H), 2.96 (s, 3H), 2.92 (d, J = 12 Hz, 1H), 2.63 (s, 3H), 2.32 (s, 3H), 2.24
(s, 3H).

Corresponding NMR spectra are given in Supplementary Information (see Figure Sl 4.20-21).
3.5.4.1.5. Synthesis of 4.6a.

The synthesis of palladacycle 4.6a was done following a modified literature procedure.?®
Reaction scheme of the synthesis is depicted in Scheme ES 4.5.

_ -® — 1®
Ph
Pd/N: PFO+ ph—=—=—pn CF:_Zt_Clz Ph Phol pe®
N/ \N: [4.4b] 60min 4 o
7N - MeCN T NCMe
[4.3a] B [4.6a]

Scheme ES 4.5 Simplified schematic representation of the synthesis of the palladacycles 4.6a.

265 [N© 684] Pfeffer, M, Goel, A. B. Cyclopalladated Compounds in Inorganic Syntheses; ed H. D. Kaesz, John Wiley
& Sons, Inc., Hoboken, New York, 1989, vol. 26, ch. 38, and related references therein.
266 [N© 684] Pfeffer, M, Goel, A. B. Cyclopalladated Compounds in Inorganic Syntheses; ed H. D. Kaesz, John Wiley
& Sons, Inc., Hoboken, New York, 1989, vol. 26, ch. 38, and related references therein.
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The palladacycle (4.3a) (0.1000 g, 0.2 mmol) was dissolved in 10 mL of CH.Cl, and
subsequently the solution that contained (0.0930 g, 0.4 mmol) of the alkyne 4.4b in 1 mL of
CH.Cl, was added. After stirring of the reaction mixture for 60 minutes, the solvent was
evaporated under reduced pressure. The resulting yellow residue was washed with 3 x 5 mL of
hexane. After evaporation of hexane under reduced pressure, a yellow-orange product

appeared. Consecutively, the product was dried under reduced pressure for several hours.

Yield: 0.13g (80%).
NMR

4.6a 'H NMR (500 MHz, chloroform-d, 8, ppm) 7.45 — 7.13 (m, 24H), 7.07 — 6.89 (m, 3H), 6.62
(d, J = 9 Hz, 1H), 2.78 (s, 2H), 2.53 (d, J = 139 Hz, 6H), 1.96 (s, 6H). 3C NMR (126 MHz,
chloroform-d, &, ppm) 145.7, 144.0, 137.0, 134.9, 134.6, 134.5, 132.5, 131.8, 131.0, 130.9,
129.6, 129.1, 128.4, 127.4, 127.3, 127.1, 126.7, 126.3, 126.0, 125.4, 125.1, 124.9, 124.3, 124.2,
124.17, 123.7, 123.5, 122.8, 120.0, 74.9, 74.7, 74.4, 70.9, 64.6, 49.8, 44.1, 29.3, 20.3, 11.8, 0.7,
-0.0, -1.3.

Corresponding NMR spectra are given in Supplementary Information (see Figure Sl 4.22-23).
7.2.4.2. Monitoring approach.
7.2.4.2.1. Synthesis of 4.5a-c.

The reactants - the palladacycle (4.3a-c) (0.1 mmol) and alkyne 4.4a (0.2 mmol) were
separately dissolved into 2.5 mL and 1.0 mL of deuterated chloroform, respectively. The
solution of the alkyne was sequentially injected into the stirred solution of the palladacycle. *H
NMR spectra was recorded immediately after injection of 1 eqv of alkyne as well as after 3.5
hours. Additionally, the reaction was monitored by *H NMR upon adding of 2 eqv of alkyne
within 1h and 15h of the reaction time. Related *H NMR spectra are given either in the main text
of the manuscript (see Chapter 7) or in Supplementary Information (see Figure Sl 4.20-21).
Reaction scheme of the monitored synthesis is depicted in Scheme ES 4.6.
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B 1®
N== PF6/BF4®+
Pd\
N/ N=—
/N i
[4.3a-c]

a) Ry=H, Ry=H, PFg"

b) Ry=H, Ry=H, BF,~

¢) Ri=OMe, R,=H, PFg’
Scheme ES 4.6 Simplified schematic representation of the monitoring approach of the synthesis
of the palladacycles 4.5a-c in deuterated chloroform.

3.5.4.2.2. Synthesis of 4.6a.

The reactants - the palladacycle (4.3a) (46.8 mg, 0.1 mmol) and alkyne 4.4b (178.2 mg, 1.0
mmol) were separately dissolved into 2.5 mL and 3.0 mL of deuterated chloroform, respectively.
The solution of the alkyne was sequentially injected into the stirred solution of the palladacycle.
The reaction was monitored by *H NMR upon adding of 1-10 eqv of alkyne within 0.7h to 24h of
the reaction time. Related *H NMR spectra are given either in the main text of the manuscript
(see Chapter 7) or in the Supplementary Information (see Figure Sl 4.22-23).

Reaction scheme of the monitored synthesis is depicted in Scheme ES 4.7.

_ “© — —1®
Ph
N= o _ CDClg Ph
o PFg + Ph—=—=—Ph—— Ph PES + MeCN
X 1.
N/ N= [4.4b]  45min-24h A
1-10 eqv N— Ph
7N /| “NCMe
[4.3a] - [4.6a]

Scheme ES 4.7 Simplified schematic representation of the monitoring approach of the synthesis
of the palladacycles 4.6a in deuterated chloroform.

7.2.5. ESI-MS details.

The details were the following:

Positive mode

Acquisition parameters:

Method - Standard m/Mid m

Operator - BDAL@DE

Source Type - ESI Capillary 4500 V Nebulizer 0.3 Bar Set Hexapole RF 55.0 Vpp / 330.0 Vpp
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lon Polarity - Positive Dry Heater 200 °C Dry Gas 3.0 I/min Set Capillary Exit 100.0 V / 150.0 V
7.2.6. X-Ray diffraction analysis details.

For the crystal structures see Figure S| 4.6-7

7.2.7. ITC experimental details.

The solutions of the reactants (4.3a-b and 4.4a-b, see Scheme 4.1) were prepared by
dissolving a mass of substrate in pure, freshly distilled and degassed chlorobenzene. The ITC
experiments were performed using sequential injection at 25°C with a moderate stirring rate
(150-200 rpm).

Due to the nature of the investigated reactions, two kinds of ITC experiments were performed.
In a first one, that considered reaction of the palladacycle complex (4.3a-b) with the alkyne 4.4a,
the solution of the complex was introduced in the ITC sample cell while the servo-controlled ITC
syringe (100 pL) contained the solution of the alkyne 4.4a. The reference cell (1.0 mL) was
entirely filled with pure PhCIl. The concentration of the palladacycle complex (4.3a-b) in pure
PhCl was around 1.1 mmol/L, while the concentration of 4.4a solution were around 25.3
mmol/L. The content of the syringe was injected into the sample cell through 45 equivalent
injections (2.06 pL per injection) with time delay between two consecutive injections of either
3000s or 10000s.

In a second one, that considered reaction of the palladacycle complex 4.3a with the alkyne
4.4b, the solution of the complex 4.3a in pure PhCl was placed in the servo-controlled ITC
syringe (100 pL) while the ITC sample was charged with the solution of the alkyne 4.4b. The
reference (1.0 mL) was entirely filled with pure PhCI. As the experiments considered a large
excess of the alkyne 4.4b, the concentration of the alkyne solution in pure PhCl spanned from
around 3.3 mmol/L to 16.9 mmol/L, while the concentration of the solution of the complex were
around 2.3 mmol/L. The content of the syringe was injected into the sample cell through 10
equivalent injections (first nine of 10.06 pL per injection while tenth of 5.03 pL) with time delay

between two consecutive injections of 3000s.

For each studied system at least three experiments under the same condition were done (with
an exception in the concentration of the solutions of 4.4b, accordingly to the kinetic (in parallel

to the thermodynamic) purpose of the performed experiments). A heat dilution of 4.3a and 4.4a
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in neat PhC| was estimated from the blank experiments (basically, the titration of the 4.3a/4.4a
in pure PhCI) preformed under the same condition as the main experiments. Afterwards, the
obtained heat of blank experiments was subtracted from all the corresponding titration curves.
Enthalpy of reaction (AH,) of the system 4.3a/4.4b was obtained as a result of the experiment by
summing up the heat released until the stoichiometry point against molar content introduced
theretofore, while AH, of the system 4.3a/4.4b was obtained by summing up the heat released
upon first three injections against molar content introduced during those three injections.
Resulting AH; values represent an average value of three corresponding experiments. As
mentioned in the chapter two, this manner of treating ITC experiment data does not allow
extracting reaction free energies (AG;) and entropies (AS;), while the kinetics parameters of
reaction might be obtained. Although the use of the fitting models on an irreversible reaction is
not reliable, the ITC data of the 4.3a/4.4b were fitted using the independent ad-hoc logarithm

(implemented within NanolTC software), that provided all the thermodynamic parameters.

7.2.8. Static DFT-D calculation details.

All computations were performed by the DFT methods using Amsterdam Density Functional
package (ADF2013 version).

Starting geometries of the reactants (4.3a and 4.4a-b, see Scheme 4.1) and the reaction
products (4.5a and 4.6a, see Scheme 4.1) were taken from the CSD or built up from the similar
structures and optimized as singlet ground states in the chlorobenzene solution (COSMO)
phase. All constructions of the starting geometries were done using the software provided within
the ADF package. The geometries of the reaction products constructed in such a way were

optimized as singlet ground states in the chlorobenzene solution phase.

7.3. Results and discussion.

7.3.1. Reaction tests.

The reaction tests were done in order to find most optimal conditions for the ITC measurements.
They included two kinds of the experiments: a) experiments carried out into dichloromethane
having the isolation (of the reaction products, supposedly 4.5a-c and 4.6a, see Scheme Sl 4.4-
5) purpose; b) the experiments carried out into deuterated chloroform with different molar ratios

of the reactants (the palladacycles 4.3a-c and the alkynes 4.4a-b, see Scheme Sl 4.6-7) within
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various reaction times having monitoring purpose. In addition, 4.2a was probed as the
palladacycle by both approaches (the isolation and monitoring).

According to the literature?®” within these systems two kinds of additional reactions (ligand
exchange and double/triple insertions) might happen if the alkyne is in an excess. Schematic
representations of these side reactions are given in Scheme 4.2-3. Therefore, the aim of the

tests was broadened to examination of possibility for such reactions within ITC conditions.

E E E
N=— e - ,\/\\ o
4 PFG + E — E e PFG + MeCN
Pd Pd’ E
S N= excess N
N pr—
RN /N\

Scheme 4.2 Simplified schematic representation of the possible (side) reaction — exchanging of
the ligands within the palladacycles in presence of an excess of the alkyne.

[ 1@
N=
o PFO+ F—=——F —
/= excess
N
7N

Scheme 4.3 Simplified schematic representation of the possible (side) reaction — double/triple
insertion of the alkyne into the palladacycles in presence of an excess of the alkyne.

267 [N© 684] Pfeffer, M, Goel, A. B. Cyclopalladated Compounds in Inorganic Syntheses; ed H. D. Kaesz, John Wiley
& Sons, Inc., Hoboken, New York, 1989, vol. 26, ch. 38, and related references therein.
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7.3.1.1. Approach one — the isolation.

In the Figure 4.1 *H NMR spectrum of the product (4.5a) of the stoichiometric reaction of 4.3a
with 4.4a.
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Figure 4.1 *H NMR spectrum of the reaction of 4.3a with 4.4a carried out at 25°C within 90
minutes. The spectrum is recorded in deuterated chloroform at 300 MHz. *H NMR (300 MHz,
chloroform-d, &, ppm) 7.68 (dd, J = 8, 2 Hz, 1H), 7.55 (td, J = 8, 2 Hz, 1H), 7.43 (td, J = 8, 2 Hz,
1H), 7.31 (dd, J = 8, 2 Hz, 1H), 3.79 (d, J = 68 Hz, 6H), 2.99 (d, J = 12 Hz, 1H), 2.90 (d, J =5
Hz, 1H)., 2.96 (s, 3H), 2.56 (s, 3H), 2.26 (d, J = 12 Hz, 6H).

Although a little excess of 4.3a could be noticed on the shown spectrum, the spectrum suggests
that the adduct 4.5a could be obtained without interference of the side products (products of
multiple insertions, see Scheme 4.3), as the aromatic region seems to be rather clear. The
same conclusion could be drawn for the system 4.3b/4.4a reacting stoichiometrically, by looking
at *H NMR spectra of the reaction product 4.5b, depicted in Figure 4.2. Therefore, it seems that

both systems (4.3a-b/4.4a) could be used within ITC measurements in stoichiometric condition.
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Figure 4.2 'H NMR spectrum of the reaction of 4.3b with 4.4a carried out at 25°C within 45
minutes. The spectrum is recorded in deuterated chloroform at 300 MHz. *H NMR (300 MHz,
chloroform-d, &, ppm) 6 7.67 (dd, J = 8, 1 Hz, 1H), 7.55 (td, J =8, 1 Hz, 1H), 7.44 (td, J =8, 1
Hz, 1H), 7.32 (dd, J = 8, 1 Hz, 1H), 3.90 (s, 3H), 3.68 (s, 3H), 2.99 (s, 3H), 2.98 (d, J = 12 Hz,
2H), 2.62 (s, 3H), 2.30 (d, J = 19 Hz, 6H).

Unfortunately, the isolation of the reaction product 4.5¢ has failed.

The *H NMR spectrum of the reaction product the reaction of 4.3a with 4.4b with the ratio of the
reactant ca. 1:1.9 is reported in Figure 4.3, while its ¥C NMR spectrum is given in
Supplementary Information (Figure Sl 4.23). Markedly, the single inserted product is not
observed. Exclusively the product of double insertion and some amount of the started
palladacycle remained. This observation confirmed already found features of the alkyne 4.4b28
that has been pointed out as quite reactive alkyne giving only the double inserted product. This
also suggests that this system might be examined within ITC experiments considering 1:2 molar

ratio in favor to the alkyne.

268 IN® 683] A. D. Ryabov, R. van Eldik, G. Le Borgne, M. Pfeffer, Organometallics 1993, 12, 1386.
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Figure 4.3 *H NMR spectrum of the reaction of 4.3a with 4.4b carried out at 25°C within 60
minutes. The spectrum is recorded in deuterated chloroform at 500 MHz. *H NMR (500 MHz,
chloroform-d, 6, ppm) 7.45 — 7.13 (m, 24H), 7.07 — 6.89 (m, 3H), 6.62 (d, J = 9.2 Hz, 1H), 2.78
(s, 2H), 2.53 (d, J = 139 Hz, 6H), 1.96 (s, 6H).

7.3.1.2. Approach two — the monitoring.

Like mentioned at the beginning, the monitoring approach was used to test the studied systems
within various reaction time periods and ratios of the reactants without the isolation of the

products.

Accordingly, the system 4.3a/4.4a was examined within the following conditions:

a) 1:1 equivalent of the reactants while the *H NMR spectra were recorded immediately after
mixing the reactants and after reaction time of 3.5h. Related spectra are shown in Figure 4.4.
and Figure Sl 4.27-28). It could be noticed that the supposed reaction product 4.5a is obtainable

even after few minutes and that the product is stable within the considered-reaction time.

[N° 684] Pfeffer, M, Goel, A. B. Cyclopalladated Compounds in Inorganic Syntheses; ed H. D. Kaesz, John Wiley &
Sons, Inc., Hoboken, New York, 1989, vol. 26, ch. 38, and related references therein.
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b) 1:2 equivalents in favor of the alkyne while the *H NMR spectra were recorded after reaction
time of 1h and 15h. In the Figure 4.5 that displays the corresponding spectra it is noticeable that
double/triple insertion of 4.4a (see Scheme 4.3) occurs after fifteen hours (see spectral region
3.5-4 ppm). The separated spectra accompanied with chemical shifts are given in
Supplementary Information (Figure Sl 4.29-30). Although considered reaction time was 15h, the
doubleftriple insertion might probably occur earlier. Therefore, considering ITC measurements
this system (4.3a/4.4a) should not be allowed to interact within such long reaction times as well
as within an excess of the alkyne. In accordance with both manners of the reaction tests, it
could be concluded that the system 4.3a/4.4a might be usable within ITC measurements carried

out in stoichiometric condition within shorter reaction times.

1eqvof4.4al3.5h

l
m ol A

1 eqv of 4.4a/15 min

1 N M LUAL_LJ\_L_L_*

T T
90 &5 &0 75 70 &5 60 55 50 45 40 35 30 25 20 15 1.0 05 0.0
1 (ppm)

Figure 4.4 Superimposed *H NMR spectra of the reaction of 4.3a with 4.4a carried out in molar
ratio of the reactants 1:1, recorded at various reaction times (15 min, 3.5 h). The spectra are
recorded in deuterated chloroform at 300 MHz.
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Figure 4.5 Superimposed *H NMR spectra of the reaction of 4.3a with 4.4a carried out in molar
ratio of the reactants 1:2, recorded at various reaction times (1 h and 15 h). The spectra are
recorded in deuterated chloroform at 300 MHz.

Considering the system 4.3b/4.4a the same conclusions could be drawn as for the system
4.3a/4.4a due to almost the same 'H NMR of the two systems. For the illustrative purpose, its
'H NMR spectra are given in Supplementary Information (Figure Sl 4.31-32).

The system 4.3c/4.4a was examined within two molar ratios of the reactants (1:1 and 1:2) and
various reaction times (immediately upon injection of the alkyne, 1h, 3.5h and 15h). The stacked
H NMR spectra of the system 4.3c/4.4a is shown in Figure 4.6, while the separated spectra are
shown in Figure Sl 4.33. Regarding the spectra, it seems that first insertion of the alkyne 4.4a
exclusively occur in stoichiometric condition within reasonable reaction times, while in the
presence of the excess of the alkyne multiple insertions (noticeable in the region 2-4 ppm of the
spectra) are likely to happen. Therefore, similarly to the previous systems (4.3a-b/4.4a), this
system might be examined by ITC within stoichiometric condition and reasonably long reaction
time periods.

232



Chapter 7

2eqvof4.4al1h

T
1eqvof4.4al1ih

| JMLLJU_J 'l. _

’0 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 0.0
1 (ppm)

Figure 4.6 Superimposed 'H NMR spectra of the reaction of 4.3c with 4.4a carried out in molar
ratio of the reactants 1:1 as well as 1:2, recorded at reaction times of 1 h. The spectra are
recorded in deuterated chloroform at 400 MHz.

The supposed double insertion of the alkyne 4.4b into the palladacycle 4.3a was examined
within the reaction times of 1.8h, 3h and 24h as well as in molar ratios of the reactants of 1:1,
1:2 and 1:4 (in favor to the alkyne). From the relevant *H NMR spectra, displayed in Figure 4.7
and Figure Sl 4.34-36, it could be concluded that the double insertion of the alkyne exclusively
occurs, as no single inserted product is observed (proved by presence of the palladacycle when
the stoichiometric conditions employed). These observations just confirmed long time known

features of the alkyne 4.4b that govern it to double insertion into similar palladacycles.

Additionally, the tests considered a large excess (up to 10 equivalents) of the alkyne and time
span from 0.7h to 20.5h. The corresponding *H NMR spectra are shown in Figure 4.8.
According to the spectra, it could be concluded that the reaction gives solely double inserted

product 4.6a regardless the excess of the alkyne and quite long reaction times. Altogether, the
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system 4.3a/4.4b might be investigated within the ITC in both stoichiometric conditions (in
respect with the exclusive double inserted product) and a large excess of the alkyne.

4 eqv of 4.4b/24 h

S pa—

2eqvof 4.4b/3 h

I | M\JJ |

1 eqvof 4.4b/1.8 h

90 85 &80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 05 0.0
f1 (ppm)

Figure 4.7 Superimposed 'H NMR spectra of the reaction of 4.3a with 4.4b carried out in molar
ratio of the reactants 1:1, 1:2 and 1:4, recorded at various reaction times (1,8 h, 3 h and 24 h).
The spectra are recorded in deuterated chloroform at 400 MHz.
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Figure 4.8 Superimposed *H NMR spectra of the reaction of 4.3a with 4.4b carried out in the
excess of the alkyne 4.4b (10 eqv), recorded at various reaction times (0.7 h, 2 h, 4 h and 20.5
h). The spectra are recorded in deuterated chloroform at 400 MHz.

As mentioned previously, the palladacycle 4.2a was probed in the reaction with 4.4a, as well.
The 'H NMR spectrum of the reaction product of the system 4.2a/4.4a obtained from
stoichiometric condition is given in Supplementary Information (Figure S| 4.24). It could be
noticed that aromatic region is rather not clear, indicating slower transformation and/or
incomplete insertion of the 4.4a into the 4.2a. To reduce complexity of the spectra, the chloro-
bridge of the 4.2a was cleaved by pyridine. Related 'H NMR spectrum is shown in Figure Sl
4.25. Expectedly, the spectrum is clearer and shows the possibility of obtaining the product 4.7a
(see Figure Sl 4.24-5). The previously obtained palladacycle 4.7a was also verified with AgPFe,
which basically could be an alternative way to access palladacycle 4.5a. The corresponding
spectrum is displayed in Figure Sl 4.26. As previously, the spectrum showed that it is possible
to synthesize the compound 4.7a from 4.2a and 4.4a as well as the inserted palladacycle 4.5a

in the reverse way (through 4.7a), but with the presence of some small amount of the starting
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palladacycle. Although it is shown that there is some possibility of using the palladacycle 4.2a
within ITC measurements, the palladacycle 4.2a is not used because of slow transformation of
interest within ITC conditions and difficulties to proof the purity of the obtained product by H
NMR (see Figure S| 4.24.).

7.3.2. ITC experiments.
7.3.2.1. Generalities.

As the preformed reaction tests on the investigated systems have suggested, only exploitable
reactions within ITC measurements were the reactions of the complexes 4.3a-b with the alkyne
4.4a within stochiometric conditions as well as the reaction of 4.3a with the alkyne 4.4b either
within stochiometric conditions or in the conditions that implied a large excess of the alkyne.
Therefore, to optimize the ITC experiments of the system 4.3a/4.4a, first challenge was an
overcoming of relatively slow chemical transformation taking place within the system. Another
constraint was the quite low solubility of the palladacycles in chlorobenzene. It was found that
only longer time delays between two subsequent injections are helpful. Thus, quite long
relaxation times (3000-10000s) were employed. Due to the similarities between the
palladacycles 4.3a and 4.3b, the same condition was also used for the system 4.3b/4.4a. The
investigation of system 4.3a/4.4b possessed similar challenges. However, as this system allows
a large excess of the alkyne, that was the choice for ITC conditions. To ensure a proper base
line before subsequent injection, 3000s of time delay was employed. As the large excess in one
reactant simplifies achieving of the reaction kinetics, the concentration of the 4.4b was varied.
Therefore, for the system 4.3a/4.4b besides the reaction enthalpy (AH;) the reaction kinetic
parameters (ki and partial reaction order with respect to reactant in an excess) are obtained.
As the results of the preformed ITC measurements of the systems 4.3a-b/4.4a raw AH, as well
as model ITC AH,, AG; and AS; were obtained.

7.3.2.2. Thermodynamic study.

As mentioned above, according to the employed ITC conditions, raw AH, values of all herein
examined systems (4.3a-b/4.4a and 4.3a/4.4b) are obtained as the results of the preformed ITC
measurements within the thermodynamic study, while for the systems 4.3a-b/4.4a additional

model ITC values are achieved as well. The ITC thermodynamic results are depicted in Table
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4.1. Examples of the corresponding ITC thermograms are shown in Figure 4.9-10 as well as in
Figure SI 1-3.

Table 4.1 ITC results obtained from the sequential addition ITC experiments that considered
either stoichiometric condition for the systems 4.3a-b/4.4a or an excess of 4.4b interacting with
the palladacycle 4.3a. The model values are obtained by employing independent model on
integrated heat peaks.

raw AH; + Model ITC AH;, Model ITC AG; Model ITC AS,
System error + error * error + error
[kcal/mol] [kcal/mol] [kcal/mol] [cal/molK]
4.3a/4.4a -28.1+2.6 -31.1+1.1 -7.0+£ 3.5 -81.5+41.1
4.3b/4.4a* -24.2+1.3 -24.7+0.3 -7.4+1.4 -60.0+£13.2
4.3a/4.4b -38.1£0.8 / / /
0
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Figure 4.9. left side — ITC thermogram of the reaction between 4.3a (sample cell, c=1.09 mM)
and 4.4a (syringe, ¢c=25.37 mM) in chlorobenzene. The titration was performed at 25°C through
45 sequential additions (of 2.06 yL each). Time between two consecutive injections was 10000
S. Heat released is expressed in pJ/s versus time in s. right side — ITC integrated and fitted, by
independent model; heat peaks of the thermogram shown on the left side. Integrated heats are
expressed in pcal versus molar ratio of the reactants.
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Figure 4.10. left side — ITC thermogram of the reaction between 4.4b (sample cell, c=16.91 mM)
and 4.3a (syringe, c=2.29 mM) in chlorobenzene. The titration was performed at 25°C through
10 sequential additions (of 10.06 pL first nine titrations and of 5.03 pL the last one). Time
between two consecutive injections was 3000 s. Heat released is expressed in pJ/s versus time
in s. right side — ITC integrated heat peaks of the thermogram shown on the left side. Integrated
heats are expressed in pcal versus molar ratio of the reactants.
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The raw AH; values of the systems 4.3a-b/4.4a (ca. -28 kcal/mol and -24 kcal/mol, respectively)
suggest on quite strong exothermic chemical transformation taking place within the insertion
reaction sequence. In other words, it seems that the formation of aromatic carbon — aliphatic
carbon bond and aliphatic carbon — palladium bond is energetically favorable in comparison to
the cleavage of aromatic carbon — palladium bond and aliphatic carbon — aliphatic carbon bond
(within the alkyne). Non-covalent interactions of the esters group have probably positive
influence on the overall enthalpy of the transformation. Although only one ITC measurement of
the system 4.3b/4.4a was found to be acceptable, the comparison of the systems 4.3a/4.4a
(AH; is around -28 kcal/mol) and 4.3b/4.4a (AH; is around -24 kcal/mol) might lead to a
conclusion that the nature of the anion could have significant influence on the reaction enthalpy.
Considering the system 4.3a-b/4.4a, its obtained raw AH; value (ca. -38 kcal/mol) might be
reasonable regarding to the chemical formation/cleavage of the bonds as well as to the
establishing of non-covalent interactions within the transformation. In comparison to the
previous systems 4.3a-b/4.4a, within this system 4.3a/4.4b there is the formation of an
additional aliphatic carbon - aliphatic carbon bond (between the alkynes) as well as an
additional cleavage of the aliphatic carbon - aliphatic carbon bond (within second alkyne). This
transformation is accompanied with the decoordination of MeCN ligand and subsequent
coordination of first alkyne to palladium through its double carbon-carbon bond. An influence of
the phenyl rings, interacting in TT-1T stacking manner, probably is cohesive. In addition, it is worth
to note that, according to the literature,?®® chlorobenzene, herein the solvent of the ITC
experiments, might be the competitive ligand to palladium. Therefore, its interaction enthalpy
with the palladacycle should not be put aside.

7.3.2.3. Kinetic study.

According to the used conditions within the ITC experiments (i.e. a large excess of the alkyne
4.4b), the ITC of the system 4.3a/4.4b could be analyzed in sense of the kinetics. As mentioned
throughout the manuscript, the kinetic analysis rises up the initial rate constant as well as the
partial reaction order with respect to reactant in an excess. The results of such analysis of the
double insertion of the alkyne 4.4b into the palladacycle 4.3a are shown in Table 4.2. Related

plots from which the results were derived are displayed in Figures 4.11-12 and in Figure Sl 4-5.

269 [N© 84] D. N. Sredojevi¢, D. B. Ninkovi¢, G. V. Janji¢, J. Zhou, M. B. Hall, S. D. Zari¢, ChemPhysChem 2013, 14,

1797.
238



Chapter 7

Table 4.2 Results of the ITC kinetic study obtained from the sequential addition ITC experiments
that considered an excess of 4.4b interacting with the palladacycle 4.3a.

Molar ratio order with order with
o [4.33] [4.4b]
N° exp under ITC k respect to Kobs respect to
mmol/L  mmol/L ..
conditions 2.1 2.1
1 2.29 16.91 1:734 9.6*10*% + 9*105 3.0*10° + 3*10°6
2 2.35 8.45 1:357 7.1*10% + 7*105 0.97 £ 0.25 4.2*10°5 + 4*10° 0.98 £ 0.24
3 2.33 3.37 1:144 2.1*10% + 2*105 9.0*10° + 7*107
0.006
u 3.12560 —
0.005 o -
3.12555 o
. _
3 oos. i § 3.12550 - .
= pis
] £ 512545
g 0.002 n n
0.001 o " 3.12540 H
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Figure 4.11 left side - Linear fit of the plot of the ITC Rate as a function of time for the reaction of
4.4b (sample call, c=16.91 mM) with 4.3a (syringe, c=2.29 mM) carried out in ITC calorimeter.
ITC Rate is expressed in uM/s and time in s. Obtained k = 9.6*10* + 9*10°®, as the result of the
fitting. right side - Linear fit of the plot of logarithm of 2.2b concentration as a function of time for
the same reaction. Obtained Kqbs = -3.0*10° + 3*10° as the result of the fitting.
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Figure 4.12 left side - Linear fit of the plot of logarithm of obtained k values as a function of the
logarithm of 4.4b starting concentrations for the reaction of 4.3a with 4.4b carried out in ITC
calorimeter. Obtained partial reaction order with respect to 4.4b - 0.97 £ 0.25, as the result of
the fitting. right side - Linear fit of the plot of logarithm of obtained koss vValues as a function of the
logarithm of 4.4b starting concentrations for the reaction of 4.3a with 4.4b carried out in ITC
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calorimeter. Obtained partial reaction order with respect to 4.4b - 0.98 + 0.24, as the result of
the fitting.

The values of either k (ranged from 2.1*10* to 9.6*10%) or keps (ranged from 9.0*10° to 3.0*107)
suggest that the rate of the double insertion of the alkyne 4.4b into the palladacycle 4.3a is
reasonably low. The results of the partial reaction order with respect to 4.4b that are very close
to one (0.98) tell that the examined step-wise double insertion of the alkyne is rate dependent
only in insertion of the first molecule of the alkyne while the second insertion goes
instantaneously. These observations are in perfect accordance with the literature. Once again,

the established method of the ITC kinetic study is proved as useful.
7.3.3. Static DFT-D calculations.

Within the study of the single/double insertion of the alkynes (4.4a/b) into the palladacycles only
the insertion into 4.3a was investigated. All the computations were performed at ZORA-
GGAPBE-D3(BJ)/TZP level of theory in chlorobenzene solution (COSMO) phase. The geometry
optimizations were done for all the reactants (4.3a, 4.4a-b) and corresponding products (4.5a
4.6a, Scheme 4.1) and confirmed as true minima by performing calculations of vibrational
modes. The results, i.e. thermodynamic parameters of the studied single/double insertion
reaction sequences (AH:, AG,, AS)) obtained by the performed calculations, are shown in Table
4.3. The related optimized structure geometries are displayed in Figure 4.13 while their
Cartesian coordinates are given in Supplementary Information (see Sl, section A.4.6.).

Table 4.3 Results of static DFT-D calculations. The calculations were performed at ZORA-
GGAPBE-D3-BJ/TZP level of theory in chlorobenzene solution (COSMO) phase.

AH, AG, AS,

=PEEI EEYE @ e [kcal/mol] [kcal/mol] [cal/Kmol]
4 5a ZORA-GGAPBE-D3(BJ)/TZP - PhCI -37.1 -18.9 -61.2
4.6a ZORA-GGAPBE-D3(BJ)/TZP - PhCI -51.5 -26.3 -84.3

The resulting values of the reaction enthalpies AH; of both the systems 4.3a/4.4a and 4.3a/4.4a-
b (-37.1 kcal/mol and -51.5 kcal/mol, respectively) suggest on quite energetically favorable
chemical transformation within the insertion sequence of alkynes into the palladacycle. The
difference of ca. 14 kcal/mol between the single and double insertion reaction might be
reasonable regarding the nature of the transformations (for more details of the considered
transformations see the explanation given it the ITC thermodynamic study part of this chapter or
in the introductory chapter). Regarding to the computed Gibbs AG, energies (-18.9 kcal/mol and

-26.3 kcal/mol), it could be concluded that the investigated reactions in solution should be, in
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principle, rather spontaneous, what is in accordance to the observations derived from both the

reactions tests and ITC measurements. Negative AS; values are expected.

In comparison to the obtained ITC raw AH, values (ca. -24 kcal/mol and -28 kcal/mol, see Table
4.1) the computed AH; values seem to be overestimated. Possible reason for such
overestimation might lie in the fact that chlorobenzene could generally interact with palladacycle
through coordination to palladium?®. Consequently, its decoordination, that must take place
before subsequent interaction of the palladacycle with the alkyne, would lead to decreasing in
overall enthalpy of the insertion reaction. Therefore, an accounting of the explicit interaction of
the solvent with the reactants within the calculations might, even significantly, bring the
experimental and theoretical values closer to each other. Unfortunately, such research within

this study was not carried out.

270 [N© 84] D. N. Sredojevi¢, D. B. Ninkovi¢, G. V. Janji¢, J. Zhou, M. B. Hall, S. D. Zari¢, ChemPhysChem 2013, 14,
1797.
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[4.5a]
\%=-37.1 kcal/mol; AG,=-18.9 kcal/mol; AS,=-61.2 cal/mol

e

[4.6a]
\wla=-51.5 kcal/mol; AG,=-26.3 kcal/mol; AS,=-84.3 cal/mol

Figure 4.13 Graphic representations of optimized geometries of the investigated systems at
ZORA-GGAPBE-D3-BJ/TZP level of theory in chlorobenzene solution (COSMO) phase. P:
orange; F: yellowish; N: violet; Pd: pink, C: grey; H: white.

7.4. Chapter conclusion.

The single/double insertion of the alkynes 4.4a-b (Scheme 4.1) into the palladacycles 4.3a-b
(Scheme 4.1) were investigated by experimental tools i.e. by the reaction tests using standard
Schlenk line technique, Nuclear Magnetic Resonance (NMR) spectroscopy and Isothermal
Titration Calorimetry (ITC) and by theoretical tools i.e. by static Density Functional Theory (DFT)
with Grimme’s dispersion correction — D3. In addition, new complexes (4.3a and 4.6a, Scheme

4.1) were synthesized and fully characterized.
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The reaction tests were done in order to establish suitable reaction conditions that will be used
within ITC measurements as well as to verify the extent of possible side reactions. The tests
were carried out at room temperature in two methodologies: a) in chlorobenzene and
dichloromethane with the isolation of the reaction products, and b) in deuterated chloroform
without the isolation of the reaction products considering various molar ratios of the reactants

and reaction times.

The ITC measurements considered two kinds of experimental conditions: a) the experiments
performed in stoichiometric conditions (systems 4.3a-b/4.4a) and b) the experiments performed
in a large excess of one reactant (system 4.3a/4.4b), while all the experiments are carried out in
a sequential addition manner. All the computations were performed at ZORA-GGAPBE-
D3(BJ)/TZP level of theory in chlorobenzene solution (COSMO) phase. The obtained ITC
results of the systems 4.3a-b/4.4a were raw AH, values as well as Model ITC values of AH;,
AG,, AS,, while for the system 4.3a/4.4b the ITC measurements allowed obtaining raw AH;,
values as well as estimating of the partial reaction order with respect to the alkyne 4.4b. The
static DFT-D calculations of both single (systems 4.3a-b/4.4a) and double insertion sequence
(system 4.3a/4.4b) computed the values of all thermodynamic parameters of the reactions (AH;,
AG;, AS)).

The reaction tests showed that the single insertion of the alkynes (4.4a-b) regardless of kind of
the palladacycle (4.3a-c) is dependent on the concentration of the alkyne. Namely, with nearly
stoichiometric ratio of the reactants the side reactions (the isomerization and second insertion)
might happen. On another hand, the double insertion of the 4.4b into the 4.3a is independent of
the concentration of the alkyne giving only the double inserted product. These observations
helped in designing of the ITC experiment suggesting that the single insertion should be carried
out in stoichiometric condition as well as that the double insertion could be carried out even in

an excess of the alkyne.

The obtained raw AH, of both studied reactions of single (AH; values of the systems 4.3a-b/4.4a
are ca. -28 kcal/mol and -24 kcal/mol, respectively) and double (AH: value of the system
4.3a/4.4b is -38 kcal/mol) insertion of the alkynes into the palladacycles suggest energetically
quite favorable transformations within the insertion sequence. These enthalpy values might be
rather reasonable regarding the nature of the transformations accounting cleavage of carbon-
carbon bond and formation of carbon-palladium bond as well as attractive non-covalent
interactions. The Model ITC AH; values of the systems 4.3a-b/4.4a (ca. -31 kcal/mol and -25
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kcal/mol, respectively) are in accordance with the raw AH; values, confirming significance of the
raw ones. The Model ITC AG; values of the systems 4.3a-b/4.4a (ca. -7 kcal/mol for both
systems) show that the insertion reactions are favorable from a thermodynamic point of view, as
well. Kinetic study showed the partial first reaction order with respect to the alkyne 4.4b within
the double insertion sequence. Consequently, it was shown that the second insertion is much
faster than the first one. These findings are in excellent accordance with already published

data.?’?

The computed values of the thermodynamic parameters AH; and AG, of both examined systems
(4.3a/4.4a-b; with the AH, values of ca. -37 kcal/mol and -51 kcal/mol, respectively; and with the
AG; values of ca. -19 kcal/mol and -26 kcal/mol, respectively) are, in comparison to the obtained
ITC ones, overestimated. The reason of such overestimation (over 10 kcal/mol in both AH; and
AG;, values) might lie in no consideration of the explicit interaction of the chlorobenzene with the
palladacycle, that has been shown (on similar models)?’? as not negligible (as its values of

interaction energies are up to few kcal/mol).

In addition, new complexes 4.3a and 4.6a were synthesized and fully characterized (by 1H
NMR, elemental analysis, MS and X-Ray).

Outlook. The estimation of the thermodynamic parameters of the interactions of
chlorobenzenes with the palladacycles is necessary. X-ray diffraction analysis of the product
4.5a is desirable.

271 [N° 683] A. D. Ryabov, R. van Eldik, G. Le Borgne, M. Pfeffer, Organometallics 1993, 12, 1386.
272 [N© 84] D. N. Sredojevi¢, D. B. Ninkovi¢, G. V. Janji¢, J. Zhou, M. B. Hall, S. D. Zari¢, ChemPhysChem 2013, 14,
1797.
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7.5. 3aKkrby4ak nornassba.

JegHocTpyka/gBocTpyka mHcepumja ankmHa 4.4a-b (cxema 4.1) y uMknn4HMM nanagnjymoBum
komnnekcuma 4.3a-b (cxema 4.1) ucnutaHa je nomohy ekcnepumeHTanHuMx MeTtoda Tj.
peakunoHum TectoBnma kopuwherwem ctaHgapgHe Schlenk line TexHuke, HykneapHe MarHeTHe
pesoHaHunoHe (NMR) cnekTpockonuvje n msotepmanHe TutpauuoHe kanopumetpuje (ITC) wn
TeopujckuM mMeTofdama, Tj. npopavyyHMMa 3acHOBaHWM Ha Teopuju ddyHKUMOHana rycTuHe ca
Grimme-oBomM kopekuujom 3a gucrnepanjy (eHr. DFT-D3). MNopepn Tora, HoBU komnriekeu (4.3a u

4.6a, cxema 4.1) cy cMHTEeTUCaHW U NOTMYHO OKapakTepucaHwu.

PeakuunoHu TecToBu ypaheHu cy kako 61 ce NpoHaLUny NOroAHN peakLuMoHn ycrnoBu koju he ce
kopuctutn y okeupy ITC mepewa, kao M ga 6u ce yTBpaAMo cTeneH Moryhux crnopegHux
peakumnja. TecToBu Cy M3BEeOEHM Ha COOHOj TemnepaTypu NMPUMEHOM [Be MeTodonoruje: a) y
XNOPOGEH3eHY M OUXIIOPOMETAHY Ca M30M0BakeM peakuMoHuX npoussoga, U 6) vy
fAeytepvcaHom xrnopodopMmy 6Ge3 m3onoBarwa peakumMoHVMX npousBopa yaumajyhu y o6aup

pasnuyMTe MonapHe o4HOCe peaKkTaHaTa v pas3nuynTa peakumoHa BpeMeHa.

Y okBupy ITC mepewa pasmaTpaHe Cy [OBE BPCTE EKCMEepMMEHTaNHuX ycrosa: a)
E€KCMEPUMEHTN WU3BEOEHM Y CTEXMOMETpUjckMM ycrnoeBuma (cuctemmn 4.3a-b/4.4a) n ©)
eKCnepMeHTN U3BEAEHN Y BENMKOM BULLIKY jedHOr peakTaHTa (cuctem 4.3a-b/4.4a), npu yemy
Cy CBW EKCNEepUMEHTU W3BEOEHW CEKBEHUMjanHUM HayMHOM pfofaBawa (TuTpanTa). CBu
npopadyHn n3segeHn cy Ha ZORA-GGAPBE-D3(BJ)/TZP TeopujckoMm HUBOY Yy XIOpOGEH3eHy
(COSMO). ITC mepewmma 3a cuctem 4.3a-b/4.4a pobujeHe cy cupose (raw) AH; BpegHoOCTM
kao un mogen ITC AH, AG,, AS; BpegHoctu, ok cy ITC mepewa 3a cuctem 4.3a/4.4b
omoryhuna pobujawe cupoBux (raw) AH, BpeaHOCTM Kao M NpOueHy napuujanHor pena
peakuuje y ogHocy Ha ankuH 4.4b. Ctatnykum DFT-D npopayyHuma uapadyHaTe Cy BpeaHOCTH
CBUX TEPMOANHAMUYKNX peakunoHux napametapa (AH;, AG,, AS;) jegHocTpyke (cuctemm 4.3a-

b/4.4a) n oBOCTpYKE NMHCEpUMOHEe cekBeHue (cuctem 4.3a/4.4b).

PeakunoHn TecToBM nokasanu cy ga jeqHocTpyka umHcepumja ankuHa (4.4a-b) 6e3 ob3mpa Ha
BPCTY LMKIMYHOM ManagumjymoBor komnrekca (4.3a-C) 3aBUCKM Of, KOHLEHTpauuje ankuHa.
Haume, npu ckopo CTEXMOMETPUjCKOM OOHOCY peakTaHaTta Moxe Aohu OO cropefHe peakuuje
(n3oMepusoBake M MHCeEpTOBawe Apyror monekyna ankuHa). C apyre cTpaHe, ABOCTpyka
nHcepumja 4.4b y 4.4b HesaBucHa je of KOHLUEHTpauuje ankvHa, U gaje jeanHo ABOCTPYKO

MHCepTOBaHM peakumoHu npousBod. OBa 3anaxawa cy nomorna nnaHupawe ITC
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eKcrepMMeHTa M ykasana Ha To Jda Ou jeQHOCTYpKy WHcepuujy Tpe6ano wussoautn vy
CTEXMOMETPUjCKUM PeaKLMOHMM YCroBMMa, a Aa ce ABOCTPyKa MHCepLmja MOXe U3BOAMTM Yak

Ny BULLKY arnkuHa.

HobunjeHe cupose (raw) AH:; BpegHOCTU npoyyaBaHUX peakuuja jeaHoctpyke (AH: BpegHocTu
cuctema 4.3a-b/4.4a cy oko -28 kcal/mol ogHocHo -24 kcal/mol) n gBoctpyke (AH: BpeaHocTu
cuctema 4.3a/4.4b je -38 kcal/mol) nHcepumje anknHa y UMKNMYHE NanagujymoBe KOMMIIeKce
cyrepuvlly eHepreTCkM NPUNIUYHO MOBOSbHE MPOMEHE YHyTap WHcepuuoHe cekBeHue. OBe
BPEAHOCTU eHTannuje Mory OuTM npunuyHo pauuoHanHe Wy Be3n ca npupoaoMm
TpaHcopmaumje ysmmajyhm y o63up packngawe Be3e YITbeHMK-YITbEHUK U dopmupare
yITbEHVK-NAnagMjym Bese, Kao U MPUBMAYHUX HEKOBANEHTHUX WHTepakumja. Mogen ITC AH;
BpegHocTn cuctema 4.3a-b/4.4a (oko -31 kcal/mol ogHocHo -25 kcal/mol) y cknagy cy ca
cupoBum (raw) AH; BpegHoctuma, noTtBphyjyhm 3Hadaj nctux. Mogen ITC AG, BpegHocTu
cuctema 4.3a-b/4.4a (oko -7 kcal/mol 3a oba cuctema) ykasyjy gAa cy peakumje uHcepuwmje
NoOBOSbHE U Ca TepMoAMHaMW4YKe Tadke rneguwTa. [poueweHo je ga je napuujanHn peg
peakumje ankvHa 4.4b jegHak jegaH y OKBUpY ABOCTPYKE MHCEPLMOHEe CeKBeHLe, Kao 1 aa je
apyra mHcepumja MHoro 6pxa. OBM Hanasu Ccy y OANUYHOj carnacHoctn ca Beh 06jaBrbeHMM

eKkcrnepumeHTanHum nogauuma.?’*

Teopujckn nspadyHaTe BpegHoCT TepMmoguHaMmmykux napametapa AH; n AG, 3a oba ncnurtaHa
cuctema (4.3a/4.4a-b, ca spegHoctuma AH; og oko -37 kcal/mol ogHocHo -51 kcal/mol, n ca
BpeaHoctuma AG; oa oko -19 kcal/mol ogHocHo -26 kcal/mol) cy, y nopehewy ca gobujeHnm
ITC BpegHocTMMa, npeuereHe. Pasnor Tome (npeko 10 kcal/mol ny AH; n y AG, BpeaHocTMma)
MOXe OWUTKM HeykibyumBakwe EKCNNUUUTHE WHTepakuuje XxnopobeH3eHa ca LUKIUYHUM
nanagujymoB/MM KOMMJIEKCOM, 3a KOjy je nokasaHo (Ha cnuyHum mogenuma)’’? aa Huje

3aHemapJsbMBa (jep Cy BPe4HOCTU eHepruje nHtepakumje go Hekonuko kcal/mol).

Mopen Tora, CMHTETMCAHW Cy HOBWU Komnrekcu 4.3a n 4.6a 1 NoTnyHo okapakTepucanu (*H
NMR-oM, enemeHTarnHoM aHanms3om, MaceHoOM CMEKTPOCKOMNUjOM U AMdpakunjoM peHOreHCKUX

3paka).

MepcnektmBa. [loTpebGHa je npoueHa TepMoAMHAMUYKMX MNapaMeTapa WHTepakuuje
xnopobeHseHa ca UMKIMYHUM nanagujymMoBum Komnnekcuma. [loxerbHa je aHanusa

peakuunoHor npounssoaa 4.5a audpakumnjoMm peHareHcKuX 3paka.
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7.6. Conclusion du chapitre

L'insertion simple /double des alcynes 4.4ab (schéma 4.1) dans les palladacycles 4.3a-b
(schéma 4.1) a été étudiée par des outils expérimentaux, a savoir par des tests de réaction
utilisant les techniques sur ligne de Schlenk, la spectroscopie de résonance magnétique
nucléaire et la calorimétrie par titrage isotherme (ITC) et par des outils théoriques, c.-a-d. la
DFT (Density Functional Theory) avec la correction de la dispersion de Grimme - D3. En outre,
de nouveaux complexes (4.3a et 4.6a, schéma 4.1) ont été synthétisés et entierement

caractérisés.

Les tests de réaction ont été effectués afin de déterminer les conditions de réaction appropriées
qui seront utilisées dans les mesures de I'I'TC et de vérifier I'étendue des réactions secondaires
possibles. Les essais ont été réalisés a température ambiante dans deux méthodes: a) dans du
chlorobenzéne et du dichlorométhane avec isolement des produits de réaction et b) dans du
chloroforme deutérié sans isolement des produits de réaction en considérant divers rapports

molaires des réactifs et divers temps de réaction.

Les mesures ITC ont pris en compte deux types de conditions expérimentales: a) les
expériences réalisées dans des conditions stoechiométriques (systémes 4.3ab/4.4a) et b) les
expériences réalisées avec un large excés d'un réactif (systéeme 4.3a/4.4b), tandis que les
expériences sont réalisées de maniére séquentielle. Tous les calculs ont été effectués au
niveau de théorie ZORA-GGAPBE-D3(BJ)/TZP en considérant une solvation modeéle dans le
chlorobenzéne (COSMO). Les résultats ITC obtenus pour les systémes 4.3a-b/4.4a étaient des
valeurs brutes de AH, ainsi que des valeurs issues d’un modéle thermochimique de AH;, AG;,
AS;, tandis que pour le systéme 4.3a/4.4b, les mesures ITC ont permis d'obtenir des valeurs
brutes AH, ainsi que l'ordre partiel en alcyne 4.4b. Les calculs de DFT-D des séquences de
réaction simples (systemes 4.3a-b/4.4a) et de celles impliquant une double insertion (systeme
4.3a/4.4b) ont donné accés aux valeurs de tous les paramétres thermodynamiques des
réactions (AH,, AG,, AS)).

Les tests de réaction ont montré que l'insertion d’'un alcyne (4.4a-b), quel que soit le type de
palladacycle (4.3a-c), dépend de la concentration de l'alcyne. A savoir, avec un rapport presque
stoechiométrique des réactifs, les réactions secondaires (l'isomérisation et la seconde insertion)
peuvent se produire. D'autre part, la double insertion de 4.4b dans 4.3a est indépendante de la

concentration de l'alcyne etne donne que le produit doublement inséré. Ces observations ont
247



Chapter 7

aidé a la conception de I'expérience ITC suggérant que l'insertion unique pourrait étre favorisé
si des conditions stoechiométriques étaient respectées alors que la double insertion quant a elle

ne nécessiterait qu’'un excés d'alcyne.

L’enthalpie (raw AH;) obtenu pour les deux réactions étudiées impliquant une insertion simple
(valeurs AH, des systemes 4.3a-b/4.4a sont environ -28 Kkcal/mol et -24 kcal/mol,
respectivement) et double (valeur AH; du systéme 4.3a/4.4b est de -38 kcal/mol) d’alcynes dans
le palladacycle suggere des transformations énergétiquement trés favorables. Ces valeurs
d'enthalpie sot plutdt raisonnables, tenant compte du clivage de la liaison carbone-carbone et
de la formation de la liaison carbone-palladium, ainsi que des interactions attractives non-
covalentes. Les valeurs AH, du modéle ITC des systémes 4.3a-b/4.4a (environ -31 kcal/mol et -
25 kcal/mol, respectivement) sont en accord avec les valeurs de raw AH,. Les valeurs de AG;
du modeéle ITC des systemes 4.3a-b/4.4a (environ -7 kcal/mol pour les deux systémes)
indiquent que les réactions d'insertion sont également favorables du point de vue
thermodynamique. L'ordre estimé de l'alcyne 4.4b (la valeur est un) dans la séquence
d'insertion double, ainsi que le second est beaucoup plus rapide. Ces résultats correspondent

parfaitement aux données déja publiées.?”

Les valeurs calculées des parameétres thermodynamiques AH, et AG, des deux systéemes
examinés (4.3a/4.4a-b, avec les valeurs de AH, environ -37 kcal/mol et -51 kcal/mol,
respectivement, et avec les valeurs de AG; environ -19 kcal/mol et -26 kcal/mol,
respectivement) sont surestimés par rapport aux ITC obtenus. La raison d'une telle
surévaluation (plus de 10 kcal/mol dans les deux les valeurs AH; et les valeurs AG,) pourrait se
trouver dans l'absence de considération de l'interaction explicite du chlorobenzéne avec le
palladacycle, pour laquelle il est montré (sur des modéles similaires),?’? qu'elle n'est pas
négligeable (puisque les valeurs de I'énergie de linteraction peuvent atteindre plusieurs

kcal/mol).

De plus, de nouveaux complexes 4.3a et 4.6a ont été synthétisés et entierement caractérisés

(par RMN *H, analyze élémentaire, MS et rayons X).

Perspective. L'estimation des paramétres thermodynamiques des interactions du
chlorobenzéne avec les palladacycles est nécessaire. Une analyze par diffraction des rayons X

du produit 4.5a est souhaitable.
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Affinity of Lewis donors to
hexafluoroisopropanol
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8.1. Introduction.

Recently, due to its features:?”® acidic and polar character, strong hydrogen bonding
capabilities, high ionizing and stabilizing ability as well as low boiling point, low viscosity, and
recyclability, 1,1,1,3,3,3-hexafluoropropan-2-ol (HFIP) was found to be an exceptional medium,
either as solvent or co-solvent, that allows many reactions to occur.?’* However, the exact role
and mode of action of HFIP in various chemical transformations is not still fully and reasonably
explained. It is shown that aqueous alcohol mixture, especially aqueous mixture of HFIP, has a
stabilizing effect on a-helical structure of proteins and peptides?”® as well as on their

separation.?’®
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It has been found that HFIP is useful in the generation of intermediate conformation of
proteins?’’ within investigations of Alzheimer and prion diseases?’® as well as in other
applications within biochemical researches.?’® Even though there have been many attempts to
reveal molecular structure and properties of water-HFP mixture?®® mainly suggesting micellar
aggregates with fluoroalkyl group located in micelle, detailed structure has remained
unexplored. It has been reported that the water-HFP mixture existing within

microheterogeneities of HFIP and water clusters are dependent on mole fraction of the HFIP .21

Despite many papers dealing with water/HFIP complexes, little has been published on other
complexes as well as on thermochemistry of the formation of the complexes.?®? In a rare
example given by Maiti at al., among other characteristics, the enthalpies of H-bond formation
within complexes of HFIP and tertiary amines have been reported. Thus, within this study the
affinity of various Lewis donors to HFIP (see Scheme 5.1-2), are investigated experimentally by

means of ITC as well as theoretically using static DFT-D calculations.
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To figure out the possible role of HFIP, a formation of a potential donor-acceptor complex

between HFIP and a series of ligands?®® (Scheme 5.1-2) was investigated by ITC experiments
and static DFT-D calculations in gas phase.

OH PhCI OH
)\ =T )\ [LI
FsC CF; 25°C |F;C CF3
HFIP .
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L: o)
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Scheme 5.1. Schematic representation of the investigated reactions within the study of the

affinity of various Lewis donors (5.2a-j) to HFIP (5.1) and 2D representations of used Lewis
donors throughout ITC experiments and static DFT-D calculations.
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O
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Scheme 5.2. 2D representations of additional Lewis donors used throughout static DFT-D
calculations.

8.2. Experimental section.

8.2.1. Generalities.

The experiments considered an equilibrium dissociation reaction of complex formed between
1:1 equivalents of 1,1,1,3,3,3-hexafluoropropan-2-ol (HFIP) with different substrates (ligands)
(Scheme 5.1).

8.2.2. Techniques.

All the investigations on the affinity of various Lewis donors to HFIP were done using ITC

measurements and static DFT-D calculations.
8.2.3. Materials.

All used compounds were stored and used into a dry and argon filled glove box. Chlorobenzene
was purchased from Sigma Aldrich and distilled over calcium hydride and degassed prior to
use. HFIP (5.1) was purchased from Sigma Aldrich and used as received. The sulfoxides (5.2a-
d) were prepared by the group of Francoise Colobert (ECPM-Strasbourg) and used as received
under argon after checking their purity by NMR. Amines: aniline (5.2e) and pyridine (5.2f) were
purchased from Sigma Aldrich, purified over silica and degassed prior to use. Quinoline (5.29)

and Benzo[h]quinoline (5.2h) were purchased from Sigma Aldrich and purified over silica and
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recrystallized from pentane under argon and used checking its purity by NMR. Dioxane (5.2i)

was purchased from Sigma Aldrich, distillated over calcium hydride and degassed prior to use.
8.2.4. ITC experimental details.

The solutions of the adducts (5.3a-i) were prepared by dissolving a mass of substrates in pure,
freshly distilled and degassed chlorobenzene in the same volumetric flask and contained the
same number of mol of each substrate. The concentrations of the solutions in pure PhCl were
around 130 mmol/L. The ITC experiments were performed using sequential injection at 25°C
with a moderate stirring rate (150-200 rpm). Auto equilibration of the ITC was performed before
every experiment to reach an acceptable baseline. In the typical ITC experiment, the solution of
the adduct was introduced in the servo-controlled ITC syringe (100 yL) while the reference and
sample cell were entirely filled with pure PhCI (1.0 mL each cell). The content of the syringe was
injected into the sample cell through 45 equivalent injections (2.06 pL per injection) with time
delay between two consecutive injections of 1500-3000s, depending on a nature of the
particular system. For each studied system at least three experiments under the same condition
were done. A heat of dilution of each substrate in neat PhCl was estimated from the blank
experiments of HFIP in neat PhCI (preformed under the same condition as the main
experiments), which, supposedly, has the major contribution to the heat of dilution. That was
confirmed by comparison to the heats of dilution of other substrates (ligands) that were
significantly lower. Therefore, a heat of 100 yJ was subtracted from all the corresponding
titration curves. Enthalpy of dissociation (AHg) was obtained as result of an experiment using an
ad-hoc logarithm — dimer dissociation model - implemented in NanolTC Analyze software.

Resulting AHq values represents an average value of three corresponding experiments.
8.2.5. Static DFT-D calculation details.

All computations were performed by the methods DFT using Amsterdam Density Functional
package (ADF2013 version).

Starting geometries of the monomers (5.1 and 5.2a-i, see Scheme 5.1) were taken from the
CSD or built up from similar ones and optimized as singlet ground states in the gas phase.
Geometries of the complexes (dimers) were constructed from the previously optimized
monomers following two main possible orientations: - in case of the sulfoxides (5.2a-d) a) when

the OH group of HFIP is close to the sulfur atom or b) when the OH of HFIP group is close to
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the oxygen atom; - in case of amines/dioxane (5.2e-i) a) when the OH group of HFIP is close to
the nitrogen/oxygen atom while the rest of the HFIP molecule is above the aromatic/aliphatic
ring of the amine/dioxane or b) when the OH group of HFIP is close to the nitrogen/oxygen atom
while the rest of the HFIP molecule is outside of the aromatic/aliphatic ring of the

amine/dioxane, and optimized as singlet ground states in the gas phase.

The calculations were performed on larger scope of the ligands compared to the ITC
investigation. Accordingly, the calculations took into consideration the ligands showed in the
Scheme 5.2. Similar to the studied system by ITC, new ligands (5.2.j-n) were optimized as
monomers and as dimers with HFIP with respect to the previously explained choices of the
starting dimer geometries and at the same level of theory. When reasonable, theoretical trimers
were also considered. Namely, if the ligand possesses two potential proton acceptors, like the
sulfoxides (5.2a-d) and phenanthroline (5.2k) do possess, two molecules of the HFIP are
included into the structure optimization. The theoretical trimers (5.3a-d and 5.3j-n) were also
optimized in the gas phase at the same level of theory. Special case was HFIP itself, where up
to four molecules of HFIP were simultaneously optimized as one system (5.3.1)

8.3. Results and discussion.

8.3.1. ITC experiments.

To find optimal conditions for ITC measurements two approaches were employed. Like
previously, the first choice considered a separation of the substrates. Namely, first tests used
either HFIP as reagent in the sample cell, while the ligands (5.1a-i) were injecting through the
ITC syringe, or the reverse. However, it is shown that whatever the order and concentrations of
the substrates were, no exploitable ITC heat response was obtained (i.e. no possibility to fit the
curve). Some examples of these results are summarized in Figure Sl 5.1 (see Supplementary

Information).

Thus, the second approach, for first time used in this PhD study, had to be utilized. That
approach considered a making previously (outside of the ITC instrument) quite concentrated
mixture solutions of HIFP (5.1) and the ligand (5.2a-i) in pure chlorobenzene, supposedly
resulting in some kind of relatively labile non-covalent complex with respect of 1:1 equivalent in
each substrate. Such solutions were afterwards put in the servo-controlled ITC syringe and

sequentially injected into the ITC sample cell fulfilled with pure chlorobenzene. Basically, in this

256



Chapter 8

approach a dilution of the concentrated solution takes place in the ITC instrument. That dilution
leads to dissociation of that labile bonded complex and certainly to a forming of new complexes
of the substrates with chlorobenzene. The concentrations of these solutions that generated
reasonable ITC thermograms are found to be 80-130 mM. The heat of dilution, i.e. heat of
dissociation of the investigated complex upon dilution, was subsequently threated by an ad-hoc
algorithm (dimer dissociation model) implemented in NanolTC Analyze software. One should be
aware that the obtained heat was resulted from, among others, two main processes: a) the
dissociation of the complex (5.3a-i) which, if such complex exists within its concentrated
solution, must be an endothermic process; b) the solvation of the substrates by infinitely
concentrated chlorobenzene, which is most probably an exothermic process. As it was shown
separately, by doing the blank experiments (dilution of each substrate separately under the
same condition), the heat of solvation is mostly negligible (around 100 uJ) compared to the heat
of dissociation (a couple of mJ). For sake of consistency, that solvation heat is roughly

subtracted from the obtained ITC heat during its treatment by NanolTC Analyze software.

Results of the dissociation of the investigated complexes using dimer dissociation model are
depicted in Table 5.1. As it was mentioned above, these heats, and therefore, dissociation
enthalpies (AHq) have to be with endothermic (i.e. positive by convention) sign. Hence, in Table
Sl. 5.1 (see Supplementary Information) one can find dissociation enthalpies (AHg), dissociation
entropies (ASq) and dissociation Gibbs energies (AGq) while the corresponding association
(reaction) thermochemical parameters, which are basically the opposite to the dissociation
ones, are reported in Table 5.1. Figure 5.1 displays ITC thermogram of dissociation of the
5.1/5.2a complex in chlorobenzene and its integrated heat peaks fitted by dimer dissociation
model, as an example of the shape of ITC thermogram, considering very similar shape within of
all herein the investigated Lewis donors (5.2.a-i). The ITC thermograms of other herein studied

systems are given in Supplementary Information (see Figures Sl 5.2 — 9).
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Table 5.1 Results of ITC experiments obtained by employing dimer dissociation model on
integrated heat peaks and transformed to association thermodynamic parameters.

System AH, £ error AG; + error AS; * error Ka % error
kcal/mol kcal/mol kcal/mol kcal/mol cal/molK cal/molK M M
5.3a -12.9 0.8 -3.2 0.6 -32.4 5.9 2.3*102 4*10
5.3b -10.1 0.6 -2.9 0.5 -24.3 45 1.3*102 2*10
5.3c -10.1 0.4 2.7 0.4 -24.8 4.2 8.9*10 1*10
5.3d -4.6 0.5 -2.2 1.3 -8.3 5.1 3.8*10 2*10
5.3e -9.9 0.0
5.3f -14.3 1.2 -3.2 0.8 -37.1 8.7 2.2*102 5*%10
5.3g -11.8 0.3 -1.9 0.4 -33.0 6.4 2.7*10 5
5.3h -12.3 0.8 -1.4 0.3 -36.5 8.1 1.1*10 2
5.3i -9.3 0.3 -1.4 0.2 -26.6 3.4 1.0*10 1
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Figure 5.1. left side — ITC thermogram of the dissociation of the complex 5.1/5.2a (syringe,
c=82.44 mM) in chlorobenzene. The titration was performed at 25°C through 39 sequential
additions (of 2.06 pL each). Time between two consecutive injections was 2000 s. Heat
released is expressed in pJ/s versus time in s. right side — ITC integrated heat peaks of the
thermogram shown on the left side. Integrated heats are expressed in pcal versus number of
injections and fitted by dimer dissociation model implemented in NanoAnalyze software.

As a dissociation process is an equilibrium process it could be, in general, expressed with an
equilibrium constant Kq or Ka:
K Kq =[AT*[BI/I[AB]]

A+ B
Ka Ka =[[AB]I/[A]*[B]

[AB]

Therefore, the shape of ITC thermogram of the dissociation of the complex 5.1/5.2a shown in
Figure 5.1, is reasonable. Namely, at the beginning of the sequential titrations (by the
introducing of the solution of the complex through the ITC syringe into the sample cell fulfilled
with pure chlorobenzene), the heat response (endothermic) due to the dissociation of the
complex is the highest. As long as new portions of the complex are being injected, the
equilibrium mixture simultaneously adapts itself accordingly to the equilibrium constant (either

Kq or Ki), what leads to a decreasing of the relative heat change per injection.
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By integration the heat peaks of the recorded ITC thermograms and by applying the dimer
dissociation model, implemented in NanoAnalyze software, on these integrated heats, the
thermochemical parameters of the dissociation process of the complex (AHq4, AGq, ASq) were
obtained (as results of the fitting).

Intuitively, one can expect that HFIP interacting with the sulfoxides (5.2a-d) would be
challenged by at least two possible proton acceptors (sulfur and oxygen atom). The rest of the
HFIP molecule, i.e. fluorine atoms might interact with hydrogen atoms either from aromatic or
aliphatic residue of the sulfoxide molecule. On the other hand, an increasing of steric cluttering
around the sulfur atom would force HFIP molecule to move towards the oxygen atom adapting

its fluorine atoms accordingly.

The amines (5.2e-h) should, in principle, be simpler in terms of their possible interactions with
HFIP. Basically, basicity of the nitrogen atom accompanied with a possibility of delocalization of
its electron pair through aromatic ring would govern its capability to hydrogen bonding. On the
other hand, the aromatic (condensed) ring size might have an influence on the polarizability of
an aromatic ring and corresponding hydrogen atoms, and therefore on the strength of
subsequent interactions with the third party, i.e. fluorine atoms of HFIP molecule.

In the case of dioxane (5.2i) the interacting picture is even more predictable. Most probably, the
OH group of HFIP is oriented toward an oxygen atom, while the fluorine atoms interact with the
hydrogen atom of dioxane.

Moreover, the solvation interactions of chlorobenzene with the reactants should not be excluded
and treated as negligible. Thus, it must be assumed that a competition between these sources

of attractive (non-covalent) interactions always takes place.

The ITC results of the interactions of sulfoxides (5.2a-d) with HFIP in chlorobenzene as a
reaction medium suggest on a discriminatory influence of second substituent on sulfur atom.
Namely, it can be seen that if methyl group is the substituent, the association enthalpy (AH,) is
the highest, around -13 kcal/mol. That might be accompanied with small bulkiness of the methyl
group giving a possibility for relatively strong F-H interactions and a chance to the OH group to
properly interact with the oxygen or sulfur atom. As the bulkiness of the substituent increases,
the association enthalpy decreases. The same AH, value (around -10 kcal/mol) for 5.2b and
5.2c is probably caused by two opposite effects: the substituent bulkiness and the strength of

aliphatic hydrogen atom against aromatic hydrogen atom with a fluorine atom. The lowest AH,
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value of 5.2d (around -5 kcal/mol) is most probably due to the bromine substituent in ortho
position of aromatic ring directly connected to the sulfur. Namely, this bromine, to some extent,
can prevent most proper interaction of the sulfoxide with HFIP.

Expectedly, the AH, value of an association of aniline (5.2e) with HFIP is the lowest (around -10
kcal/mol), most probably due to its the lowest basicity among the series of investigated amines
(5.2e-h) and possible interference of nitrogen’s hydrogen atoms on achieving optimal orientation
of HFIP. Structural differences between the three other aromatic amines could rationally explain
the differences in their AH, values. Namely, in case of pyridine (5.2f), which exhibits the highest
association tendency to HFIP (with AH, around -14 kcal/mol and AG, around -1.3 kcal/mol), its
moderately high basicity and molecular simplicity might allow preferable orientation of HFIP
achieving, relatively strong non-covalent interactions, i.e. OH-N hydrogen bond and a couple of
F-H interactions. Although quinoline (5.2g), compared to benzo[h]quinoline (5.2h) possesses an
aromatic ring less, it seems that the number of the condensed aromatic rings has no significant
influence on the AH, value, as their AH, values are very similar, -11.8 kcal/mol and -12.3
kcal/mol, respectively. Quite interestingly, in comparison to AH, values of 5.2f (ca. -14 kcal/mol)
is seems that larger electron delocalization (through condensed aromatic rings) leads to
decreasing AHavalues for ca. 2 kcal/mol.

Considering the dioxane (5.2i) case and its AH, around -9 kcal/mol one could conclude that
relative flexibility of heteroaliphatic ring might have a disrupting influence on herein considered
interactions with HFIP.

From the obtained ITC Gibbs enthalpies of association (AG,), that are negative (ranged from
around -1.4 kcal/mol to -3.2 kcal/mol) in all the studied systems (5.3a-i), it can be concluded that
all Lewis donors (5.2a-i)) would spontaneously interact with HFIP (5.1). This information,
accompanied with relatively large association enthalpies (ranged from around -5 kcal/mol to -13
kcal/mol), might have a huge influence on an additional polarization of bonds within sulfoxide (or

other) molecule, what would ease its further transformations with third party.

So, to treat the ITC data properly, one must be aware of the complexity of interactions/reaction

in solution.
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8.3.2. Static DFT-D calculations.

All computations within the study of the affinity of Lewis donors (5.2a-i) to HFIP were performed
at ZORA-GGAPBE-D3(BJ)/TZP level of theory in gas phase, while some calculations were
performed in chlorobenzene solution (COSMO) phase as well. As explained in detail in the
experimental section of the manuscript, the geometry optimization was done for all the
monomers (5.1, 5.2a-i), corresponding complexes (5.1/5.2a-i) and, in the cases where there are
two possible proton acceptors (5.2a-d), even trimers (2x5.1/5.2a-d) were considered. The
geometry optimizations were confirmed as true minima by performing calculations of vibrational
modes. In accordance to the fact that a starting geometry has huge directing course to
geometry optimization (as frequently it stops into some of local energetic minimum), to find most
optimal orientation, a couple of starting positions of HFIP (regarding the second substrate) were
probed. The scope of the calculations was extended to few Lewis donors (5.2j-n) which have
not been tackled by ITC investigations. The thermodynamic parameters (AHa., AG,, ASa), as
results of the performed calculations, for all the systems were obtained. It is worthy to note that
this study is rather made for qualitatively-comparative purpose.

Graphic representations of the selected optimized geometries are shown in Figure 5.2 and
Figure 5.3 while their Cartesian coordinates are given in Supplementary Information.

The computational results of the studied systems by ITC (5.1/5.2a-i) are compiled in Table 5.2.
The data of the sulfoxides include results for various orientations of HFIP (primarily the
orientation of the OH group) regarding the molecule of sulfoxide. Otherwise, the data of
(potentially) most stable geometries are only given. Table 5.3 displays the results of the

additional systems (5.1/5.2j-n).
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Figure 5.2 Graphic representations of selected optimized geometries of the investigated
systems at ZORA-GGAPBE-D3-BJ/TZP level of theory in gas and chlorobenzene solution
(COSMO) phase. S: orange; O: red; N: violet; F: yellowish; Br: brown; C: grey; H: white.
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Figure 5.3 Graphic representations of selected optimized geometries of the investigated system
at ZORA-GGAPBE-D3-BJ/TZP level of theory in gas phase. O: red; N: violet; F: yellowish; CI:
green; C: grey; H: white.
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Noticeably, in all the sulfoxides (5.2a-d) stronger (even twofold) association enthalpies AH, are
obtained when HFIP is positioned toward oxygen atom than toward sulfur atom (see Figure Sl
5.10 as an example). In addition, in the case of 5.2d a difference in AH, among differently
substituted oxygen atoms could be seen; if HFIP is oriented to the heterocyclic ring a resulting
AHa, is significantly lower than AH, of the case in which HFIP is pointed to the oxygen doubly
bonded to the sulfur (see Figure Sl 5.11 as an example). If two molecules of HFIP (positioned
towards oxygen and sulfur, respectively) were optimized together with the molecule of sulfoxide
(5.2a-c), AH, value is roughly a sum of the separated association enthalpies, what means that
two HFIP molecules are able to accommodate themselves in such a way to not bother each
other’s optimal interactions with the sulfoxide. The results (of 5.1/5.2a-d) showed that the AH,
values of most optimal orientation within the complexes are similar and ranged from -11.5
kcal/mol to -13.0 kcal/mol. It seems that, theoretically in a gas phase, in terms of AH,; and AGs,,
most probably the complex 5.1/5.2c (AHa = -13 kcal/mol and AG, = 0.1 kcal/mol) would exist
within an equilibrium, while the complexes 5.1/5.2a (AH. = -11.5 kcal/mol and AG, = 0.7
kcal/mol), 5.1/5.2b (AHa = -12.4 kcal/mol and AG, = 2.5 kcal/mol) and 5.1/5.2d (AHa = -12.5
kcal/mol and AGa = 2.4 kcal/mol) would unlikely be in a single form. For the complex 5.1/5.2c
the thermochemical parameters were calculated for chlorobenzene solution state as well. The
results revealed that in solution AG, value got increased while AH, value got decreased for,
almost the same value (ca. 3.5 kcal/mol) compared to the gas phase values.

Calculated AHa values of the amines (5.2e-h) interactions with HFIP are span from -9.9 kcal/mol
to -13.2 kcal/mol. Again, the lowest value (-9.9 kcal/mol) belongs to aniline (5.2e). An influence
of a size of delocalized 1 system (number of condensed aromatic rings) on the association
enthalpies cannot be clearly stated since an inconsistency in the AH, values is noticeable. As
the calculated AH, values of quinoline (5.2g) and benzo[h]quinoline are -13.2 kcal/mol and -12.3
kcal/mol, respectively, it seems that largely delocalized systems (containing more than two
condensed rings) have no significant stabilizing influence on the interactions amine-HFIP.
Considering the AG, values, that are slightly negative (-0.6 - -2.1 kcal/mol), it could be
concluded that these pairs (5.1/5.2f-g) would rather exist in gas phase, what is not the case for
the 5.1/5.2e (AGa= 1.1 kcal/mol).

Results of 5.1/5.2i (AHa = -9.4 kcal/mol; AGa = 0.5 kcal/mol) suggest a moderately association

enthalpy value and not spontaneous formation of the pair. Regarding the discussed results

264



Chapter 8

above, one could conclude that oxygen is weaker proton acceptor than nitrogen while stronger

than sulfur.

Table 5.2 Results of static DFT-D calculations supplemented with ITC results. The calculations
were performed at ZORA-GGAPBE-D3-BJ/TZP level of theory in gas and chlorobenzene
solution (COSMO) phase.

System

5.3a

5.3b

5.3c

5.3d

5.3e

5.3f
5.3g
5.3h
5.3i

ITC

T_ype of main AH,
interaction
kcal/mol
OH-S
OH-O -129+0.8
OH-O + OH-S
OH-S
OH-O -10.1+0.6
OH-O + OH-S
OH-S
OH-O
OH-O + OH-S -10.1+04
OH-S
OH-O
OH-S
OH-O
OH-mO -46x0.5
OH-pO
OH-N 99+
OH-N -14.3+1.2
OH-N -11.8+0.3
OH-N -12.3+0.8
OH-O -9.3+0.3

AG,
kcal/mol

-3.2+0.6

-2.9+0.5

-2.7+x04

-22+1.3

-3.2+0.8
-19+04
-1.4+0.3
-1.4+0.2

DFT
AHa
kcal/mol
-6.0
-11.5
-17.8
-6.8
-12.4
-17.5
-5.9
-13.0
-18.0
-3.5
-9.7
-6.6
-12.5
-7.3
-6.1

-9.9
-12.7
-13.2
-12.3

-9.4

Level of theory

GGAPBE-D3-BJ/TZP-gas

GGAPBE-D3-BJ/TZP-PhClI

GGAPBE-D3-BJ/TZP-gas

AG,
kcal/mol
55
0.7
8.6
6.0
2.5
6.1
6.5
0.1
7.6
10.7
3.7
8.0
2.4
8.9
8.2

11
-2.1
-2.1
-0.6
0.5

AS,
cal/molK
-38.8
-41.0
-88.7
-42.9
-50.3
-79.2
-41.6
-44.0
-85.7
-47.8
-44.9
-48.8
-50.0
-54.2
-48.2

-36.9
-35.3
-37.0
-39.2
-33.1

Table 5.3 Results of static DFT-D calculations. The calculations were performed at ZORA-
GGAPBE-D3-BJ/TZP level of theory in gas phase.

System Type of main interaction

5.3j OH-N
OH-N
5.3k 2 x OH-N
5.3l OH-O
5.3m OH-O
out of ring_p-H
out of ring_ClI
5.3n in ring_g-_H
inring_ClI
2 X HFIP
5.3.1 3 x HFIP
4 x HFIP

Level of theory AR, AGa
kcal/mol kcal/mol

-12.0 -0.3

-12.9 -0.5

-20.2 51

-8.7 1.6

-9.0 1.8

GGAPBE-D3-BJ/TZP-gas -3.9 4.8
-3.8 5.0

-5.3 7.1

-4.9 5.7

-6.3 7.3

-13.5 12.7

-21.7 15.3

AS,

cal/molK
-39.1
-41.8
-85.0
-34.4
-36.2
-29.2
-29.3
-41.5
-35.6
-45.4
-87.8
-124.0

Comparing the results of the additionally studied amines (5.2j and 5.3k) a slight difference in

their AHa (-12 kcal/mol and -12.9 kcal/mol, respectively) might be caused by a presence of
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another nitrogen atom in the latter amine. If two HFIP molecules interact with 5.2k
((2x5.1)/5.2k), the resulting AHa value is not a simple sum of the two dimer (5.1/5.2k) AHa
values (see Table 5.3. and AH, related values: -20.2 kcal/mol against 2*(-12.9 kcal/mol))
suggesting that in the dimer case (5.1/5.2k) both nitrogen atoms are involved in the interactions
with the HFIP molecule.

Supplemented theoretical calculations included: two molecules that contain carbonyl group (i.e.
acetophenone (5.21) and benzaldehyde (5.3m)), chlorobenzene (5.2n) and HFIP (5.1), each
interacting with HFIP.

As HFIP molecule rather prefers to interact with aliphatic than aromatic hydrogen atom
(confirmed on these cases by additional calculations, see Figure Sl 5.12), a tiny difference
between the AH, values of 5.21 (AH, = -8.7 kcal/mol) and 5.2m (AHa = -9.0 kcal/mol) is rather

expected scenario.

Within a theoretical study of interactions between chlorobenzene and HFIP, a few orientations
of HFIP to PhCI were considered. The results, reported in Table 5.3, reveal that in the all taken
orientations no negligible association enthalpies (AHa is up to -5.3 kcal/mol) are obtained.
Interestingly, in most stable orientations, OH group (from HFIP) is oriented, either to carbon
atom in para position or to chlorine atom (Figure 5.3), while a rest of the HFIP molecule lies

above the aromatic ring.

The special case of theoretical part are interactions of HFIP itself. The results exhibited a
relatively large AH. values (-6.3 kcal/mol) for HFIP’s dimer and up 21.7 kcal/mol for the
guatromer, suggesting on a cooperative effect and a probability of large molecular clusters of
HFIPs. However, according to quite positive AGa values (from 7.3 kcal/mol), the clustering (in
diluted solutions) is unlikely to happen.

In accordance to the decrease of the number of molecules during an association process, the
obtained AS,values, negative in all the systems, are rather expected. They are ranged ca. -40 -
-50 cal/molK.
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8.4. Subchapter conclusion.

The affinity of various Lewis donors to 1,1,1,3,3,3-hexafluoropropan-2-ol (HFIP) were estimated
experimentally (by Isothermal Titration Calorimetry — ITC) and theoretically (by static Density

Functional Theory — DFT, with Grimme’s dispersion correction — D3).

ITC experiments considered a dissociation of the pair formed between HFIP and Lewis donor
and were carried out in sequential addition manner. Static DFT-D calculations were performed
at ZORA-GGAPBE-D3(BJ)/TZP level of theory (in principle, relatively fast and acceptably
accurate for organic components) mostly in gas phase. As results of both, experimental and
theoretical approach, thermodynamic parameters of the association (AH., AGa., AS,) are
obtained.

In ITC study a couple of sulfoxides (5.2a-d, Scheme 5.1), amines (5.2e-g, Scheme 5.1) and
dioxane (5.2i, Scheme 5.1) were studied, while the scope of static DFT-D calculations were
extended to some other amines (5.2j-k, Scheme 5.2), ketone (5.2, Scheme 5.2) aldehyde
(5.2m, Scheme 5.2) as well as to chlorobenzene and HFIP (5.2n, Scheme 5.2 and 5.1, Scheme

5.1, respectively).

The ITC results suggested on quite strong to strong non-covalent interactions (range of ITC AH,
-5 — -13 kcal/mol) within the studied systems. In addition, concluded on AG, (ranged -1.4 — -3.2
kcal/mol) all considered Lewis donors might interact spontaneously with HFIP. Altogether, that
might have a huge influence on an additional polarization of bonds within the Lewis donor
molecule, what could be of a crucial importance in key steps of various chemical

transformations. Therefore, HFIP might have a catalytic role.

Although, the results of the calculations AH, in gas phase are consistent with the experimental
AH, ITC results within the error bar, it is shown that even better accordance of the results could
be achieved applying continuum model solvation treatment (COSMO) within the computations.
Compared to the ITC results, static DFT-D calculations at used level of theory do overestimate

AS, value.

It is shown that chlorobenzene, solvent of choice for ITC experiments, could considerably
interacts with HFIP as well as that quite strong interactions between HFIP molecules are

possible, what one should be aware of. Additionally, the calculations showed that nitrogen is
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stronger H bonding acceptor than oxygen, while the later one is stronger than sulfur. HFIP

rather prefer to interact with aliphatic than aromatic hydrogen atoms.

Outlook. The investigation should be supplemented with solution (COSMO, or better)
thermodynamic parameters for non-treated systems. An estimation of BSSE as well as a
calculation of interaction energies of all herein studied systems would be appreciable. 2D NMR
— Diffusion ordered spectroscopy (DOSY) investigation is highly desirable.
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8.5. 3akrby4ak nornassrba.

AduHnteT pasnunumtux Lewis-oBux pgoHopa npema 1,1,1,3,3,3-xekcachnyoponponaH-2-ony
(HFIP) npouereH je ekcnepumeHTanHo (nomohy msoTepmanHe TUTpauvoHe KanopumeTtpuje
(eHr. ITC) n Teopujcku (MpopayyHMMa 3acHOBaHMM Ha Teopuju dyHKUMOHaNa rycTuHe ca

Grimme-oBOM Kopekuujom 3a aucnepsujy (eHr. DFT-D3)).

ITC ekcnepumeHTMMa npoy4yaBaHa je aucouujaumja napa copmupaHor nameny HFIP Lewis-
OBUX [JOHOpa, a u3BedeHUM CYy CeKBeHUMjanHuM HayMHoM pJopasawa. Ctatmukm DFT-D
npopayyHn ussegeHn cy Ha ZORA-GGAPBE-D3(BJ)/TZP Teopujckom HuBOY (y npuHLUMNY,
penaTtuBHO 6GP30M 1 NPUXBATIBLMBO TAYHOM 3a OPraHCKe KOMMOHEHTE) yrnaBHOM Y racHoj dhasu.
Kao pesyntaTt ekcnepuvMeHTanHOr W Teopujckor npuctyna gobujeHn cy TepMOAMHaMWUYKM

napameTpu acouujaumje (AHa, AG,, AS,).

Y ITC cTyamju npoyyaBaHo je Hekonuko cyndokenpa (5.2a-d, cxema 5.1), ammHa (5.2e-g, cxema
5.1) n gnokcaH (5.2i, cxema 5.1), ook je obum ctatnykmx DFT-D npopadyHa npoLImnpeH Ha Heke
apyre amuHe (5.2j-k, cxema 5.2), keTtoH (5.2l, cxema 5.2) angexmg (5.2m, cxema 5.2), kao un

xnopobeHseH n HFIP (5.2n, cxema 5.2, ogHocHo 5.1, cxema 5.1).

ITC pesyntaT ykasanu cy Ha NoCTojaHe NPUIIMYHO jaknX OO jakux HEKOBANEHTHUX MHTEpaKunja
(oncer AHa. BpegHocTn of -5 go -13 kcal/mol) y npoyyaBaHum cuctemuma. lopen Tora, Ha
ocHoBy AG, BpegHocTu (y oncery og -1,4 oo -3,2 kcal/mo), 3akrby4eHo je Aa CBM pasmaTpaHu
Lewis-0B1 OOHOpM MOry Aa uHteparyjy cnoHtaHo ca HFIP-om. CBe TO MOXe mmatu Benuku
yTuUaj Ha gogaTHy nornapusauujy Besa yHyTap Morekyna Lewis-oBux goHopa, wto 6u morno
6UTM oA npecygHor 3Hayaja y Kiby4HVWM Kopauuma pasnuyuntux xemujckux npomeHa. Crora,

HFIP moxe umaTtu kaTanuTuuky ynory.

Nako cy pesyntatu npopadvyHa AH, y racHoj da3un y cknagy ca ekcnepumeHTanHum AH, ITC
pesyntatMma yHyTap rpaHuue rpellke, nokasaHo je ga 6wu ce morna noctuhm jow 6Gorba
ycknaheHocT u3meRy pesyntata MNpMMEHOM KOHTMHyanHor consatauuoHor mogena (eHr.
continuum model solvation treatment (COSMO)). Y nopehemny ca ITC pesyntatnma, Ctatnyku

DFT-D npopayyHu Ha KopuwheHOM TeOpUjCKOM HUBOY npeLeryjy AS, BpeaHOCTH.

MokasaHo je ga ©m u xnopobeHseH, nzabpaHm pacteapady 3a ITC ekcnepuMmeHTe, Morao

3HavajHO mHTeparoBaTu ca HFIP-om, kao u ga cy moryhe cHaxHe uHTepakumje nameny cammx
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monekyna HFIP, wto Tpeba ysetn y 063up. MNopen Tora, npopadyHu cy nokasanu ga je npu
rpahewy BOAOHWYHMX Be3a aTOM as0Ta jayn akuenTop Hero atoM KUCEOHWKa, OOK je aToM
KMCEeOHUKa jaun akuenTop of aTtoma cymnopa, kao n ga HFIP paguwje rpagu mHTepakuuje ca

aJ'IVI(*)aTI/I‘-IHVIM Hero ca apoMmaTu4HMM atoMnMa BOOOHUKA.

MepcnektuBa. Victpaxueawe Tpeba 4ONYHUTN TepMOAMHAMUYKMM NapaMeTpumMa UHTepakumja
ncnmtmBaHux cuctema y pactesopy (COSMO, wnn Gorba metoga). lNpoueHa BSSE-a, kao u
n3padyHaBawe €Heprvje MHTepakumje npoyyaBaHmx cuctema, 6uno 6um 3HaudajHo. 2D NMR

DOSY uncnntneake npoydaBaHNX CUCTEMA j€ BEOMA MOXEIBHO.
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8.6. Conclusion du chapitre.

L'affinité de divers donneurs de Lewis pour le 1,1,1,3,3,3-hexafluoropropane-2-ol (HFIP) a été
estimée expérimentalement (par calorimétrie de titrage isotherme - ITC) et théoriguement (par
la théorie de la densité statique fonctionnelle - DFT, avec Correction de la dispersion de
Grimme — D3).

Les expériences ITC ont considéré une dissociation du couple formé entre le HFIP et le
donneur de Lewis et ont été réalisées de maniére séquentielle. Les calculs de DFT-D statiques
ont été réalisés au niveau de théorie ZORA-GGAPBE-D3(BJ)/TZP (en principe, relativement
rapide et acceptable pour les composants organiques), principalement en phase gazeuse.
Comme résultats de I'approche expérimentale et théorique, les parametres thermodynamiques
de l'association (AHa, AGa, AS,) sont obtenus.

Dans I'étude ITC, quelques sulfoxydes (5.2a-d, schéma 5.1), des amines (5.2e-g, schéma 5.1)
et du dioxane (5.2i, schéma 5.1) ont été étudiés, tandis que la portée des calculs de DFT-D
statique a été étendue a d'autres amines (5.2j-k, schéma 5.2), une cétone (5.2I, schéma 5.2),
un aldéhyde (5.2m, schéma 5.2) ainsi que le chlorobenzéne et le HFIP (5.2n, schémas 5.2 et

5.1, schéma 5.1, respectivement).

Les résultats de IITC suggérent des interactions non-covalentes assez fortes a fortes
(fourchette de ITC AH, -5 - -13 kcal/mol) dans les systémes étudiés. En outre, sur la base des
valeurs de AG, (compris entre -1,4 et -3,2 kcal/mol), tous les donneurs de Lewis considérés
pourraient bien interagir spontanément avec HFIP. Au total, cela pourrait avoir une influence sur
une polarisation supplémentaire des liaisons au sein de la molécule donneuse de Lewis, ce qui
pourrait étre d'une importance cruciale dans les étapes clés de diverses transformations

chimiques. Par conséquent, I'HFIP pourrait avoir un rdle de catalyseur.

Bien que les résultats des calculs de AH. en phase gazeuse soient cohérents avec les résultats
expérimentaux (ITC AH,) dans la barre d'erreur, il est démontré que les résultats peuvent étre
encore meilleurs en appliquant le modéle de solvatation COSMO dans les calculs. Comparés
aux résultats de I'I'TC, les calculs statiques de DFT-D au niveau de la théorie utilisé surestiment

la valeur de AS..
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Il est montré que le chlorobenzéne, solvant de choix pour les expériences ITC, pourrait interagir
considérablement avec HFIP ainsi que HFIP est capable d'interagir assez fortement avec lui-
méme, ce que l'on devrait étre au courant. De plus, les calculs ont montré que l'azote est un
accepteur de liaison H plus fort que I'oxygéne, alors que le plus tardif est plus fort que le soufre,
alors que le HFIP préférerait plutdt interagir avec des atomes d'hydrogene aliphatiques que

aromatiques.

Perspective. L'étude devrait étre complétée par des parametres thermodynamiques en solution
(COSMO, ou mieux) pour les systemes non traités. Une estimation de la BSSE ainsi qu'un
calcul des énergies d'interaction de tous les systemes étudiés ici seraient appréciables. RMN

2D - L'étude de la spectroscopie par diffusion (DOSY) est hautement souhaitable.
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Conclusion
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Version in English.

To address the main questions posed as the aims of the Thesis — how the theory could be
rationally improved, and consequently, how the theory and experiments could meet each other
as well as how to rationalize a role and importance of non-covalent interactions — heat and
related thermodynamics were chosen as a central part. Therefore, the core of the Thesis’s
research was the acquiring a huge thermochemical data base of various reaction systems which

could be, in the broadest sense, considered as Lewis donor-acceptor pairs.

The reaction systems were selected in a way that: a) either they represent an important topic in
the chemical world or in their course of chemical transformation a step-wise reaction
mechanism is assumed/documented (which can be challenging for both experimental and
theoretical chemists); b) an influence of non-covalent interactions within the system might be
significant.

In the present Thesis, the isothermal titration calorimetry (ITC) experiments were employed, as
the main experimental tool. For the purpose of ITC experiments a Nano ITC (TA Instrument ®),
device was used. As a theoretical tool, the static DFT-D calculations were performed. As a
complementary and helping method, a search of Cambridge Structural Database (CSD) was
performed. Besides the ITC and theoretical studies, most of the reactions (reactants and
reaction products) were fully characterized by standard experimental characterization methods
(NMR spectroscopy, Mass spectroscopy, Elemental analysis, X-Ray diffraction, IR
spectroscopy). Moreover, the reactions of (F)LPs were monitored by 2D NMR - DOSY

experiments.

The ITC journey covered both, kinetic (partial order, initial rate constants of reaction, where
possible, according to the used reaction conditions) and thermodynamic study (AH, AG, AS) of
the reaction systems, while by the DFT-D calculations only the thermochemical parameters (AH,
AG, AS) of the reaction systems in gas or/and chlorobenzene phase were obtained. The CSD

search was performed only in case of the (F)LPs.

The research of the (F)LPs revealed the following: 1.1/1.2a-c form cohesive pairs, the system
1.1/1.2d exist within an equilibrium, the system 1.1/1.2f does not show any tendency to forming
any stable pair, while the system 1.1/1.2e only with less than 0.2 equivalents of the phosphine

form single reaction product. An assumption of forming clusters (most probably consisted of one

275



Chapter 9

molecule of the phosphine and, at least, two molecules of the borane), rose up from the ITC
thermograms, is confirmed by both 2D DOSY NMR experiments and DFT-D calculations. The
ITC AH results showed that, among all herein studied adduct formations, the highest heat
release (ca. -22 kcal/mol) is obtained during the formation of messPB(PhFs)s (1.1/1.2d, well-
known FLP adduct), suggesting that non-covalent interactions have a huge influence within
these systems. The theoretically estimated interaction/reaction AH values (that account for the
influence of chlorobenzene explicitly) are in good agreement with the experimental ITC data.
Many useful geometrical parameters of classical and frustrated phosphine-borane pairs were
obtained by the CSD search. These parameters helped in rationalizing the differences between

them considering their mutual orientation and distances.

The ITC thermodynamic results (range of ITC raw AH, -9 — -12.5 kcal/mol) have suggested that
reasonably stronger interactions could be established through the investigated cis-migration-
insertion reaction sequence, indicating a difference between chosen phosphines: their ability
to establish non-covalent interactions and nucleophilic affinity. The ITC kinetic results have
confirmed partial first reaction order with respect to the complex 2.1. Although the static DFT-D
COSMO calculations have predicted much larger (ca. 2.5 times) reaction enthalpies (computed
AH; values are ranged from ca. -22 kcal/mol to -31 kcal/mol), the computed AH; values are
mutually in accordance (regarding their structural and electronic characteristics). Such
overestimation might be a consequence of not taking into account explicit interactions of
chlorobenzene with the reactants, especially with the complex. The computed Gibbs free
energies (AG, values from ca. -8 kcal/mol to -17 kcal/mol) suggest the possibility of quite

spontaneous interactions.

The results suggest on an equilibrium nature of the amination process as well as no side
reaction products. The thermodynamic ITC results (AH; values larger than -15 kcal/mol)
suggested energetically favorable transformations within the amination process in the systems
3.2a-c/3.3a and 3.2a-c/3.3b, while the systems 3.2a-c/3.3b were found to be non-exploitable.
Clear dependence between the type of metal atom and the reaction enthalpy could not be
drawn. The kinetic ITC results rather confirmed partial second reaction order with respect to the
amine. The calculated reaction enthalpies (ranged from ca. -5.5 kcal/mol up to -20 kcal/mol), are
in excellent accordance with the experimental ones, while the calculated Gibbs free energies
have suggested on spontaneous process within all the systems. In addition, the calculation
revealed that the amination of the herein investigated Fischer carbenes by aniline (3.3b) is not

thermodynamically possible in normal conditions, confirming the ITC observations.
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Obtained ITC AH value of the double insertion (ca. -38 kcal/mol) is reasonably larger than ITC
AH value of the single insertion (ca. -24 — -28 kcal/mol) of the alkynes within the palladacycle
complexes. Kinetic ITC study confirmed the pseudo first order of reaction in case of 4.4b. The
DFT-D predicted AH and AG values are around 10-15 kcal/mol larger than the experimental ITC
data, suggesting that chlorobenzene has a significant competitive influence, interacting non-
covalently, within the insertion sequence. Considering the complexity of nature of the reactants
and the chemical transformations within the insertion reaction, it could be concluded that there

is a good accordance between experimental and theoretical results.

The ITC results of the affinity of various Lewis bases to HFIP suggested quite strong to strong
non-covalent interactions (range of ITC AH, -5 — -13 kcal/mol) within the studied systems. In
addition, concluded on AG, (ranged -1.4 — -3.2 kcal/mol), all considered Lewis donors might
interact spontaneously with HFIP. Altogether, that might have a huge influence on an additional
polarization of bonds within the Lewis donor molecule that could be of crucial importance in key
steps of various chemical transformations, suggesting that HFIP might have a catalytic role.
Although the calculated AH, values in gas phase are consistent with the experimental AH, ITC
results within the error bar, it was shown that even better accordance of the results could be
achieved applying continuum model solvation treatment (COSMO) within the computations.
Additionally, it was shown that chlorobenzene could considerably interacts with HFIP as well as
that quite strong interactions between HFIP molecules are possible. The calculations showed
that nitrogen is stronger H bonding acceptor than oxygen, while the latter one is stronger than
sulfur. In addition, HFIP would rather prefer to interact with aliphatic than aromatic hydrogen

atoms.

Although nor the interaction energies have been calculated neither the energy decomposition
analysis has been performed on any investigated system, it could be concluded from the
obtained interaction enthalpies, especially of the systems including formation of Lewis pairs of
(PhFs)sB and HFIP with various Lewis donors/acceptors (where, in general, there is no
possibility for covalent bonding), that the importance of non-covalent interactions is great to

crucial.
Overall, it could be concluded that:

- The ITC experiments, extended to organic and organometallic chemistry, were proved as a

powerful technique for obtaining reliable thermodynamic as well as kinetic reaction data.

277



Chapter 9

- The DFT-D calculations showed up capabilities in an accurate modelling of the reaction
systems as well as in good to excellent prediction of the thermochemical parameters of

reactions.

- Subsequently, a huge experimental database of thermochemistry of a number of reactions is

produced, which can be used as the reference in further improvements of DFT calculations.

- The research shed some light on existing FLPs and HFIP chemistry by introducing molecular
clusters and by proving a formation of relatively strong donor-acceptor complexes, respectively.

These findings can be the potentially important base of their chemical reactivity.

- It is shown that various chemical transformation within organometallic complexes, (such as
migration-insertion, many step-wise insertions, auto catalyzed addition-elimination reaction
sequences), can be properly studied and described experimentally — by Kkinetic and
thermodynamic ITC experiments and theoretically — by static DFT-D calculations.

- Additionally, it was shown that the influence of the solvent, interacting non-covalently with
solutes, is not negligible in many cases, suggesting that accounting for the explicit solvent
interactions leads to better accordance between the theoretically and experimentally obtained

results.
- Non-covalent interactions play important or even crucial role within the investigated systems.

- For the sake of authority on produced data of our collaborators — colleagues from prof.
Grimme group, the additional calculated data of all herein studied systems are not reported.
Due to that fact, a comprehensive estimation of the role and importance of non-covalent

interactions, especially of London’s dispersion forces, was not possible.
General outlook.

Calculating the energy of interactions of all the studied systems as well as performing the
energy decomposition analysis is highly desirable. The analysis of the interactions by the
Ziegler-Rauch decomposition technique in repulsive and attractive energy terms would make it
possible to enter further into the nature of the interactions and the point that represents for
example the dispersion Calculating electrostatic potentials of all the reactants/products would be
rather important, because it can help significantly in rationalizing the potential reactive sites by

visualizing the distribution of the electron density.
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Version in Serbian.

[a 6u ce ogroBopuno Ha rnaBHa NUTakwa Koja Cy NOCTaBibeHa Kao UUIbEBUN Te3e — Kako 6u ce
Teopuvja Morna yHanpeamTn, Kako ce Teopuja U eKCnepuMeHT mory MehycobHO gonyHaBatw,
Ka0O M Kako paumoHanuM3oBaTu Yrory M 3Havaj HeKoBaneHTHUX WHTepakuuja — npoyyaBame
TONNoTe peakumja n oarosapajyhmx TepMoaAMHaMUYKMX peakuMOoHUX napametapa nsabpaHo je
3a eKcrnepuMeHTanHy M TeOopujCKy OCHOBY UCTpakmBaka. CTora je jesrpo UcTpaxuBawa y
OKBMpY OBe [OKTOpcKe paucepTtauuwje 6uno copmuparbe OrpoMHe Tepmoxemujcke 6ase
nogartaka pasnuunuTuxX peakLMoHUX CUCTEMA, KOju BU ce y HajluMpem CMUCAY MOMNK cMaTtpaTu

Lewis-oBnm OOHOPCKO-aKUuenTopCKnm napoBmnma.

PeakumoHn cuctemn cy mabapaHun YKONMKO UCnyw-aBajy crnegehe ycnose: a) npeacTasrbajy
BaXHy Temy Yy obnactm xemuje wWnM ako je y TOKYy XeMujcke MNpOMeHe Yy cuctemy
NpeTnocTaBrbeH/A0oKa3aH BULIECTENEHW peakUuMoHW MexaHu3am (LTO MOXe npeacTaBrbaTut
N3a30B N 3a eKCriepuMeHTarnHe 1 3a Teopujcke xemuyape); 6) y cuctemy je 3HavajaH yTuuaj

HEeKOBaneHTHUX MHTepakuuja.

Y O0BOj OOKTOPCKOj AucepTauuju Kao rnaBHa eKCcnepuMeHTanHa TexHuka KopuwheHa je
n3oTepmariHa TutpauunoHa kanopumetpuja. 3a notpebe ITC ekcnepumeHaTa kopuwwheH je Nano
ITC (TA Instrument ®) ypehaj. Teopujcka NpoydaBata 3aCHOBaHa Cy YrfaBHOM Ha CTaTUYKUM
DFT-D npopayyHuma. Kao koMnnemMeHTapHuU M NoMohHW MeTo[ M3BpLUeHa je U npeTpara
Kembpuuke 6ase ctpyktypHux nogataka. [open ITC n Teopujcknx ctyamja, BehuHa peakumja
(peaktaHTM W peakumoHM npou3BOAM) Yy MOTNYHOCTU CYy OKapakTepucaHe CTaHAapAHUM
MeTogama eKkcrnepumMmeHTarnHe Kapaktepusauuje (HMP crnekTpockonuja, MaceHa
CMEeKTpoCKoNuja, enemMeHTarnHa aHanuaa, gudpakumja peHareHckmx 3paka, VL cnekrpockonuja).

Peakuuje (F)LP-a npaheHe cy n 2D NMR - DOSY ekcnepumeHTMMa.

ITC uctpaxuBarwe obyxBaTuno je KUHeTUYKe (ogpehuBame napuujanHor pepda peakuuje y
O4HOCY Ha opgroBapjyhe peakTaHTe, KOHCTaHTe no4yeTHe Op3vHe peakuuvje, roe je 1o 6Guno
mMoryhe 3aBUCHO Of peakuMoOHUX ycroBa) n TepmoanHamudke ctyaunje (ogpehmBamwe AH, AG,
AS) peakumoHux cuctema, gok cy nomohy DFT-D npopayvyHa fobujeHn camo TepMOXEMUjCKM
napameTtpn (AH, AG, AS) peakuMOHMX CUCTEMA Yy racHOj w/unm XxnopobeH3eHCKo] dhasu.

MpeTpaxunBarne CSD-a n3BpLueHo je camo y cnyyajy (F)LP-a.
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Mpoyyasane (F)LPs nokasano je cnepgehe: 1.1/1.2a-c dhopmMupajy KoxepeHTHe napoBe, CUCTEM
1.1/1.2d noctoju y paBHOTexu, cuctem 1.1/1.2f He nokasyje TeHOeHUW)y Ka dopmupary
cTtabunHor napa, gok cuctem 1.1/1.2e y npucyctsy ao 0,2 ekBuBaneHTta docduHa popmmpa
jefaH peakumoHn npousBod. [lpeTnoctaBka o0 popmupawy knactepa (HajpepoBaTHUje
cacTaBIbeHUX Of, jegHor Mmonekyna docduHa n, 6apem, gBa monekyna 6opaHa), koja je
npousawna m3 ITC tepmorpama, notepheHa je n 2D DOSY NMR ekcnepumeHTuma n DFT-D
npopavyHuma. ITC AH pesyntatm nokasanum cy ga je, npy copmuparwy agykarta, Hajseha
KonuumHa Ttonnote (oko -22 kcal/mol) ocrnoboheHa Tokom dopmupaba messPB(PhFs)s
(1.1/1.2d, pobpo nosHator FLP agykra), ykasyjyhm Ha uJukeHUUy [a HeKoBaneHTHe
WMHTEpakumnje umajy orpomaH ytuuaj y osum cuctemuma. lNpeasmneHe DFT-D AH BpegHocTy,
Koje yanmajy y 063up 1 ytuuaj xrnopobeHseHa, y 4obpoj cy carnacHOCTU ca eKCriepuMeHTanHMm
ITC BpegHocTUMa. MHOro KOpPUCHMX reOMeTPUjCKMX napamMeTapa 3a KrnacuyHe un pycTpupaHe
napoee d¢occduHa n bopaHa pobujeHo je npetparom CSD-a. Wmajyhu y Buay HUXOBY
MeNycobHy opujeHTauunjy U pacTtojarke, OBM NapameTpu cy nomMornu y geduHuncamwy pasnuvka

n3mehy Hux.

ITC TepmognHamudkm pesyntaTtu (oncer ITC cuposux (raw) AH; BpegcHoctn og -9 go -12,5
kcal/mol) nokaszann cy ga 6u ce pa3ymMHO jaye WHTepakuuje MOorfie YCrnocTaBUTU MNPEKo
UCnMTMBaHe CiS MUrpauuMoHe-uHCEepLMOHE peaKLMoHe CeKBeHLe, NCTOBPEMEHO YyKasyjyhu n
Ha pasnuky uamehy nsabpaHmx pocdnHa: Ha HUXOBY Pa3nIMUUTY CNOCOBHOCT yCnocTaBrbaka
HEKOBamneHTHNX WHTepakumja u HUXOB pasnuunTn HykneounHu adpuHnteT. ITC KMHETUYKM
pe3yntaTtv NOTBPAMIM Cy Aa Ce pagu O peakuumju NpBor pefa y ogHocy Ha komnnekc 2.1. Mako
cy ctatuukm DFT-D COSMO npopadyHu npegsugeny mHoro Behe (oko 2,5 nyTta) peakuuoHe
eHTannuvje - AH, BpegHocTn of oko -22 kcal/mol go -31 kcal/mol, nspayyHate AH, BpegHocTu
mehycobHo cy ycknaheHe (C 063MpoM Ha CTPYKTYpHE W EneKTPOHCKEe KapaKTepucTuke
ncnutmeaHux cuctema). OBakBa npeuewuBarkba Mory 6utM nocneguua Heysumawa y 063up
eKCNNUUUTHUX MHTepakumja xrnopobeHseHa ca peaktaHTuUma, a nocebHo ca komnnekcom (2.1).
WN3pauvyHaTte BpegHocTn Gibbs-ose cnoboaHe eHepruje (AG, og oko -8 kcal/mol oo -17 kcal/mol)

yKaayjy Ha MOryhHOCT MpUIiMYHO CMOHTaHUX MHTepakuumja.

Pesyntatu ykasyjy Ha paBHOTEXHY Npupofy npoueca aMUMHUBaHa, Kao W Ha HernocTojane
crnopegHux peakumoHux npomssoga. ITC TepmoguHamunykmn pesyntatn (AH, BpeaHoctu Behe of
-15 kcal/mol) ykasanu cy Ha eHepreTcku MOBOSfbHE MPOMEHe Yy Mpouecy aMuHOBaka Y

cuctemuma 3.2a-c/3.3a u 3.2a-c/3.3c, Ook cy cuctemu 3.2a-c/3.3b okapakTepucaHu Kao
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HeynoTpebrbnBM. JacHa 3aBMCHOCT peakuMoHe eHTnanuvje og Tuna metana Huje onaxeHa. ITC

KMHEeTUYKN pe3yntaTtn Cy noTeBpauin aa ce pagm o peaKLI,VIjVI apyror pega 'y ogHoCy Ha aMuHe.

M3pauyHaTe peakuuoHe eHTannuje (y pacnoHy of oko -5,5 kcal/mol go -20 kcal/mol) cy y
OANUYHOj carnacHOCTU ca eKCrnepuMeHTanHUM BpedHoCTMMa, AOK u3padvyHate Gibbs-ose
cnobogHe eHepruje ykasyjy Ha CnoHTaHe npouece y CBUM cuctemuma. opeg Ttora, Ha OCHOBY
npopavyHa je 3akiby4eHO [a aMuHOBawe ucnutueaHmx Fischer-oBnx kapbeHa nomohy
deHunammnnHa (3.3b) Huje TepmoanHamumykm moryha Ha 25 °C, wTto je noTBpauno pesyntaTe

nobujeHe ITC meTogom.

[o6ujeHa ITC AH; BpeaHocT aBocTpyke uHcepumje (oko -38 kcal/mol) je pasymHo Beha og ITC
AH, BpegHocTn jegHocTpyke uHcepumje (oko -24 go -28 kcal/mol) ankuHa yHyTap WMKIUYHUX
nanagmjymoBux komnnekca. KnHetnuka ITC ctyamja notBpauna je ga ce pagu o peakumju
npBor peda y ogHocy Ha 4.4b. BpegHoctn AH, u AG, npegsuheHe DFT-D meTtogom cy 3a oko
10-15 kcal/mol Behe op exkcnepumeHTanHux ITC BpegHoOCTW, WTO ykKasyje Ha TO [Aa
XNopobeH3eH, WHTeparyjyhnm HeKOBaneHTHO, MOXe MMaTu 3HavajaH KOMMNETUTUBHU YTULA|
yHyTap uHcepumoHe cekBeHue. C 0B3MpOM Ha CroXeHy nNpupody peakTaHata U Xxemujcke
TpaHcdopmaLmje y MHCEPLUMOHO]j peakumju, MOXe Ce 3akibyunTu Aa noctoju gobpa carnacHocT

Msmef]y eKCnepnMeHTanHmnx n TeOpVIjCKVIX pesyntarta.

ITC pesyntatn adouHuTeTa pasnmuntux Lewis-osunx 6asa npema HFIP ykasanu cy Ha npunvyHo
jake 0o jake HekoBaneHTHe mHTepakumje (oncer ITC AH. BpegHocTn of -5 go -13 kcal/mol) y
ucnmtmeaHum cuctemmma. Ocum Tora, Ha ocHoBy AG. BpegHoctu (y oncery og -1,4 go -3,2
kcal/mol), 3akrby4eHo je ga cBu pasmaTtpaHu Lewis-oBu AOHOPW MOry CMOHTAHO MHTEeparoBaTu
ca HFIP. Cee 10 MOXe nmatu Benvku yTuuaj Ha gogatHy nonapusauuvjy Besa yHyTap Lewis-
OBOI' IOHOPCKOTI Mosiekyna wrto 6y morno 6uTn of npecyaHe BaXHOCTWU Y KIbYYHUM Kopauuma
pasnMunTUX XeMujcKuX NpomMeHa, a UCToBpeMeHo ykasyje na HFIP moxe umatu katanutuuky
ynory. Wako cy pesyntatu npopadyHa AH. BpedHocTW y racHoj pasm y cknagy ca
ekcnepumeHTanHum pesynratuma ITC AH. yHyTap rpaHuue rpeluke, nokasaHo je ce fa ce
Moxe noctuhu jow 6orba carnacHOCT pesynTata NPUMEHOM KOHTMHYarHOr Moerna TpeTMaHa
pactBapaya (continuum model solvation treatment (COSMO)). Nopen Tora, nokasaHo je Aa
xnopobeH3eH Moxe Aa uHTeparyje y 3HayajHoj mepu ca HFIP-om, kao n ga cy moryhe cHaxHe
nHTepakuunje nsmehy cammx monekyna HFIP. lNMpopa4vyHu cy nokasanu ga npu dopmupary

BOOAOHUYHE Be3e aToM a3oTa MMa V|3pa>|<eHV|je akuenTopcke CrnocobHOCTU y O4HOCY Ha aToMm
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KWUCEOHWKa, IOK je aTOM KMCeOHuKa 6orbu akuenTop of atoMa cymnopa. Takofje je nokasaHo fa

HFIP pagwje rpagu nHTepakuuje ca anudaTU4HUM HEro ca apoMaTMyHMM aToOMUMa BOL4OHMKA.

Nako eHepruje uHTepakumja HUCY u3dpadyHaTe HUTU je ypaheHa gekomnosvumja eHepruje Ha
OGMNO KOM UCNUTUBAHOM CUCTEMY, HA OCHOBY M3MEPEHMX/U3pavyHaTMX eHTannmja nHTepakumja,
Hapo4nTO y CMCTEMUMA KOjU YKIbyyyjy dopmupare Lewis-oBux naposa (PhFs):B u HFIP ca
pasnuunTum Lewis-oBuM AoHopuma/akuentopuma (rge y npuHUMny, Hema MoryhHocTu 3a
KOBaneHTHO Be3uBake), MOXe Ce 3aKibyuuTu Aa je BaXHOCT HEeKOBaNeHTHUX WHTepakuumja

BEOMa Bernuka 4o KpyuujanHa.
Ha ocHoBy cBera n3HeTor, MOXe ce 3akiby4uuTu aa:

- ITC ekcnepyMeHTH, NPOLLUMPEHN HA OPraHCcKy M OpraHoMeTariHy Xemujy, Cy ce nokasanu Kao
MohHa TexHuka 3a [pobujarbe noy3aaHWX KUHETUYKMX W TePMOOUHAMUYKUX pPeakuUOHUX

nogaraka.

- DFT-D npopavyHuma je moryhe npeumsHo MOAEefnoBake peakLuMOHMX CUCTEMA, Kao U Aobpo

[0 04nMYHO NpeaBuhake TePMOXEMUJCKMX peaKLMOHMX napamMeTapa.

- dopmumpaHa je orpoMHa ekcnepumeHTanHa 6asa TepMoXeMujckux nogartaka 6pojHUX peakuuja,

KOja ce MoXe KOpUCTUTU 3a aarbe nobosbliawe DFT npopavyHa.

- WctpaxuBamwe je poHekne ,pacsetnuno nocrtojehy xemujy FLP n HFIP yBohewem
MOSEKYNCKMX KnacTtepa OOHOCHO [oKasnBaweM opMupatsa penaTmMBHO jakux OOHOPCKO-
akuenTopckux komnnekca. OBu pesyntatm mory OUTM MOTEHUMjaNHO BaxHa OCHOBa 3a

npoy4vyaBawe€ HNXoBe XeMI/IjCKe PEaKTNBHOCTHN.

- MokasaHo je ga pasnuuuTe XeMUjCKe NPOMEHE Y OpraHOMeTariHUM KoMnnekcuma (Kao LWTo cy
MUrpaLMOHO-MHCEPLIMOHE,  jeQHOCTPYKe U [BOCTPYKE  BULLECTENEHE  WHCEPLIMOHE,
ayTokaTanuMsoBaHe aauLMOHO-eNIMMMHALIMOHE peakLMOHe CEeKBEeHLEe) Mory GuTWM npaBWUiHO
NUCTpaXkeHe W OnucaHe eKCNepuMEHTanHO - KUHEeTUYKUM U TepmoauHamuyHum ITC

eKcrnepuMmeHTnma u Teopujckn - ctatnukum DFT-D npopayyHuma.

- lNopen ToOra, nokasaHo je Aa yTvuaj pacTBapada, KOju WHTeparyjy HeKOBaneHTHO ca
pacTBOpPEHUM CyrncTaHuama, y MHOrMM cryyajeBrMmMa Huje 3aHeMaprbue, Kao 1 ja ypayyHaBahe

EKCNMUUWUTHUX WHTepakumja mM3melly pacTBapada W pacTBOPEHWUX CyncTaHuu (peakTaHaTa)
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pgosoan po OGorbe ycarnaweHocT wusMmelly TeopujckM W eKcrnepuMeHTanHo AobujeHnx

pesynTaTa.

- Ynora HeEKOBaNEHTHUX VIHTepaKLl,VIja Y NICNMUTUBAHUM CUCTEMMUMA MOXKe Ce OnncaT Kao BaXHa

U 4ak Krby4Ha.

- 36or ayTopckMx npaBa O nogauuma Haluux capagHuka - korera us rpyne npod. Grimme-a,
AOAaTHU pe3ynTaTh TEOPUjCKUX NpopadyHa oBAe NpoyyaBaHWX cucTema HWUCy npukasaHu. 36or
TE€ UMHbeHUUEe, cBeoOyxBaTHa MpoLEHa Yyrore M BaXXHOCTW HEKOBaNeHTHUX WHTepakuuja,

noce6Ho London-oBnx gucnep3noHnx cuna, Hmje 6una moryha.
OnwTa nepcnekTuea.

Tpebano 6w nspavyHatM eHeprvje MHTepakumja CBUX MpPOy4YaBaHUX CUCTEMA, Kao U ypaguTu
OEeKOMMNo3nuuvjy eHeprvje uHTepakuuvja. AHanmsa uHTepakuuja nomohy Ziegler-Rauch-ose
OEeKOMMNo3numMoHe TexHWKe, koja omoryhaBa pasnarawbe YKyrnHe eHprvje uHTepakuunje Ha
oabojeHe 1 NpuBnayHe eHepreTcke AonpuHoce, omoryhuna 6u 6orbe pasymeBare npupoae
WHTEepakuuja, Kao n, Ha npumep, gucnepsuje. Takohe Gu GUNO BeOMa BaXHO M3payvyHaTU
enekTpocTtatMdke noTeHuujane CBWUX peakTaHata M npoussoga, jep Ow Bu3yanusauuja
pacrnogene enekTpoHcKe ryCTUHe Morfna 3HaTHO Aa NOMOrHe y pauuoHanusaumju noTeHumjanHo

pPeakTnBHnx mMecTta.
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Version in French.

Pour aborder les questions principales posées comme objectifs de la thése — comment la
théorie pourrait étre améliorée rationnellement et, par conséquent, comment la théorie et les
expériences pourraient se rencontrer et comment rationaliser le réle et I'importance des
interactions non-covalentes — la chaleur et la thermodynamique connexe ont été choisies
comme partie centrale. Par conséquent, le coeur de la recherche réalisée dans le cadre de cette
thése consistait a accumuler une base de données thermochimiques de divers systemes
réactionnels qui pourraient étre, au sens le plus large, considérés comme des paires donneur-

accepteur de Lewis.

Dans la présente thése, la calorimétrie par titration isotherme (ITC) a été utilisée en tant qu'outil
expérimental principal. Aux fins des expériences ITC, un appareil Nano ITC (TA Instrument ®) a
été utilisé. Comme outil théorique des calculs DFT-D statiques ont été effectués. Comme
méthode complémentaire et d'aide, une recherche de Cambridge Structural Database (CSD) a
été effectuée. Outre les études ITC et théoriques, la plupart des réactions (réactifs et produits
de réaction) ont été entierement caractérisées par des méthodes de caractérisation
expérimentales standard (spectroscopie RMN, spectroscopie de masse, analyze élémentaire,
diffraction des rayons X, spectroscopie IR). De plus, les réactions de (F)LP ont été suivies par
des expériences 2D RMN-DOSY.

Le parcours ITC a couvert a la fois I'étude cinétique (ordre partiel, constantes de vitesse initiales
de la réaction, si possible selon les conditions de réaction utilisées) et I'étude thermodynamique
(AH, AG, AS) des systémes réactionnels, tandis que par les calculs DFT-D seulement les
paramétres thermochimiques (AH, AG, AS) des systémes réactionnels en phase gazeuse et /
ou chlorobenzene ont été obtenus. La recherche CSD a été effectuée uniquement dans le cas
des (F)LP.

La recherche des LP(F) a révélé ce qui suit: 1.1/1.2a-c forment des paires cohésives, le
systeme 1.1/1.2d existe dans un équilibre, le systeme 1.1/1.2f ne montre aucune tendance a
former une paire stable, alors que le systeme 1.1/1.2e au-dela de 0.2 équivalent de la
phosphine forme un produit réactionnel unique. Une hypothése de formation de grappes
(probablement constituée par une molécule de phosphine et au moins deux molécules de
borane) supramoléculaire, suggérée par les thermogrammes ITC, est confirmée par des

expériences de RMN 2D DOSY et des calculs DFT-D. Les valeurs d’enthalpie obtenues par les
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expériences d’'ITC AH ont montré que, parmi toutes les formations d'adduits étudiées ici,
lenthalpie libérée la plus élevée (environ 22 kcal/mol) est obtenue lors de la formation de
messPB(PhFs); (adduit FLP bien connu 1.1/1.2d), suggérant que les interactions non-
covalentes ont une influence énorme dans ces systemes. Les valeurs AH prédites par DFT-D
qui tiennent compte de l'influence du chlorobenzene sont en bon accord avec les données
expérimentales de I''TC. De nombreux paramétres géométriques utiles de paires phosphine-
borane classiques et frustrées ont été obtenus par la recherche CSD. Ces paramétres ont
permis de rationaliser les différences entre eux, compte tenu de leur orientation mutuelle et des

distances.

Les résultats thermodynamiques ITC (gamme de ITC raw AH, -9 a -12,5 kcal/mol) ont suggéré
gue les interactions raisonnablement solides pourraient étre établies par la séquence
réactionnelle de cis-migration-insertion étudiée, ce qui indiqgue une différence entre les
phosphines choisies: leur aptitude a établir les interactions non-covalentes et ['affinité
nucléophile. Les résultats des études cinétiques menées par ITC ont confirmé un premier ordre
partiel pour les réactions impliquant le complexe 2.1. Bien que les calculs statiques DFT-D
COSMO aient prévu des enthalpies de réaction beaucoup plus grandes (environ 2,5 fois - les
AH; valeurs d’environ -22 kcal/mol a -31 kcal/mol), les valeurs calculées de AH, sont conformes
(en ce qui concerne leurs caractéristiques structurelles et électroniques). Une telle
surestimation pourrait étre une conséquence de la non prise en compte les interactions
explicites du chlorobenzéne avec les réactifs, en particulier avec le complexe. Les énergies
libres de Gibbs calculées (valeurs de AG, d’environ de -8 kcal/mol a -17 kcal/mol) suggérent la

possibilité d'interactions assez spontanées.

Les résultats suggerent que processus d'amination est un équilibre. Les résultats (valeurs
thermodynamiques ITC AH; supérieure a -15 kcal/mol) des études thermochimiques
suggérentdes transformations énergétiquement favorables dans les systémes 3.2a-c/3.3a et
3.2a-c/3.3b, tandis que les systémes 3.2a-c/3.3b se sont avérés non exploitables. Une
dépendance claire du métal sur I'enthalpie de réaction n'a pas pu étre établie. Les résultats
cinétiques de I''TC ont plutét confirmé un deuxiéme ordre partiel en amine. Les enthalpies de
réaction calculées a distance (a partir d’environ de -5,5 kcal/mol jusqu'a -20 kcal/mol), sont en
excellent accord avec ceux expérimentaux, tandis que les énergies libres de Gibbs calculées

ont suggéré un processus spontané a l'intérieur de tous les systemes. De plus, le calcul a
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révélé que Ilamination des carbénes de Fischer par le phénylamine (3.3b) est

thermodynamiquement impossible dans des conditions normales, confirmant les ITC.

La valeur d’enthalpie obtenues par ITC pour la double insertion (environ -38 kcal/mol) est
relativement plus grande que la valeur pour une insertion unique ITC AH (environ -24 a -28
kcal/mol) d’alcynes dans les complexes palladacycliques. L'étude cinétique ITC a confirmé le
pseudo-premier ordre de réaction dans le cas de 4.4b. Les valeurs de AH et AG prédites par
DFT-D sont supérieures d'environ 10 a 15 kcal/mol aux données expérimentales de I'l'TC, ce qui
suggére que le chlorobenzene a une influence concurrentielle significative, interagissant de
maniere non covalente dans la séquence d'insertion. Compte tenu de la complexité de la nature
des réactifs et des transformations chimiques au cours de la réaction d’insertion, on peut

conclure qu’il existe un bon accord entre les résultats expérimentaux et les résultats théoriques.

Les résultats ITC de l'affinité de diverses bases de Lewis pour HFIP ont suggéré des
interactions non-covalentes assez fortes a fortes (fourchette de ITC AH, -5 - -13 kcal/mol) dans
les systemes étudiés. En outre, sur la base de la valeur de AG, (allant de -1,4 a -3,2 kcal/mol),
tous les donneurs de Lewis considérés pourraient interagir spontanément avec le HFIP. Bien
qgue les valeurs de AHa. calculées en phase gazeuse soient cohérentes avec les résultats
expérimentaux de AHa. ITC dans la barre d’erreur, il a été montré qu'une meilleure concordance
des résultats pouvait étre obtenue en appliquant un traitement de solvatation continu (COSMO).
En outre, il a été montré que le chlorobenzene pouvait interagir considérablement avec HFIP et
gue le HFIP pouvait interagir assez fortement avec lui-méme. Les calculs ont montré que l'azote
est un accepteur de liaison H plus fort que l'oxygene, tandis que le dernier est plus fort que le
soufre et que le HFIP préférerait interagir avec les atomes d'hydrogéne aliphatiques qu'avec les
atomes d'hydrogéne.

Dans I'ensemble, on pourrait conclure que:

- Les expériences ITC, étendues a la chimie organique et organométallique, se sont révélées
comme une technigue puissante pour obtenir des données de réaction thermodynamiques et

cinétiques fiables.

- Les calculs DFT-D ont mis en évidence des capacités dans une modeélisation précise des
systemes de réaction ainsi qu’'une prédiction excellente des paramétres thermochimiques des

réactions
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Par la suite, une énorme base de données expérimentale sur la thermochimie d'un certain
nombre de réactions est produite, qui peut étre utilisée comme référence pour d'autres

améliorations des calculs DFT.

- La recherche a permis de mieux comprendre la chimie existante des FLP et des HFIP en
introduisant des agrégats moléculaires et en démontrant la formation de complexes donneurs-
accepteurs relativement forts, respectivement. Ces résultats peuvent constituer la base

potentiellement importante de leur réactivité chimique.

- Il est démontré que diverses transformations chimiques au sein de complexes
organométalliques (comme la migration-insertion, de nombreuses insertions par étapes, des
séquences de réaction d'addition-élimination auto-catalysées) peuvent étre correctement
étudiées et décrites expérimentalement - par des expériences ITC cinétiques et

thermodynamiques — et par des calculs DFT-D statiques.

- En outre, il a été montré que linfluence du solvant, interagissant de maniére non covalente
avec les solutés, n'est pas négligeable dans de nombreux cas, ce qui suggére que la prise en
compte des interactions explicites conduit & une meilleure concordance entre les résultats

théoriguement et expérimentalement obtenus.
- Le r6le des interactions non-covalentes dans les systémes étudiés est important crucial.

- Par souci d'autorité sur les données produites par nos collaborateurs - collegues du groupe de
prof. Grimme, les données calculées supplémentaires de tous les systémes étudiés ici ne sont
pas rapportées. De ce fait, une estimation compléte du réle et de 'importance des interactions

non covalentes, en particulier des forces de dispersion de Londres, n’était pas possible.
Perspectives générales.

Le calcul des énergie d’interactions pour tous les systémes étudiés ainsi que I'analyze de ces
mémes interactions par la technique de Ziegler-Rauch de décomposition en termes
énergétiques répulsifs et attractifs permettrait d’entrer plus en avant dans la nature des
interactions et dans le point que représente par exemple la dispersion. Le calcul des potentiels
électrostatiques de tous les réactifs/produits serait plutdét important car cela peut aider
significativement a rationaliser les sites réactifs potentiels en visualisant la distribution de la

densité électronique.
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A.l. Supplementary information to Chapter 4.

A.1.1. Supplementary information to Subchapter 1.

A.1.1.1. 1D NMR spectra.
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Figure Sl 1.1.1 down — *H NMR spectrum of the reaction of 1.1a with 1.2a carried out in molar
ratio of the reactants 1:1, recorded after 1h of reaction time at 25°C. 'H NMR (600 MHz,
chloroform-d, 3, ppm) 7.58, - 7.28 (m, 15H). up — *H NMR spectrum of free 1.2a. *H NMR (600

MHz, chloroform-d, &, ppm) 7.34 — 7.29 (m, 15H).
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1.1
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Figure Sl 1.1.2 down — °F NMR spectrum of the reaction of 1.1a with 1.2a carried out in molar
ratio of the reactants 1:1, recorded after 1h of reaction time at 25°C. F NMR (565 MHz,
chloroform-d, &, ppm) -136.8, -156.7, -159.8 (t, J = 20 Hz), -160.2, -165.7, -165.1 (t, J = 37 Hz).
up — *F NMR spectrum of free 1.1. **F NMR (565 MHz, chloroform-d, &, ppm) -130.4, -146.0, -
161.2.
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1.2a
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Figure Sl 1.1.3 down — 3P NMR spectrum of the reaction of 1.1a with 1.2a carried out in molar
ratio of the reactants 1:1, recorded after 1h of reaction time at 25°C. 3P NMR (121 MHz,
chloroform-d, 8, ppm) 1.1. up — 3P NMR spectrum of free 1.2a. **P NMR (121 MHz, chloroform-

d, 8, ppm) -5.2.
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1.1
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Figure Sl 1.1.4 down — B NMR spectrum of the reaction of 1.1a with 1.2a carried out in molar
ratio of the reactants 1:1, recorded after 1h of reaction time at 25°C. B NMR (128 MHz,
chloroform-d, 8, ppm) -3.4. up — *B NMR spectrum of free 1.1. !B NMR (128 MHz, chloroform-

d, d, ppm) 57.3.
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1.2b
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Figure SI 1.1.5 down — *H NMR spectrum of the reaction of 1.1a with 1.2b carried out in molar
ratio of the reactants 1:1, recorded after 1h of reaction time at 25°C. 'H NMR (600 MHz,
chloroform-d, &, ppm) 7.26 — 6.55 (m, 12H), 2.35 (s, 9H). up — *H NMR spectrum of free 1.2b.
H NMR (600 MHz, chloroform-d, 8, ppm) 7.20 (t, J = 8 Hz, 6H), 7.14 (d, J = 8 Hz, 6H), 2.34 (s,

9H).
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1.1
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Figure Sl 1.1.6 down — °F NMR spectrum of the reaction of 1.1a with 1.2b carried out in molar
ratio of the reactants 1:1, recorded after 1h of reaction time at 25°C. F NMR (565 MHz,
chloroform-d, 8, ppm) 133.3, -133.9, -135.2, -136.8, -157.2, -157.3, 159.9, -160.3, -165.7, -
165.9. up — ®F NMR spectrum of free 1.1. *®F NMR (565 MHz, chloroform-d, 3, ppm) -130.4, -
146.0, -161.2.
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1.2b
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Figure Sl 1.1.7 down — 3P NMR spectrum of the reaction of 1.1a with 1.2b carried out in molar
ratio of the reactants 1:1, recorded after 1h of reaction time at 25°C. 3P NMR (121 MHz,
chloroform-d, 8, ppm) -3.2. up — 3P NMR spectrum of free 1.2b. 3P NMR (121 MHz chloroform-

d, 8, ppm) -7.7.
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1.1
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Figure Sl 1.1.8 down — B NMR spectrum of the reaction of 1.1a with 1.2b carried out in molar
ratio of the reactants 1:1, recorded after 1h of reaction time at 25°C. B NMR (128 MHz,
chloroform-d, 8, ppm) -3.7. up — *B NMR spectrum of free 1.1. !B NMR (128 MHz, chloroform-

d, 8, ppm) 57.3.
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1.2c

1.1/1.2¢
1h, 1:1eqv, 25°C

M\&_..___—___J A A

T Ll T T T 1 T L I T T T I T T T I T T
a0 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 00
1 (ppm)

Figure Sl 1.1.9 down — *H NMR spectrum of the reaction of 1.1a with 1.2c carried out in molar
ratio of the reactants 1:1, recorded after 1h of reaction time at 25°C. 'H NMR (600 MHz,
chloroform-d, &, ppm) 7.21 (s, 3H), 7.04 (s, 6H), 2.31 (s, 18H). up — *H NMR spectrum of free
1.2c. *H NMR (600 MHz, chloroform-d, &, ppm) 6.95 — 6.93 (m, 9H), 2.26 (s, 18H).
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1.1
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Figure SI 1.1.10 down — °F NMR spectrum of the reaction of 1.1a with 1.2c carried out in molar
ratio of the reactants 1:1, recorded after 1h of reaction time at 25°C. F NMR (565 MHz,
chloroform-d, &, ppm) -132.3 — -133.5 (m), -133.9, -136.8 (d, J = 23 Hz), -157.96 (t, J = 20 Hz), -
156.0 (t, J = 21 Hz), -160.4, -161.7 (t, J = 20.4 Hz), -165.9 (t, J = 22 Hz), -166.47 — -167.04 (m).
up — °F NMR spectrum of free 1.1. **F NMR (565 MHz, chloroform-d, 8, ppm) -130.4, -146.0, -

161.2.
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Figure SI 1.1.11 down — 3P NMR spectrum of the reaction of 1.1a with 1.2c carried out in molar
ratio of the reactants 1:1, recorded after 1h of reaction time at 25°C. 3P NMR (121 MHz,
chloroform-d, 8, ppm) -1.1. up — 3P NMR spectrum of free 1.2c. 3P NMR (121 MHz chloroform-

d, 8, ppm) -4.8.
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Figure Sl 1.1.12 down — B NMR spectrum of the reaction of 1.1a with 1.2c carried out in molar
ratio of the reactants 1:1, recorded after 1h of reaction time at 25°C. B NMR (128 MHz,
chloroform-d, 8, ppm) -2.9. up — *B NMR spectrum of free 1.1. !B NMR (128 MHz, chloroform-

d, d, ppm) 57.3.
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Figure Sl 1.1.13 down — *H NMR spectrum of the reaction of 1.1a with 1.2d carried out in molar
ratio of the reactants 1:1, recorded after 1h of reaction time at 25°C. 'H NMR (600 MHz,
chloroform-d, &, ppm) 8.23 (d, J =477 Hz), 7.11 (d, J = 53 Hz), 6.77 (d, J = 3 Hz), 6.63 (s), 2.39
(s), 2.28 (s), 2.25 (s), 2.03 (d, J = 16 Hz).up — *H NMR spectrum of free 1.2d. *H NMR (600
MHz, chloroform-d, &, ppm) 6.76 (s, 6H), 2.24 (s, 9H), 2.03 (s, 18H).
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Figure SI 1.1.14 down — °*F NMR spectrum of the reaction of 1.1a with 1.2d carried out in molar
ratio of the reactants 1:1, recorded after 1h of reaction time at 25°C. F NMR (565 MHz,
chloroform-d, &, ppm) -128.7, -133.9, -143.4, -160.1 (t, J = 20 Hz), -160.8, -166.0 (t, J = 2 H2z).
up — *F NMR spectrum of free 1.1. **F NMR (565 MHz, chloroform-d, &, ppm) -130.4, -146.0, -

161.2.

304



Chapter 10
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Figure Sl 1.1.15 down — 3P NMR spectrum of the reaction of 1.1a with 1.2d carried out in molar
ratio of the reactants 1:1, recorded after 1h of reaction time at 25°C. 3P NMR (121 MHz,
chloroform-d, 8, ppm) -27.3, -36.3. up — 3P NMR spectrum of free 1.2d. 3P NMR (121 MHz

chloroform-d, &, ppm) -36.2.
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Figure 1.16 Superimposed 3P NMR spectra of the reaction of 1.1 with 1.2e carried out within
molar ratio of the reactants 1:0.2, recorded at various reaction times (0.5 h, 22 h and 46.5 h).
The spectra are recorded in deuterated chloroform at 121 MHz at 25°C. 3P NMR (122 MHz,
chloroform-d, 8, ppm) 72.4, 34.7; 3'P NMR (122 MHz, chloroform-d, 8, ppm) 72.4, 62.2, 34.7;
3lp NMR (162 MHz, chloroform-d, 8, ppm) 72.4, 62.2, 34.8; Free 1.1e 3P NMR (121 MHz,
chloroform-d, &, ppm) 11.2.
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Figure 1.17 Superimposed 3P NMR spectra of the reaction of 1.1 with 1.2e carried out within
various molar ratios of the reactants (1:0.2, 1:0.7 and 1:1.3). The spectra are recorded in
deuterated chloroform at 121 MHz at 25°C. Signals: 3P NMR (122 MHz, chloroform-d, 3, ppm)
72.38, 62.20, 34.66; %P NMR (162 MHz, chloroform-d, d, ppm) 103.1, 72.4, 41.9, 33.7, 31.0;
31p NMR (162 MHz, chloroform-d, &, ppm) 80.1, 72.4, 62.2, 60.9, 57.7, 40.5, 33.1, 33.0, 29.3;
Free 1.1e 3P NMR (121 MHz, chloroform-d) 11.2.
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Figure Sl 1.1.18 down — °*F NMR spectrum of the reaction of 1.1a with 1.2f carried out in molar
ratio of the reactants 1:1, recorded after 1h of reaction time at 25°C. *F NMR (565 MHz,
chloroform-d, 8, ppm) -130.5 —-131.3 (m), -134.8, -148.4 (t, J = 20 Hz), -153.5, -160.3 (t, J = 21
Hz), -162.2 — -163.0 (m). Middle — *F NMR spectrum of free 1.2f. *®F NMR (565 MHz,
chloroform-d, 3, ppm) -130.9 (t, J = 29 Hz), -148.4 (t, J = 21 Hz), -160.3 (t, J = 20 Hz). up — *°F
NMR spectrum of free 1.1. *°F NMR (565 MHz, chloroform-d, 8, ppm) -130.4, -146.0, -161.2.
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Figure Sl 1.1.19 down — 3P NMR spectrum of the reaction of 1.1a with 1.2f carried out in molar
ratio of the reactants 1:1, recorded after 1h of reaction time at 25°C. 3P NMR (121 MHz,
chloroform-d, 3, ppm) -73.6, -73.9, -74.1, -74.4, -74.7. up — *'P NMR spectrum of free 1.2f. 3P

NMR (121 MHz, chloroform-d, &, ppm) -73.5, -73.8, -74.1, -74.4, -74.7, -75.00.
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A.1.1.2. 2D NMR spectra.
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Figure SI 1.1.20 **F DOSY NMR spectrum of 1.1 (c=20 mM). The spectrum is recorded in

deuterated chloroform at 565 MHz at 25°C. Obtained signals: D=1.09 e® m?/s, V=214 A3,
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Figure SI 1.1.21 'H DOSY NMR spectrum of 1.2a (c=20 mM). The spectrum is recorded in
deuterated chloroform at 600 MHz at 25°C. Obtained signals: D=1.09 e m?%/s, V=214 A3,
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Figure Sl 1.1.22 'H DOSY NMR spectrum of the reaction of 1.1 (c=20 mM) with 1.2a (c=20
mM). The spectrum is recorded in deuterated chloroform at 600 MHz at 25°C. Obtained signals:
D=7.62 e° m?/s, V=628 A% D=9.08 e® m?%/s, V=371 A%,
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Figure SI 1.1.23 F DOSY NMR spectrum of the reaction of 1.1 (c=20 mM) with 1.2a (c=20
mM). The spectrum is recorded in deuterated chloroform at 565 MHz at 25°C. Obtained signals:
D=5.30 e m?/s, V=1866 A% D=6.35 e1° m?%s, V=1085 A3.
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Figure Sl 1.1.24 'H DOSY NMR spectrum of 1.2a (c=10 mM). The spectrum is recorded in
deuterated chloroform at 600 MHz at 25°C. Obtained signals: D=1.09 e® m%/s, V=214 A3,
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Figure Sl 1.1.25 ®F DOSY NMR spectrum of 1.1 (c=100 mM). The spectrum is recorded in
deuterated chloroform at 565 MHz at 25°C. Obtained signals: D=9.13 e1° m?/s, V=365 A2,
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Figure Sl 1.1.26 *H DOSY NMR spectrum of the reaction of 1.1 (c=100 mM) with 1.2a (c=10
mM). The spectrum is recorded in deuterated chloroform at 600 MHz at 25°C. Obtained signals:
D=5.30 e m?/s, V=1866 A3 D=6.34 e1° m?¥s, V=1090 A3.
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Figure SI 1.1.27 'H DOSY NMR spectrum of 1.2b (c=20 mM). The spectrum is recorded in

deuterated chloroform at 600 MHz at 25°C. Obtained signals: D=9.13 e1® m%/s, V=365 A3,
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Figure Sl 1.1.28 H DOSY NMR spectrum of the reaction of 1.1 (c=20 mM) with 1.2b (c=20
mM). The spectrum is recorded in deuterated chloroform at 600 MHz at 25°C. Obtained signals:
D=7.62 % m?/s, V=628 A%, D=5.30 e m%s, V=1866 A°.
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Figure Sl 1.1.29 ®F DOSY NMR spectrum of the reaction of 1.1 (c=20 mM) with 1.2b (c=20
mM). The spectrum is recorded in deuterated chloroform at 565 MHz at 25°C. Obtained signals:

D=7.62 e m?%s, V=628 A3 D=5.30 e1° m?/s, V=1866 A3,
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Figure SI 1.1.30 '*H DOSY NMR spectrum of 1.2¢ (c=20 mM). The spectrum is recorded in
deuterated chloroform at 600 MHz at 25°C. Obtained signals: D=9.13 e1® m%/s, V=365 A2,
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Figure Sl 1.1.31 *H DOSY NMR spectrum of the reaction of 1.1 (c=20 mM) with 1.2¢c (c=20

mM). The spectrum is recorded in deuterated chloroform at 600 MHz at 25°C. Obtained signals:
D=7.62 % m?/s, V=628 A%, D=5.30 e m%s, V=1866 A°.
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Figure SI 1.1.32 F DOSY NMR spectrum of the reaction of 1.1 (c=20 mM) with 1.2¢ (c=20
mM). The spectrum is recorded in deuterated chloroform at 565 MHz at 25°C. Obtained signals:
D=7.62-7.41 e m?%s, V=633-683 A3, D=5.30 e'° m?s, V=1866 A3, D=7.36-7.23 e° m?s,

V=697-635 A3,
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Figure Sl 1.1.33 'H DOSY NMR spectrum of 1.2d (c=20 mM). The spectrum is recorded in
deuterated chloroform at 600 MHz at 25°C. Obtained signals: D=7.62 e° m%/s, V=628 A2,
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Figure Sl 1.1.34 *H DOSY NMR spectrum of the reaction of 1.1 (c=20 mM) with 1.2d (c=20
mM). The spectrum is recorded in deuterated chloroform at 600 MHz at 25°C. Obtained signals:
D=5.30 e m%s, V=1866 A3; D=9.13 el m%s, V=365 A3; D=6.36 e° m?%s, V=1080 A3.
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Figure SI 1.1.35 F DOSY NMR spectrum of the reaction of 1.1 (c=20 mM) with 1.2d (c=20
mM). The spectrum is recorded in deuterated chloroform at 565 MHz at 25°C. Obtained signals:
D=5.30 e1° m%/s, V=1866 A3 D=9.13 e1° m?/s, V=365 A3,
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A.1.1.3. ITC thermodynamic data.
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Figure Sl 1.1.36 ITC integrated heat peaks of the thermograms shown in Figure 1.X. Integrated
heats are expressed in pcal versus molar ratio of the reactants. a) reaction between 1.1 (sample
cell, c= 3.82 mM) and 1.2a (syringe, c= 47.43 mM) through 90 sequential additions (of 1.03 pL
each), with a time delay of 2000 s; b) reaction between 1.1 (sample call, c= 3.63 mM) and 1.2b
(syringe, c= 6.63 mM) through 90 sequential additions (of 1.03 yL each) with a time delay of
2000 s; c) reaction between 1.1 (sample cell, c= 3.13 mM) and 1.2c (syringe, c= 57.20 mM)
through 90 sequential additions (of 1.03 pL each) with a time delay of 2000 s; d) reaction
between 1.1 (sample cell, c= 3.01 mM) and 1.2d (syringe, c= 21.11 mM) through 90 sequential
additions (of 1.03 pL each) with a time delay of 1000 s; e€) reaction between 1.1 (sample call,
c=3.10 mM) and 1.2e (syringe, c= 55.25 mM) through 90 sequential additions (of 1.03 pL each)
with a time delay of 3000 s; f) reaction between 1.1 (sample call, c= 3.04 mM) and 1.2f
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(syringe, c= 55.36 mM) through 45 sequential additions (of 2.06 pL each) with a time delay of
1500 s; @) reaction between 1.1 (sample call, c= 3.76 mM) and 1.2g (syringe, c= 80.20 mM)
through 90 sequential additions (of 2.06 L each) with a time delay of 2000s.

il ll ml‘l H'llr"u b
'“Ill\lw . ”°:“Hll w O

" i
(i
I,vm\m |]| xlnhln \1\(1'\\ l ““”'“'“. VTS m. \ .’ .' \\ ’ l“l Hl ll“ “ l

Tue |acends Teme |soconds

Figure SI1 1.1.37. ITC thermograms in chlorobenzene at 25°C a) reaction between 1.2a (sample
cell, c=2.00 mM) and 1.1 (syringe, c=40.00 mM) through 45 sequential additions (of 2.06 pL
each) with a time delay between two consecutive injections of 600 s; b) thermogram of the
reaction between 1.2b (sample call, c= 2.00 mM) and 1.1 (syringe, c= 40.00 mM) through 45
sequential additions (of 2.06 pL each) with a 600 s time delay; c) thermogram of the reaction of
1.2c (sample call, c= 2 mM) and 1.1 (syringe, c= 40 mM) through 45 sequential additions (of
2.06 pL each) with a 600 s time delay; d) ITC thermogram of the reaction between 1.2d
(sample cell, c=2.00 mM) and 1.1 (syringe, c= 40.00 mM) through 45 sequential additions (of
2.06 pL each) with a time delay of 600 s; Heat flow is expressed in pJ/s vs time in s and n
represents the molar ratio between reactants, i.e. N= Ninjected/Ncell.
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Table SI 1.1.1 ITC results —model thermodynamic parameters - obtained from the sequential addition of the borane 1.1 into the cell
contained the solution of the phosphine 1.2a-c as well as from the sequential addition of the phosphine 1.2g into the cell contained
the solution of the borane 1.1. The model values are obtained by employing independent model on integrated heat peaks.

System

1.2a/1.1
1.2b/1.1
1.2¢/1.1
1.1/1.2g

ITC Model AH +

error

kcal/mol kcal/mol

-12.9
-15.1
-13.3
-19.0

0.2
0.1
0.3
0.5

ITC Model AG +
error
kcal/mol kcal/mol
-7.0 -1.8
-7.6 -1.2
-7.0 -2.9
-6.4 -1.7

ITC Model AS +

cal/molK cal/molK

-19.7
-25.2
-21.2
-42.4

error

-5.0

-3.9

-8.8
-11.6

ITC Model n

* error

1.230
1.183
1.257
0.795

0.010
0.004
0.015
0.011

ITC Model Ky
error
M1 M1
1.5E+05 3.7E+04
3.5E+05 5.3E+04
1.4E+05 5.7E+04
4 8E+04 1.3E+04

ITC Model Kq £
error
M M
6.9E-06 1.7E-06
2.9E-06 4.4E-07
7.3E-06 3.0E-06
2.1E-05 5.7E-06

Figure Sl 1.1.38 Schematic representation of the theoretical trimer considered within the calculation of the thermodynamic
parameters of the system 1.1/1.2a/1.1.
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A.1.1.4. X-Ray data.

Figure Sl 1.1.39 Ellipsoid type plot of the structure of (PhFs)sB-OEt H-PCys drawn at 30% of
possibility level. Fully atom labelling is included. Atoms of hydrogen of the cyclohexyl groups are

omitted for the sake of clarity.

Selected angles

N° Angle Value [?]
1 P1-H1P-O1 150.5
2 B1-O1-HiP 1115
3 P1-HiP -B1 173.1

Selected distances

Ne Distance  Value [A]

1 Bi1-P1 4.585
2 HiP- P1 1.259
3 01-B1 1.462
4 O:1-H.P 2.506
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Figure Sl 1.1.40 Ellipsoid type plot of the structure of (PhFs)sB-O-P(p-MePh)s drawn at 30% of
possibility level. Fully atom labelling is included. Atoms of hydrogen of the methyl-phenyl groups

are omitted for the sake of clarity.

Selected distances

Ne Distance  Value [A]
1 B1-O1 1.526

2 P1-O1 1.502

3 B1-P1 3.028
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Figure Sl 1.1.41 Ellipsoid type plot of the structure of 1.3c ((PhFs)sB-P(m,m-MezPh)s) drawn at
30% of possibility level. Fully atom labelling is included. Atoms of hydrogen of the dimethyl-

phenyl groups are omitted for the sake of clarity.

Selected distances

NO

Distance

Value [A]

1

B1-P1

2.199(4)
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A.1.1.5. Mass spectra.

Tntens WIS, 0.0-0.4min #(1-30] |
x10%

166.8687

360.8030

528.7580

500 1000 1500 2000 2500 miz

Figure Sl 1.1.42a. Mass spectra of the Lewis pair 1.3a ((PhFs)sB-PPhs) recorded in negative
charge mode. Molecular masses: 1.1 ((PhFs)3B) = 511.99; 1.2a (PPhs) = 262.09.

Intens. +MS, 0.0-0.2min #(1-16)|
x104

25

301.0751

2.0

579.1604

ool il
Figure Sl 1.1.42b. Mass spectra of the Lewis pair 1.3a ((PhFs)sB-PPhs) recorded in positive
charge mode. Molecular masses: 1.1 ((PhFs)sB) = 511.99; 1.2a (PPhs) = 262.09.
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Intens.

+MS, 0.0-0.2min #(1-16)|
x104
20
263.0982
(
15 ”
0 |
0.5 | |
i 264.1016
1 /
00 ] JAN 265.1056
. C18H16P 1 ,263.10|
2000 263 r[])QBd
I
I‘ [
1500 | ‘l
A
1000 |‘ ‘I
||
500 | I‘! 264.1018
o j \ /\ 265.1052
261 262 263 264 265 266 267 miz

Figure Sl 1.1.42c. Mass spectra of the Lewis pair 1.3a ((PhFs)sB-PPhs) — simulated; positive
charge mode. Molecular masses: 1.1 ((PhFs)3B) = 511.99; 1.2a (PPhs) = 262.09.

Intens -MS, 0.0-0.Tmin #(1-7)
x105
166.87
20
360.80
15
10
05
52876
0.0
500 1000 1500 2000 2500 miz

Figure SI 1.1.43a. Mass spectra of the Lewis pair 1.3b ((PhFs)3:B-P(p-MePh)s) recorded in
negative charge mode. Molecular masses: 1.1 ((PhFs):B) = 511.99; 1.2b (P(p-MePh)s) =
304.14.
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Intens +MS, 0.0-0.1min #(1-5)
x104.

305.15

075

025

130.16 |
0.00 'M L |Jlu .

I T T T - - T ™

Figure SI 1.1.43b. Mass spectra of the Lewis pair 1.3b ((PhFs)sB-P(p-MePh);) recorded in
positive charge mode. Molecular masses: 1.1 ((PhFs)sB) = 511.99; 1.2b (P(p-MePh)3) = 304.14.

Intens. +MS, 0.0-0.1min #(1-5)
x104
305.15
1.5 ﬂl
1.0 ||
05 ‘l |‘ 306.16
| )
0o » Jl 307.16
C21H22P 30515
2000 305.15
f
[l
1500 | "
|
I
1000 [
[
|
306.15
500 | \
. J 307.15
304.0 3045 305.0 305.5 306.0 306.5 307.0 307 5 308.0 308.5 miz

Figure Sl 1.1.43c. Mass spectra of the Lewis pair 1.3b ((PhFs)sB-P(p-MePh)s) — simulated;
positive charge mode. Molecular masses: 1.1 ((PhFs)sB) = 511.99; 1.2b (P(p-MePh)s) = 304.14.
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Tntens, M5, 0.0-0.3min #(3-17)
x108
15{ 16699
360.99

10

528.99
05

500 1000 1500 2000 2500 miz

Figure SI 1.1.44a. Mass spectra of the Lewis pair 1.3c ((PhFs)sB-P(m,m-Me;Ph)s) recorded in
negative charge mode. Molecular masses: 1.1 ((PhFs)sB) = 511.99; 1.2c¢ (P(m,m-MezPh)s3) =
346.19.

Intens. +MS, 0.0-0.1min #{1-5)
x104

347.20

747.35
| iy

0

500 1000 1500 2000 2500 miz

Figure SI 1.1.44b. Mass spectra of the Lewis pair 1.3c ((PhFs)sB-P(m,m-MezPh)s) recorded in
positive charge mode. Molecular masses: 1.1 ((PhFs)s:B) = 511.99; 1.2¢ (P(m,m-MezPh)s) =
346.19.
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s, 000 Trron 8115

3aT

W

385

40716
1

340 K 380 A4 340 350 A 410 A20 et 440 'z
|II|EI'5._ #AS, 000-00 1 i -5

74735

15004

1000

T2537

s 1101 49

T3

Figure Sl 1.1.44c. Mass spectra of the Lewis pair 1.3c ((PhFs)sB-P(m,m-Me;Ph)s) recorded in
positive charge mode — zoomed. Molecular masses: 1.1 ((PhFs)sB) = 511.99; 1.2¢ (P(m,m-
M62Ph)3) = 346.19.

Intens. -MS, 0.0-0.1min #(1-8))
x109

360.80

528.76

694.71

500 R T " o000 " asp0 T e

331



Chapter 10

Figure Sl 1.1.45a. Mass spectra of the Lewis pair 1.3d ((PhFs)3:B-P(0,p,0-MesPh)s) recorded in
negative charge mode. Molecular masses: 1.1 ((PhFs)sB) = 511.99; 1.2d (P(0,p,0-MesPh)s) =
388.23.

Tntens, +WS, 0.0-0.1min #2.9) |
x106

12 389.2384

0.8

0.6

0.4

0.2

0.0+

R - . -

Figure Sl 1.1.45b. Mass spectra of the Lewis pair 1.3d ((PhFs)sB-P(0,p,0-Me3sPh)s) recorded in
positive charge mode. Molecular masses: 1.1 ((PhFs)sB) = 511.99; 1.2d (P(0,p,0-MesPh)s) =
388.23.

tens, +MS, 0.0-0.1min #(2-9)
x10 389.2384
1.00
075
0.50 390.2404
025
0 388.2290 3912434
0,08 C27H34P 1 38924
1.25 389.2383
1.00
075
050 3902427
g ﬁi 3912461
) 367 386 389 390 391 392 393 394 395 miz

Figure Sl 1.1.45c. Mass spectra of the Lewis pair 1.3d ((PhFs)sB-P(0,p,0-MesPh);) — Mass
Spectrum Molecular Formula Report. Molecular masses: 1.1 ((PhFs)sB) = 511.99; 1.2d (P(o,p,0-
Mesph)g) = 388.23.
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Intens “MS, 0.0-0.2min #(1-16)
x108

na{ 166.9898

530.9818
06

360.9873
0.4

02

L

500 " qgpo_ "m0 " 00 " T asp0 T T Tmg

Figure Sl 1.1.46a. Mass spectra of the Lewis pair 1.3e ((PhFs)sB-PCys) recorded in negative
charge mode. Molecular masses: 1.1 ((PhFs)3B) = 511.99; 1.2e (PCys) = 280.23.

[ntens; +MS, 0.0-0.1min #(1-5)
x104
4
281.2376
3
2
1
773.2155
0= - ; —= 0 v - = - v v v g - g - g - ; - g - ; 0 ; 0
500 1000 1500 2000 2500 miz

Figure Sl 1.1.46b. Mass spectra of the Lewis pair 1.3e ((PhFs)sB-PCys) recorded in positive
charge mode. Molecular masses: 1.1 ((PhFs)sB) = 511.99; 1.2e (PCys) = 280.23.

Intens IS, 0.0-0. Tmin #(1-5)]|
x104 2812376
3]
5]
k& 282.2407
283.2462
x108] CI1BH34P 1 28124
281.2393
3]
2]
13 2822427
0 283.2461
280.5 281.0 2815 282.0 2825 283.0 2835 264.0 miz

Figure Sl 1.1.46b. Mass spectra of the Lewis pair 1.3e ((PhFs)sB-PCys) — Mass Spectrum
Molecular Formula Report. Molecular masses: 1.1 ((PhFs)sB) = 511.99; 1.2e (PCys) = 280.23.
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Intens
x109

0

166.87

528.76

360.80

-MS, 0.1-0.1min #{6-9)

500

L
1000

1500

2000

2500

miz

Figure Sl 1.1.47a. Mass spectra of the Lewis pair 1.3f ((PhFs)3:B-P(PhFs)s3) recorded in negative
charge mode. Molecular masses: 1.1 ((PhFs)3B) = 511.99; 1.2f (P(PhFs)3) = 531.95.

Intens.
x104

1.0

0.8

0.6

0.4

0.2

0.0

541.12

338.34

L,

x“ml\ il

M5 0.0-0 2min #(1-10) |

500

1000

1500

2000

2500

miz

Figure Sl 1.1.47b. Mass spectra of the Lewis pair 1.3f ((PhFs)sB-P(PhFs)3) recorded in positive
charge mode. Molecular masses: 1.1 ((PhFs)3B) = 511.99; 1.2f (P(PhFs)s) = 531.95.
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Figure Sl 1.1.47b. Mass spectra of the Lewis pair 1.3f ((PhFs)sB-P(PhFs)3) recorded in positive
charge mode - zoomed. Molecular masses: 1.1 ((PhFs)sB) = 511.99; 1.2f (P(PhFs)s3) = 531.95.

A.1.1.6. Elemental analysis data.

Attendue

Compound %N %C %H
57.1 2.94
56.76 2.86
1.3b .
Valeur Théorique
57.38 2.59
Attendue
59.71 3.31
59.62 3.27
1.3c _
Valeur Théorique
58.77 3.17
Attendue
42.87 1.03
42.6 1.19
1.3f
Valeur Théorique
41.41 0
Attendue
54.2 3.88
54.36 3.93
1.3e .
Valeur Théorique
54.57 4.2
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A.1.1.7. Cartesian’s coordinates of the optimized geometries of the investigated
systems within the study of the formation the (frustrated) Lewis pairs form the

borane (1.1) and various phosphines (1.2a-g).

[1.1] - tris(pentafluorophenyl)borane (B(PhFs)s) - GGAPBE-D3/def2TZVP_gas phase

5.104167 1.191482 -0.426605
2.564948 0.301779 -0.427615
0.666124 1.568279 -1.926361
1.327445 3.751908 -3.426449
3.853925 4.676867 -3.430155
4.596831 2.976472 -1.928330
4.206589 1.846839 -1.188106
2.898222 1.369387 -1.165100
1.922519 2.018393 -1.926979
2.263463 3.139056 -2.689545
3.577409 3.601015 -2.667900
6.070462 3.504739 -1.928418
4.552121 5.497782 -0.424425
8.555686 3.823675 -0.424307
5.051236 8.141776 -0.425524
10.596077 2.069830 -0.425165
7.095605 9.153194 -1.926669
10.450007 -0.206809 -1.925642
8.654212 7.488936 -3.428924
8.229371 -0.725207 -3.427581
8.192061 4.838248 -3.432330
6.164645 1.000076 -3.431328
6.349866 5.045089 -1.928331
7.264856 2.492752 -1.928000
5.567561 5.947664 -1.187019
8.437678 2.719268 -1.186798
5.808273 7.319467 -1.164073
9.505465 1.825057 -1.163671
6.857229 7.840056 -1.927183
9.431909 0.656112 -1.926425

oo oo oo oo mm T T m o Tm T m m T w o O OO0 00 mTmm T T m
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7.656373
8.291462
7.399546
7.234265

6.984596
0.391402
5.615688
1.298145

-2.690880
-2.689965
-2.669085
-2.668382

[1.1] - tris(pentafluorophenyl)borane (B(PhFs)s) - GGAPBE-D3/def2TZVP_PhCI (PCM) phase

O o0 o0 o0 o0 o0 o mMmTm m T T m o Tm T T m w o OO0 000 7T T Mmoo T

5.099721
2.560443
0.663643
1.328610
3.854666
4.596251
4.203738
2.895386
1.921136
2.264147
3.577802
6.070330
4561013
8.555155
5.059445
10.596256
7.094270
10.454107
8.644444
8.233901
8.184244
6.167806
6.350105
7.265118
5.572542
8.437265
5.813086
9.505419
6.856308

1.189965
0.303039
1.570781
3.754474
4.677546
2.976178
1.847304
1.371447
2.020279
3.139981
3.601017
3.503442
5.496121
3.822367
8.139836
2.071000
9.153010
-0.204718
7.489131
-0.724407
4.838674
0.997673
5.043982
2.491698
5.946154
2.718135
7.317439
1.825217
7.838901

-0.426018
-0.429289
-1.930576
-3.430056
-3.431021
-1.928501
-1.188902
-1.167555
-1.929812
-2.691230
-2.668652
-1.927261
-0.412260
-0.420283
-0.415135
-0.421264
-1.929213
-1.924564
-3.441573
-3.427920
-3.441976
-3.431163
-1.927228
-1.926053
-1.181296
-1.184277
-1.159727
-1.161795
-1.928475
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.2a]

9.434329
7.650380
8.294889
7.394820
7.236834

triphenylphosphine (PhsP) - GGAPBE-D3/def2TZVP_gas phase

3.324746
4.188183
3.745002
5.234419
4.347908
2.919391
5.827178
5.588220
5.390234
3.995742
6.638874
5.855641
3.977661
3.316019
5.068522
3.748253
2.454457
5.490836
5.591441
4.836686
3.227091
6.339947
5.169279
4.248088
3.701703
5.436051
4.338947
2.767692

0.657510
6.983948
0.392819
5.615385
1.297684

0.711719
1.449715
2.713137
0.828719
3.350061
3.199625
1.460585
-0.154442
2.723067
4.334084
0.963764
3.215238
-1.012674
-1.938783
-1.450158
-3.262996
-1.613962
-2.780599
-0.746129
-3.688572
-3.967874
-3.106826
-4.727076
1.460019
1.282786
2.194881
1.806875
0.726441

-1.925015
-2.696313
-2.688445
-2.673507
-2.666916

0.052217
1.504693
1.932964
2.203598
3.017828
1.407030
3.299859
1.888279
3.706824
3.333496
3.835322
4562791
0.059797
0.884817
-0.706618
0.959681
1.473982
-0.642969
-1.356333
0.192521
1.610455
-1.247117
0.241559
-1.357456
-2.640478
-1.225264
-3.765324
-2.754548
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.2a]

6.065134
5.872249
5.522573
3.904535
6.987856
6.016538

triphenylphosphine (PhsP) - GGAPBE-D3/def2TZVP_PhCI (PCM) phase

3.331527
4.189573
3.738353
5.241693
4.338866
2.909534
5.832616
5.603076
5.387042
3.980727
6.649033
5.850668
3.978756
3.313872
5.070550
3.743727
2.452482
5.490942
5.597115
4.833134
3.220526
6.340825
5.163945
4.250463
3.699834
5.441508
4.336131

2.732980
2.346514
2.536972
1.654536
3.304680
2.957210

0.711760
1.452036
2.711383
0.835437
3.348420
3.196386
1.467269
-0.143698
2.725629
4.328927
0.974384
3.217925
-1.014433
-1.939796
-1.453030
-3.265483
-1.615599
-2.784615
-0.750052
-3.692454
-3.969752
-3.111622
-4.731458
1.460251
1.286773
2.190900
1.811740

-2.350940
-0.236349
-3.622781
-4.755297
-2.231978
-4.500799

0.051823
1.505930
1.939001
2.200520
3.025978
1.416686
3.298385
1.881223
3.711081
3.345561
3.830119
4.567858
0.060715
0.884645
-0.704262
0.958880
1.474473
-0.641105
-1.352174
0.192730
1.608543
-1.243593
0.241682
-1.360142
-2.642285
-1.229189
-3.768061
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2.764534
6.070172
5.882093
5.523099
3.898908
6.995364
6.016405

0.732732
2.729372
2.338803
2.537819
1.662553
3.297159
2.957851

-2.757361
-2.355514
-0.241636
-3.626832
-4.757188
-2.237790
-4.505238

.2b] - tri-p-tolylphosphine ((PhMe)sP) - GGAPBE-D3/def2TZVP_gas phase

0.447958 0.133167 0.022747

1.284017
0.844640
2.316207
1.433230
0.033735
2.891433
2.677277
1.080154
3.695978
1.086299
0.405276
2.192162
0.830590
-0.466309
2.603766
2.740198
1.935251
0.289919
3.469790
1.409110
0.888940
2.612564
1.561698
-0.053608
3.273925

0.876507
2.144612
0.262282
2.783146
2.637964
0.900986
-0.722811
3.773908
0.403169
-1.594720
-2.514477
-2.050571
-3.837718
-2.184120
-3.382005
-1.358383
-4.299022
-4.531055
-3.714395
0.860935
0.698452
1.565450
1.205220
0.161918
2.084044

1.486685
1.903727
2.210018
2.993222
1.361297
3.310490
1.908643
3.291503
3.858568
0.060609
0.876393
-0.670948
0.972266
1.447719
-0.582518
-1.312939
0.239394
1.622039
-1.161330
-1.370401
-2.665714
-1.223471
-3.775702
-2.803221
-2.338458
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3.039697
2.764895
1.141299
4.211746
2.464632
3.067766
4.072096
3.142861
2.448929
3.466115
2.364880
4.535862
3.369028
3.035712
3.417465
2.238512
1.762139

1.707062
1.913572
1.056738
2.628782
2.170629
2.844881
2.456081
3.932423
2.677924
2.498297
-5.740418
2.654448
1.847677
3.476472
-5.861609
-6.147961
-6.365937

-0.228907
-3.632912
-4.773920
-2.199610
3.722004
4.925751
5.143696
4.782547
5.822487
-4.830315
0.311562
-4.633628
-5.711245
-5.100370
0.020456
1.324890
-0.366968

[1.2c] - tris(3,5-dimethylphenyl)phosphine ((PhMez)sP) - GGAPBE-D3/def2TZVP_gas phase

O I OO OO I O I OIOO0OnO0onOon o

-1.254646
-0.343364
-0.960899
0.903060
-0.341669
-1.942133
1.537878
1.392372
0.906717
1.396927
-0.258919
0.756763
-0.560268
1.472599
0.999492
0.152063

-0.164244
0.603647
1.693615
0.164852
2.359216
2.031463
0.798479

-0.681795
1.893873
2.398012

-1.685513

-1.779624

-2.808859

-2.973040

-0.912381

-4.003829

-0.118391
-1.525451
-2.161011
-1.986071
-3.223132
-1.814603
-3.064959
-1.499063
-3.663899
-4.502636

0.188064

1.146198
-0.599678

1.324374

1.764548
-0.460844
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-1.363454
1.162937
1.719925

-0.744015

-1.425882
0.262739

-1.098473

-2.223982
0.596982
0.799552

-0.086116
0.171752
2.861193

-0.989371

-0.146796
2.535920
1.655245

-1.804832

-0.956664

-2.039599

-0.469860
2.714154
3.429441
3.479451
2.453055
1.226006
2.111297

-2.106722

-2.703683

-1.147836
0.642541

-0.202493

-1.098407
3.056276
2.094254
3.283604

-2.745558
-4.067825
-5.001261

0.909552

0.727882

1.878565

1.476895
-0.017945
2.661492
2.028642

2442634
3.044744
0.290197

3.552840
-5.193440
-3.073426
3.729294
1.251015
3.477341
3.655833
4.484671
0.526344
1.082196
0.109757
3.433925
4.670883
3.945989
2.202337
0.633290
0.736011
-5.336275
-6.121473
-5.069094
-2.115019
-3.345572
-3.840088

-1.339865
0.510332
0.638356
1.290758
2.505467
1.214596
3.639625
2.566699
2.329878
0.275086
3.530862
4.407731

-3.576911

-3.876536

-1.336421
2.387800
2.222625
4.951560

-4.973604

-3.571972

-3.601174

-4.302448

-4.084474

-2.760728
1.526474
1.843245
3.198764
5.414318
4.821819
5.670711

-2.091847

-0.748342

-1.870623
2.525603
3.360245
2.140747
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[1.2d] - trimesitylphosphine ((PhMes)sP) - GGAPBE-D3/def2TZVP_gas phase

0.227048 -0.340256 0.466590
-0.334766 -2.086559 0.452253
0.156629 -2.862093 1.540673
-1.076821 -2.732937 -0.570568
-0.087096 -4.238115 1.576043
-1.273804 -4.118295 -0.493490
-0.787691 -4.894728 0.560764
0.289137 -4.814288 2.426483
-1.852797 -4.603964 -1.284726
0.065460 0.404832 -1.202323
-0.875734 1.387108 -1.607186
1.090735 0.018312 -2.111575
-0.745621 1.969325 -2.875252
1.160660 0.618450 -3.372162
0.262128 1.610729 -3.773250
-1.481002 2.720731 -3.178186
1.948986 0.299537 -4.060361
-0.720978 0.632145 1.700272
-1.921429 0.242796 2.349758
-0.078607 1.836515 2.105590
-2.417675 1.037957 3.391541
-0.629659 2.601498 3.137719
-1.792301 2.214809 3.809593
-3.347185 0.730593 3.880130
-0.127241 3.529253 3.426865
-0.996036 -6.385267 0.594210
0.909987 -2.236524 2.685739
-1.719978 -2.009369 -1.725546
-2.737801 -0.959986 1.952229
-2.340903 3.027639 4.951765
1.171027 2.337134 1.428876
2.093480 -1.052723 -1.768995
0.385929 2.279212 -5.116391
-2.054237 1.814821 -0.770938

O 0O 0000000 IT T O0OO0O0O0O0O0OIIITO0OO0OO0O0O0O0OO0OITITO0OO0O0O0Oo0O0n T
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[1.2€] - tricyclohexylphosphine (CysP) - GGAPBE-D3/def2TZVP_gas phase

Chapter 10

2.885084
2.551301
1.621699
-1.764447
-2.777611
-2.569451
0.784138
-0.584237
1.073023
-0.990057
-2.456362
-2.234679
-1.090802
-1.897664
-0.143269
1.333204
1.723753
0.259302
1.594140
1.930814
0.972882
-2.282318
-3.739883
-2.852036
-2.136469
-3.426904
-1.881270

-1.103436
-0.867172
-2.046497
2471252
2.360258
0.955970
1.589849
2.656670
3.139848
-1.696722
-2.661528
-1.094898
-6.755910
-6.678214
-6.912531
-3.008513
-1.590250
-1.590565
3.191482
1.542080
2.659344
-1.906499
-0.898108
-1.035457
4.099497
2.893945
2.724931

-2.528517
-0.784107
-1.703592
0.062870
-1.392029
-0.319820
-5.874497
-5.469039
-5.066088
-2.486880
-2.214382
-1.401036
1.624831
0.038075
0.135837
3.342251
2.319413
3.297109
1.973986
1.360529
0.393813
2.278957
2.397810
0.862307
4.818339
5.055759
5.906980

0.827271 -0.192202 -0.087749

1.768208
1.068277
1.889844
2.793269
1.800613

0.486304
1.780073
-0.478630
0.739554
2.443135

1.415543
1.882314
2.606322
1.083240
3.054212
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0.038624
0.962818
2.615315
0.879837
2.428986
1.944461
1.265472
2.803701
2.665982
3.659248
2.514886
0.941668
1.225934
0.227487
2.671459
1.011731
0.426815
0.356841
-0.802251
2.867213
2.918534
3.380162
1.871240
-0.273768
0.178343
3.901859
2.724794
2.002039
2.085834
1.936325
1.448254
2.000798
2.960396
2.293025
0.394512
1.459413
2.845124

1.522877
2.490040
0.173361
0.794480
1.392965
1.477141
3.354707
2.766458
-0.537290
0.384661

1.944648

1.250480
-2.034773
-2.862458
-2.462437
-2.284939
-4.365709
-2.647089
-2.563590
-3.967273
-2.230848
-1.887256
-4.792968
-4.942125
-4.603183
-4.257378
-4.188509
-5.867265
-4.651685
0.441237
-0.078274

1.979022
0.062279
0.457547
0.223317
-1.177832
2.511156

2.188643
1.048661
3.792676
2.926811
2.318085
4.233334
3.365427
2.721367
4.633524
3.498385
5.051736
4.638091
-0.033143
-0.865526
-0.326203
1.022481
-0.631921
-1.939596
-0.614542
-0.093870
-1.376712
0.291536
-0.915254
-1.257321
0.418430
-0.338959
0.979481
-0.709176
-1.990195
-1.477472
-2.841191
-1.490580
-1.300856
-4.004300
-2.980951
-2.859564
-2.656380
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[1.2f] - tris(pentafluorophenyl)phosphine ((PhFs)sP) - GGAPBE-D3/def2TZVP_gas phase

Chapter 10

0.974914
2.417757
2.344425
1.891855
3.320547
2.842747
3.895251
2.985064
1.331330

3.796383
1.353558
0.790257
2.693542
5.152441
4.557246
3.558293
2.289267
1.998921
2.974602
4.231913
6.146464
4.839952
9.012674
4.989268
11.123703
6.543263
10.704936
7.922308
8.153046
7.766974
6.051584
6.313691
7.452508

2.383534
2.353945
1.987131
0.083509
0.059937
3.613054
2.198324
2.352585
2.384570

2.013918
1.426497
1.895689
2.948493
3.525179
2.812533
2.262937
1.950289
2.189875
2.734263
3.033638
3.287593
5.600328
3.770422
8.234425
2.361448
9.075909
0.139880
7.253332
-0.640588
4.639126
0.735998
5.013967
2.335489

-1.566288
-0.544006
-4.004446
-4.960023
-3.918545
-2.644422
-2.513619
-4.822789
-4.195547

0.641974
-0.346403
-2.978044
-4.626664
-3.662269
-1.470959
-0.655873
-1.148463
-2.492674
-3.334403
-2.815872
-0.665801

0.453730
-0.486818
-0.144792

-1.428567
-2.236563

-2.978373
-3.731556
-3.573424
-3.183508
-2.661239
-1.317370
-1.554053
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5.617384 5.983500 -0.578858
8.777633 2.684618 -1.253456
5.677392 7.344306 -0.871859
9.876673 1.974028 -1.726107
6.468441 7.775292 -1.939508
9.665155 0.842467 -2.518295
7.174246 6.840770 -2.699213
8.361410 0.448038 -2.820165
7.083860 5.481519 -2.390492
7.278624 1.187833 -2.337334

OO 0O 0000000

[1.1/1.2a] (orientation a) - B(PhFs)s/PhsP_a - GGAPBE-D3/def2TZVP_gas phase

6 4.756529 2.661351 4.377319
6 4541178 1.363788 4.860332
6 3.414122 0.592363 4.596152
6 2419137 1.111539 3.769135
6 2.595140 2.379360 3.218636
6 3.746017 3.116286 3.516778
5 6.092977 3.508634 4.784366
6 6.030138 5.088869 4.374030
6 7.494830 2.772657 4.380442
6 5.015271 5.926978 4.854245
6 8.726587 3.234100 4.863130
6 4913506 7.288420 4.587240
6 9.957507 2.641141 4.601342
6 5.862453 7.887002 3.759780
6 10.004398 1.517783 3.777189
6 6.871476 7.097622 3.211846
6 8.818127 1.037065 3.226678
6 6.931436 5.733002 3.512940
6 7.605312 1.668081 3.522184
9 11.088479 3.134078 5.133092
9 11.172941 0.919898 3.506974
9 8.850537 -0.023796 2.402887
9 6.527938 1.150155 2.892550
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8.765100
5.483872
3.275823
1.318895
1.661301
3.835683
7.918531
7.773695
5.796101
3.921889
4.034120
6.087887
5.998089
6.873456
5.070053
6.812895
7.602397
5.012825
4.384519
5.879952
7.495526
4.282179
5.828578
4.685644
3.370374
4.905429
2.301384
3.175910
3.831524
5.917886
2.528355
1.286753
4.019106
1.690845
7.574938
8.021567
8.272700

4.346020
0.776896
-0.633328
0.396622
2.879873
4.308495
5.056011
7.652701
9.196839
8.023883
5.407157
3.512221
5.181411
6.195410
5.462301
7.464425
5.999590
6.735052
4.688532
7.739907
8.242461
6.939479
8.736336
2.602672
2.849422
1.664230
2.164234
3.573308
0.980048
1.460612
1.224525
2.362968
0.249585
0.683213
2.756346
1.493761
3.417843

5.641485
5.642087
5.128471
3.496469
2.392461
2.887543
2.886244
2.385410
3.484260
5.116985
5.635892
6.994613
7.749629
7.323189
8.764201
7.899702
6.540116
9.333790
9.108993
8.901330
7.554101
10.118106
9.343326
7.750335
7.319476
8.770436
7.897581
6.531400
9.341595
9.118305
8.905040
7.548581
10.130277
9.348248
7.757041
7.329717
8.779311
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9.147559 0.912243 7.913147
7.494666 0.962471 6.540476
9.400186 2.831525 9.356014
7.940215 4.396478 9.124590
9.842963 1.580541 8.922786
9.485048 -0.065993 7.566852
9.935103 3.360488 10.146487
10.728947 1.127166 9.370404

I = = o B SN« N S e )

[1.1/1.2a] (orientation b) - B(PhFs)s/PhsP_b - GGAPBE-D3/def2TZVP_gas phase

4771164 2.659089 4.472940
4.663852 1.450065 5.183122
3.493431 0.698449 5.240147
2.365306 1.142257 4.547625
2423790 2.326459 3.807715
3.608874 3.057910 3.787947
6.082622 3.518905 4.464931
5.994592 5.084632 4.472868
7.482848 2.812782 4.468059
5.005480 5.782731 5.188276
8.584806 3.322311 5.177788
4942372 7.172182 5.247787
9.820570 2.683583 5.232168
5.888697 7.926727 4.551914
9.998551 1.485789 4.537334
6.880349 7.283370 3.806247
8.942616 0.946630 3.797399
6.918975 5.891331 3.784452
7.717161 1.608220 3.780097
10.831436 3.196429 5.944609
11.174681 0.854764 4.582954
9.121188 -0.194682 3.117733
6.742875 1.050323 3.035457
8.473289 4.464668 5.881964
5.710658 0.976436 5.885298

© © © © © © O O O O O O O O O O O O 0o O O O o O O
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3.434173
1.231379
1.344280
3.610325
7.886560
7.777623
5.848385
3.996318
4.073678
6.098577
7.483410
8.784792
7.309536
9.884042
8.935773
8.409214
6.309626
9.699222
10.888537
8.250962
10.559068
4.622254
4.177538
3.913196
3.069481
4.710469
2.789570
4.237887
2.367510
2.744616
2.247327
1.493942
6.183472
5.319025
7.068330
5.321380
4.633681

-0.432914 5.953539
0.438390 4.595780
2.741700 3.130480
4180951 3.043811
5.328048 3.035111
8.010102 3.125685
9.260674 4.601939
7.789597 5.966293
5.113659 5.893472

3.501155 10.444437
2.601634 9.623021
2.848005 10.096148
1.678460 8.582088
2.208558 9.522943
3.553434 10.917397
1.021901 8.023200
1.468526 8.203642
1.288155 8.486447
2420301 9.894047
0.302547 7.216558
0.780550 8.044972
2.752936 9.630213
1.509868 10.114928
3.359822 8.583828
0.879551 9.548416
1.030802 10.940360
2.738588 8.032413

4.324640 8.195642
1.495250 8.507451

-0.090722 9.928677
3.232018 7.222662
1.006456 8.071742
5.154444 9.630935
6.154978 10.110295
5.471843 8.590569
7.429742 9.543959
5.927917 10.931037
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[1.1/1.2b] (orientation a) - B(PhFs)s/(PhMe)sP_a - GGAPBE-D3/def2TZVP_gas phase
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7.085500 6.755569
7.750267 4.713634
6.209450 7.736261
4.635417 8.191119
7.786627 6.983232
6.217670 8.737034

4.801619 2.612404
4113192 1.555335
3.116758 0.796721
2.775978 1.061098
3.457195 2.070489
4.445517 2.806985
5.959365 3.537263
5.848524 5.070299
7.473744 2.910265
4766376 5.906587
8.618025 3.671198
4.592965 7.192931
9.917864 3.166514
5.531795 7.699550
10.132756 1.825075
6.604357 6.890544
9.037642 1.025070
6.730181 5.609781
7.750315 1.571075
10.962000 3.957199
11.372255 1.315413
9.224458 -0.272076
6.764089 0.697586
8.510765 4.979137
4.420173 1.190143
2.495934 -0.189752
1.823902 0.346961

8.038737
8.206903
8.508087
9.919887
7.232649
8.071887

-1.197642
-0.591658
-1.203350
-2.528475
-3.203829
-2.543026
-0.477220
-1.067995
-0.551759
-0.782390
-0.249452
-1.293923
-0.251782
-2.188067
-0.569444
-2.560036
-0.884145
-2.019937
-0.867608
0.048483
-0.567811
-1.179203
-1.160285
0.071171
0.677455
-0.532602
-3.144438
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3.167942
5.080542
7.740832
7.493300
5.396505
3.535659
3.789894
5.728447
6.710055
6.263032
7.884401
6.995570
5.321935
8.611808
8.237820
8.193877
6.355260
5.495472
7.676331
5.940783
4.461654
8.111667
8.385762
7.253777
4.085752
2.879550
4.042480
1.667144
2.873590
2.825202
4.967095
1.613972
0.739913
2.816835
6.625391
9.525809
5.245251

2.322178
3.716274
4.875766
7.340779
8.932401
7.940487
5.482398
3.593358
4.981808
6.295271
4.795635
7.382119
6.475698
5.892602
3.792193
7.204465
2.085068
1.337152
1.630046
0.178983
1.650530
0.470003
2.180617
-0.283640
3.860176
3.523746
4.359500
3.681591
3.160340
4.511640
4.627941
4177220
3.415477
4.898588
8.392747
5.720450
-0.381373

-4.491250
-3.314080
-2.532396
-3.461474
-2.696753
-0.926854
0.061544
1.668737
2.352240
2.127033
3.092770
2.593048
1.610508
3.554912
3.325307
3.301558
2.515546
3.336283
2.360909
3.969316
3.475460
2.998889
1.747577
3.810198
2.443559
1.815002
3.755967
2.483007
0.789765
4.415846
4.269147
3.793136
1.970159
5.437660
2.404674
4.128186
4.598651
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9.145558
9.005086
0.298351
7.716849
9.647350
8.361733
9.660714
0.410142
-0.120366
-0.442543
8.787426
7.156531
7.566768

4.009659
3.791763
2.847391
2.092217
2.282409
3.218267
5.036549
4.646598
6.419763
3.373828
7.078349
3.016582
8.320712
3.945778
8.963928
5.219522
8.357711
5.547485
7.111993
8.906808

0.145890
8.385353
4.375852
-1.558111
8.752323
9.221944
8.123782
4.317024
5.368075
3.627983
-1.520504
-1.767368
-2.414589

2.468870
1.568311
0.546078
0.374858
1.233603
2.261124
3.650243
5.027413
3.487196
5.592945
4.568827
6.831509
4.452058
7.537926
3.212757
7.003777
2.110276
5.776637
2.260967
5.516196

2.856981
3.758783
4.494662
4.460579
2.941925
4.065832
4.600332
5.585992
4.260619
4.179941
4.705068
5.382093
3.783482

-1.311233
-0.253947
-0.307197
-1.470472
-2.556302
-2.455262
-1.220053
-1.868275
-0.511512
-1.699995

0.108259
-2.228247

0.724961
-2.995748

0.741468
-3.212076

0.134609
-2.640533
-0.467546

1.292228
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10.153759
8.982671
6.597148
6.513804
4.489976
2.657197
1.192671
1.566255
3.367541
6.786871
6.105353
3.618560
1.801446
2.440381

6.063500
7.868695
8.652152
8.514292

10.035007
8.170279
9.897502
7.931016

10.684403
5.383504
4.640367
5.508885
4.059619
4510276
4.948641
6.060884
4.214747
5.993857
4.827344
7.022969
4.679898
4.019214
6.878024

3.081328
0.923518
1.163732
5.787569
1.687069

-0.275167
-0.608570
1.059631
3.047755
5.302962
7.677629
8.721225
7.351436
4.958155

3.287164
3.650414
3.040500
4.458063

3.213388
2.414166
4.638329
4.953173

4.018209
4.511644
4.136373
5.885125
5.097284
3.081558
6.840182
6.213837
6.466776
1.730535
0.953235
1.286785

-0.205288
1.269863
0.116355

1.328813
0.139808
-1.053356
0.144509
0.887257
0.735623
-1.545023
-3.675376
-3.538956
-2.879256
-3.958293
-3.521374
-2.005189
-0.959016
5.372866
5.347432
6.341195
4.400420
6.368387
7.096538
4.439961
3.623140
5.420210
4.173160
3.044732
4.449398
2.216391
2.807164
3.601963
5.333644
2.465749
4.385538
4472743
3.541800
3.709836
5.137373
2.797067
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6
6
6
6
1
6
1
6
1
6
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7.947840
5.701379
3.751538
7.692188
10.623488
10.375584
3.472677
5.076653
12.173395
5.549704
3.643733
12.424330
12.693435
12.584036
5.905380
4.498631
6.134769
4.344327
2.698821
3.457400

1.862346
-0.643989
-0.778352
-0.208751

2.718444
5.265116
4.772324
7.901043
4.234316
-1.899857
7.496844
5.093920
3.357742
4.442594
-2.781121
-2.080961
-1.844389

7.699536

7.156531

8.451391

3.467096
2.855837
3.774965
2.144031
7.145383
3.682920
1.353015
3.832661
5.472730
2.039924
1.528179
6.115489
5.884055
4.474834
2.598156
1.775673
1.110869
0.700672
1.080914
2.039404

0.084946 -0.483393 -8.355901

1.018263
2.411534
0.395325
3.173898
2.919231
1.136744
-0.679269
2.516767
3.101620
-1.561608
-1.938176
-2.463988

0.948032
0.965001
2.028559
2.063260
0.103511
3.148071
2.016970
3.151608
4.024026
-0.439468
-1.495474
0.614620

-9.020104
-8.841891
-9.650015
-9.243701
-8.410795
-10.055571
-9.830810
-9.837640
-10.143916
-9.182093
-10.025762
-8.976331

355



P R R R R R R R R R PR R R R R R OO OO0 OO0 R O R O R OO0 OO0 R, O R, O R O

Chapter 10

-3.187829
-1.259120
-3.723361
-2.198870
-4.066448
-5.045074
0.915647
1.015298
1.382870
1.567303
0.686249
1.939633
1.306549
2.017109
2.445340
0.437028
4.667286
-4.688868
-3.588676
2.456214
1.679689
4.999254
4.994499
5.194714
-0.052845
1.139553
-0.345469
2.150578
3.556638
2.089255
2471784
0.742566
1.920881
-5.405235
-5.269586
-4.165417
-2.709937

-1.509062
-2.331277
0.623497
1.454547
-0.442312
-0.443149
-1.912821
-3.159575
-1.755032
-4.256999
-3.291002
-2.831719
-0.783930
-4.075757
-4.927300
4.331540
2.074150
1.746546
-2.668382
-2.660814
-5.587601
3.013912
1.243343
1.985512
4.937274
4.983971
4.014206
-1.695789
-2.702820
-3.459454
-5.562782
-5.847910
-6.393748
1.874550
1.544753
2.700726
-3.194361

-10.653896
-10.192333
-9.589671
-8.338543
-10.427133
-10.916246
-9.156077
-8.535782
-10.471905
-9.211101
-7.506705
-11.167041
-10.964556
-10.521989
-11.059270
-10.670291
-9.048118
-0.314238
-11.528255
-12.571777
-8.514540
-8.582773
-8.408558
-10.011018
-9.890846
-11.205945
-11.374586
-12.997288
-12.594028
-13.233246
-7.749598
-8.000739
-9.220080
-10.137082
-8.399489
-9.159373
-11.925484
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-4.180558
-4.207152
-0.431623
-0.052718
-0.340930
-1.060430
-1.499012
-1.195547
-1.147201
1.465971
-2.492146
1.661607
-3.474184
2.912792
-3.137123
4.057999
-1.811598
3.915738
-0.861722
2.641391
3.022067
5.269157
4.999891
2.591778
0.614272
0.601130
0.064012
-1.339583
-2.212103
-1.707557
0.392574
-1.464122
-4.072580
-4.750923
-2.939222
-0.013438

-3.401080
-2.338727
-1.750378
-2.062071
-3.277884
-4.257237
-3.985156
-2.754278
0.861881
0.135571
0.625490
1.139631
1.620789
1.514698
2.933728
0.850954
3.229925
-0.198398
2.208983
-0.536333
2.494798
1.203440
-0.869553
-1.594213
1.776904
-1.169438
-3.504450
-5.431105
-4.904202
-2.555921
2.596565
4.491921
3.893619
1.313749
-0.613468
-0.319016

-10.956518
-12.375051
-5.494662
-4.177806
-3.549033
-4.228731
-5.523149
-6.101832
-6.081863
-5.634697
-5.757897
-4.671492
-5.736160
-4.180470
-6.052264
-4.618315
-6.368779
-5.521232
-6.372608
-5.977495
-3.267622
-4.163968
-5.955312
-6.828171
-4.105355
-3.403324
-2.288321
-3.645425
-6.199503
-7.340452
-6.689090
-6.677091
-6.067367
-5.448133
-5.465615
-6.194416
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0.301985 0.211178 -5.328658

1.270492
1.139270
2.154117
1.850673
0.461421
2.889059
2.266696
2.726007
3.295767
0.552019
-0.446508
1.782367
-0.239278
-1.410403
2.035230
2.560496
1.008621
1.183043
-1.429241
-2.448061
-1.770643
-3.795856
-2.183092
-3.110694
-0.980623
-4.106065
-5.155437
3.796992
1.688520
3.382802
-1.358581
-3.468053
-4.884813

1.580188
2.852779
1.417775
3.951366
2.989709
2.501875
0.437830
3.756540
4.607593
-1.188317
-1.657331
-1.863903
-2.787247
-1.146395
-2.966811
-1.524253
-3.422467
-4.303257
0.711491
0.171947
1.551903
0.446709
-0.475963
1.845413
1.982893
1.283271
1.508323
2.312693
5.317544
-3.642223
-3.324027
2.718264
-0.111048

-4.560051
-5.145248
-3.490164
-4.658726
-5.992988
-2.985731
-3.022901
-3.577810
-3.192254
-4.153938
-3.289794
-4.196999
-2.488076
-3.247223
-3.372373
-4.887432
-2.532891
-1.908331
-4.936852
-5.735844
-3.870017
-5.474144
-6.576403
-3.583587
-3.252902
-4.392813
-4.178656
-1.798452
-5.273833
-3.390254
-1.632697
-2.407047
-6.353798
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2.658535
1.031972
1.252198
4.540206
3.221092
4.335043
-3.413000
-2.778289
-4.490142
-5.179754
-4.555002
-5.786887
4.125610
3.337397
3.771657
-2.007336
-1.995328
-0.977149
-0.851203
-0.430757
-1.283143
-2.615297
-3.078773
-2.201945
-0.396620
1.574176
-1.225764
2.650052
-1.674254
3.933283
-1.299704
4.184071
-0.479862
3.158177
-0.054002
1.891876
4.927343

5.732514
5.286014
6.027462
3.118261
2.307728
1.355260
2.148563
3.569389
3.111886
0.618128
-1.021951
-0.352334
-3.063944
-4.646197
-3.732415
-2.515019
-4.011258
-3.882355
-1.826161
-2.688221
-3.593674
-3.675182
-2.843621
-1.931154
0.635625
-1.241220
1.337156
-0.333020
2.634639
-0.686900
3.276042
-2.002263
2.618703
-2.947745
1.321564
-2.560474
0.211465

-5.587610
-6.153645
-4.553585
-1.723403
-0.858755
-1.851097
-1.464400
-2.315169
-2.491680
-7.125771
-6.871939
-5.773453
-2.816288
-2.947686
-4.414750
-1.268275
-2.213095
-0.767498
2.243057
3.268342
3.895392
3.479111
2.456020
1.873510
1.236705
1.159725
2.129248
1.117704
1.888818
0.710660
0.705713
0.310079
-0.215653
0.352675
0.058501
0.783721
0.698490

359



g9 © © © © © © © © © © © O ©o ©

[1.1/1.2d] (orientation a) - B(PhFs)a/(PhMes)sP_a - GGAPBE-D3/def2TZVP_gas phase
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5.403517
3.402169
0.953236
2.478562
0.842629
-0.845434
-3.444208
-4.353577
-2.699088
0.702764
-0.118592
-1.725187
-2.451871
-1.594838
0.119799

4.465899
4.055870
2.725178
1.740534
2.098406
3.436642
5.958731
6.292502
7.118915
5.558474
8.331755
5.881357
9.346598
6.963871
9.182091
7.710700
8.005659
7.371637

-2.355104
-4.212177
-3.524360
0.945167
-2.643418
-4.385552
-4.546226
-2.930723
-1.156765
0.718112
3.244933
4.516068
3.271945
0.778705
-0.811160

3.065069
1.931290
1.533086
2.264714
3.385041
3.765807
3.541649
5.073566
2.488140
6.002367
2.673772
7.355539
1.720160
7.836408
0.529480
6.958764
0.306637
5.608222

-0.101996
-0.017771
0.800931
1.506456
3.706997
4.883668
4.059444
2.052540
0.887483
-0.873147
-1.343350
0.452757
2.774889
3.298954
1.547771

2.801257
3.526217
3.629545
2.961945
2.206830
2.147334
2.756926
2.764412
2.715841
3.524083
3.404128
3.592252
3.430440
2.852325
2.719310
2.061456
1.998324
2.038394
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7.003852 1.273828 2.015824
10.467174 1.925998 4.135373
10.146419 -0.394280 2.727259

7.856786
5.897787
8.543288
4.953293
2.379986
0.460011
1.153436
3.722159
8.120352
8.739603
7.284778
5.176005
4.516538
6.103873
5.625674
4.663985
6.188596
4.255190
5.754717
4.769872
3.514366
6.200950
7.819638
8.425707
8.608398
9.786498
9.971829
10.589162
10.231952
10.569688
4.930189
3.684614
5.207527
2.782839

-0.830302
1.008464
3.790310
1.195479
0.468868
1.894722
4.076213
4.846606
4.812383
7.425580
9.131876
8.194095
5.598557

3.466724
1.786950
1.475054
0.727983
0.143313

-0.584050

-0.900998

-0.085312

-1.382455
3.861600
4.920243
3.130878
5.189155
3.433866

4.443468

6.007263

2.864699
4.724707
4.769395
5.712721
5.803084

1.303735
1.293519
4.123605
4.205937
4.366607
3.043555
1.553731
1.395084
1.249829
1.339870
2.899224
4.363195
4.272936
7.522327
8.080939
9.077511
7.314269
9.230289
7.519466
8.458651
10.002283
6.919412
8.035040
7.301430
8.961661
7.467764
9.077028
8.335141
6.894234
9.795135
8.156244
7.468795
9.136945
7.733556
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4.272890
3.063580
1.831155
4.496654
4.274214
4.085090
7.277507
3.289000
2.103845
6.432972
8.057811
12.065318
7.627477
8.761834
7.093079
7.884029
6.985693
8.288290
6.952791
12.453180
12.628035
12.294266
8.244664
7.404971
7.046140
3.880376
3.459052
5.071674
3.622519
4.852362
3.315745
6.274348
6.668840
7.332513
3.022919
2.427595
4127129

6.734743
6.813651
5.818098
7.490083
-2.312515
2.486442
0.976945
3.702915
7.950363
5.705172
2.072998
4.711065
5.793026
1.890555
2.369154
1.113851
6.497830
6.375048
5.183431
4.396625
4.156847
5.777644
1.181470
0.110400
1.863356
-2.485925
-2.526839
-3.044805
1.972351
3.170242
3.119731
6.356786
4.696773
6.060135
2.760232
4.023465
3.466081

9.351317
8.656923
7.194388
10.110559
8.623319
10.033566
6.306520
6.483965
8.884991
10.014407
9.883384
8.455762
6.371641
10.706567
10.316567
9.373173
6.924941
5.715122
5.752203
9.434818
7.686752
8.319782
6.793937
5.643716
5.697299
9.634604
7.912852
8.432851
10.886954
10.420931
9.567390
10.884339
10.379948
9.489805
6.989356
5.882541
5.811815
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1 2.221128 8.381478 9.889089
1 2.276588 8.760765 8.157950
1 1.059882 7.626430 8.767859

[1.1/1.2d] (orientation b) - B(PhFs)s/(PhMes)sP_b - GGAPBE-D3/def2TZVP_gas phase

5.348077 4.042614 10.989038
4711742 2.985179 11.665162
3.348242 2.975055 11.948551
2.557167 4.048962 11.533828
3.137347 5.114429 10.840933
4506709 5.095406 10.588129
6.893485 4.061454 10.730829
7.694191 5.404999 10.811869
7.642846 2.717890 10.420318
7.384637 6.414594 11.742946
8.907493 2.418689 10.955495
8.125873 7.587856 11.864160
9.541852 1.192685 10.770706
9.208285 7.804356 11.007515
8.927449 0.218460 9.980339

9.542048 6.842533 10.049971
7.685299 0.480452 9.395452

8.794579 5.669730 9.976580

7.067398 1.706009 9.632417

10.729208 0.938695 11.340095
9.527334 -0.956763 9.779799

7.104398 -0.448320 8.624342

5.871557 1.904108 9.044528

9.553578 3.317406 11.726338
5.424661 1.933416 12.111303
2.789418 1.961048 12.622345
1.250600 4.060032 11.805073
2.374146 6.139024 10.436144
5.007623 6.142105 9.904140

9.156383 4.782964 9.029171
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Chapter 10

10.572330 7.058688 9.220936

9.919445
7.809670
6.354174
5.649269
4.032336
3.702665
3.079466
2.459623
1.847410
1.517619
2.212650
1.123542
5.531650
6.564180
4.486355
6.535119
4.496860
5.506322
7.347822
3.693933
6.953459
7.391349
7.620295
8.459090
8.700185
9.140150
8.768698
9.207726
0.202758
4.593337
3.341194
6.710130
10.313331
7.207762
3.378426
5.477981

8.929993
8.511893
6.267386
3.418356
2.553545
1.439589
3.017598
0.816682
2.367525
1.253859
-0.033590
2.746763
5.061019
5.967111
5.521803
7.282991
6.854039
7.755080
7.959043
7.191279
2.400259
1.293905
2.678739
0.509030
1.873644
0.785071
-0.345498
2.103218
0.541978
0.905314
4.223423
0.915392
-0.047942
3.772427
4.642706
9.177609

11.100108
12.781947
12.592883
17.330875
17.250064
16.434413
18.200323
16.607905
18.318833
17.541893
15.965255
19.046103
16.516519
16.885507
15.671255
16.409572
15.242813
15.592980
16.690533
14.580078
16.534442
17.317139
15.314003
16.871423
14.927243
15.682205
17.480383
13.986439
17.716160
15.343381
19.065346
18.606339
15.239098
14.366013
15.151311
15.102873
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[1.1/1.2€] (orientation a) - B(PhFs)s/CysP_a - GGAPBE-D3/def2TZVP_gas phase

Chapter 10

7.724224
2.852391
3.759604
2.634639
8.392887
8.320144
7.376169
5.233043
4.714954
6.446957
3.361693
2.562403
4.324066
-0.114031
0.277484
-0.592111
4.014397
5.048870
5.427669
7.680975
6.120465
7.502530
5.699121
7.288391
6.580468
10.490630
11.236778
10.161710

4.782557
4.457840
3.167937
2.135357
2.411805

5.542614 17.748291
5.150023 14.330808
3.682752 14.777988
4.394972 15.922478
4.844193 17.219079
6.412361 18.055692
5.008961 18.647094
9.224110 14.031553
9.766334 15.637092
9.672946 15.251177
5.152760 18.473225
4.329295 19.832402
4.153664 19.558033
0.049133 16.786194
-0.238801 18.490817
1.234274 18.027977
0.269343 14.660898
1.709413 14.752153
0.306410 15.738506
3.611272 13.388736
3.808367 14.223658
4772798 14.714660
0.513848 18.430203
0.152056 19.143840
1.793708 19.258978
0.049409 14.158664
0.266469 15.752342
-1.112318 15.469974

2.908997 -1.669581
1.735124 -0.967833
1.215081 -0.907917
1.860635 -1.591826
3.011758 -2.331560
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Chapter 10

3.714518
6.236815
6.471027
7.472008
5.638310
8.699001
5.890855
9.787414
6.997013
9.687897
7.827156
8.501149
7.553947
7.426848
10.918335
10.723025
8.409282
6.318802
8.857907
5.399719
2.901007
0.890990
1.427472
3.919410
8.385536
8.872862
7.249732
5.084006
4547740
5.903086
4.184932
3.133347
3.794071
4193121
1.710321
3.180595
3.378004

3.508184
3.508200
5.062283
2.536030
5.986049
2.809918
7.355239
1.942465
7.866361
0.748608
6.999269
0.442659
5.632637
1.327662
2.230474
-0.095118
-0.693270
0.979740
3.935405
1.071742
0.112471
1.375397
3.622097
4.609453
4.860791
7.489343
9.178035
8.186696
5.568057
3.508579
3.280664
3.956088
1.812859
3.797837
3.824340
3.487299
5.014463

-2.357725
-1.680631
-1.755971
-1.768770
-1.099834
-1.141061
-1.063267
-1.176135
-1.744349
-1.893287
-2.457674
-2.562715
-2.450939
-2.486020
-0.514018
-1.939984
-3.269500
-3.170581
-0.419410
-0.269008
-0.189183
-1.539844
-3.007341
-3.107329
-3.177926
-3.138898
-1.726363
-0.384802
-0.433666
2.003839
2.777855
1.873360
3.025818
3.756395
2.425629
0.875898
1.715987
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Chapter 10

2.362682
3.879699
4.484739
1.337232
0.999006
1.635729
2.118457
2.313940
0.326974
1.306804
6.894385
8.172745
7.184680
6.222408
8.848074
8.886769
7.917085
7.853001
7.860682
6.259867
9.130637
9.779971
8.186735
8.074606
7.145287
9.580635
9.874194
6.521075
7.888127
5.535442
6.650038
8.446471
7.776645
8.611364
6.103129
5.301469
4.582653

1.680185
1.240713
1.342737
2.358601
4.302952
4.374099
0.613976
2.139461
2.276682
1.832386
2.123228
1.775683
2.259340
1.257373
0.518724
2.615323
1.620620
0.993314
3.115974
2477821
0.652611
0.315977
-0.350312
1.124016
0.147995
-0.273481
1.454421
5.061709
5.470761
6.240800
4.809197
6.735474
5.644589
4.648131
7.502042
6.466781
5.976427

3.565364
2.085167
3.741083
2.654914
1.733596
3.381397
3.696775
4.569222
3.085885
1.683708
2.812926
2.033332
4.314484
2.675999
2.596268
2.067369
0.976172
4.869765
4.481412
4.873129
4.095698
2.043916
2.427678
5.941201
4.795801
4.486789
4.254688
2.878567
2.300407
2.804612
3.946760
2.963067
1.216191
2.401547
3.469152
1.751855
3.286862
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[1.1/1.2€] (orientation b) - B(PhFs)s/CysP_b - GGAPBE-D3/def2TZVP_gas phase

© © © © © © © O O O O O O O O O O O O . o O O O O O

Chapter 10

7.455163
9.406927
8.662441
5.379886
6.225451
7.855453
7.315513

5.531283
6.095668
5.574604
4.429207
3.831110
4.383210
6.140170
5.197106
7.692665
3.960354
8.271765
3.135413
9.646843
3.524249
10.509856
4.734294
9.986794
5.544810
8.605955
10.147972
11.829228
10.815644
8.162098
7.497669
7.181468
6.153636

7.897823
7.005723
6.525755
8.327007
7.319053
8.789799
8.176342

1.996874
1.044189
-0.234202
-0.607354
0.299038
1.569752
3.429138
4.656047
3.636649
4.796634
4776244
5.906321
4.941149
6.923127
3.949944
6.820411
2.812322
5.707218
2.676248
6.034413
4.090731
1.871310
1.566582
5.764886
1.350973
-1.103811

2.871029
2.495940
4.026221
3.369582
4.551928
3.378138
1.810448

-0.413444
0.453798
0.628995

-0.078219

-0.957766

-1.106458

-0.603141

-0.847438

-0.525744

-0.194329
0.062092

-0.355682
0.212245

-1.231178
-0.260175

-1.923553

-0.881469

-1.714163

-0.998568

0.803180
-0.122929
-1.352018

-1.619824
0.547338
1.189199
1.468273
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Chapter 10

3.908676
2.741138
3.777430
6.695162
5.098716
2.743214
1.985202
3.536986
6.002486
4.948573
4.873564
3.525394
5.474280
4.091464
4.384213
5.883031
2.747999
2.984248
3.545476
2.688455
4.030875
4.644972
1.732378
3.242429
2.168006
2.090981
5.329560
5.669614
5.641504
4.237089
4.936920
6.756427
5.409805
4.914528
6.726102
5.378470
5.237260

-1.824298
-0.063700
2.386741
5.656400
7.790085
7.990928
6.014164
3.854637
3.373101
2.125207
0.819347
2.587602
1.917668
-0.282119
1.047096
0.461955
1.494940
2.846080
3.495560
0.188482
-1.179259
-0.584958
1.852914
1.311165
-0.591551
0.351639
5.033561
6.175310
5.443401
4.886079
7.466317
6.364992
5.875817
6.736430
5.604517
4.631467
7.872191

0.086104
-1.646259
-1.988526
-2.413147
-2.772969
-1.405071

0.322622

0.671356

5.156472

4.185978

5.004241

3.836891

3.235135

4.279188

5.967905

5.258524

3.089762

4.765714

3.218759

3.885512

4.916050

3.374101

2.856298

2.118430

3.306726

4.800274

4566711

5.543408

3.121998

4.647552

5.154579

5.543462

6.570668

2.730324

3.011657

2.425130

3.707324
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[1.1/1.2f] (orientation a) - B(PhFs)s/(PhFs)sP_a - GGAPBE-D3/def2TZVP_gas phase
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Chapter 10

5.211060
3.848776
5.191702
3.824236
4.675202
6.308565
7.631187
8.657916
8.214234
7.431960
10.005059
8.805337
8.272704
9.556187
8.356050
7.511575
10.573138
10.718867
9.866644
9.951923
9.387926
11.513392
10.823977

4.106817
3.521863
2.147530
1.288779
1.819386
3.203119
5.662392
6.250397
6.605850
5.768501

8.280140
7.310820
7.026924
6.554818
8.780532
8.127971
3.225358
4.242923
1.803665
3.443651
4.135293
4.071457
5.268258
1.698775
1.529605
1.071915
2.715765
4.858906
4.422547
0.674374
1.875834
2.650905
2.472439

4.039427
3.500833
3.446371
3.926725
4.460459
4517176
4.136223
5.436976
2.972987
6.714328

5.844885
5.268766
1.703542
2.726817
3.437975
3.617814
4.214343
4.741639
4.294894
3.148332
4.016359
5.823010
4.641865
3.557026
5.356085
3.870522
4.080993
4.441359
2.959036
3.645914
2.479475
3.510033
5.128964

13.302858
14.458371
14.670041
13.677357
12.499820
12.338649
13.107421
12.461020
13.555999
12.793625
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7.920002
6.290727
8.760989
7.316970
8.303259
7.816200
7.009064
7.287327
6.194025
9.991050
9.093870
6.567641
4.968108
8.412565
4.302742
1.643719
-0.033188
0.995494
3.655950
7.796753
8.792826
7.819684
5.819465
4.781695
6.079854
5.939365
5.743792
5.479219
5.286199
5.153024
8.103874
8.080149
9.315503
9.207838
10.452326
10.396449
5.515726

3.201457
7.886039
2.182851
7.800575
0.864137
6.550442
0.581822
5.403696
1.625831
2.453570

-0.121209

-0.684025
1.283336
4.449711
3.022223
2.934506
3.872872
4.910498
5.030916
4.222480
6.472380
8.911886
9.086254
6.855085
4.439444
5.493802
4.704435
6.754294
5.952734
6.981598
2.558920
1.701376
3.219245
1.495756

3.043335
2.168908
1.565440

14.011101
12.249559
14.452002
11.305041
14.441873
10.927690
13.996559
11.514507
13.568247
14.908539
14.867574
13.993950
13.127261
14.084442
15.450072
15.802427
13.852237
11.544354
11.178726
11.112698
10.013591
10.761986
12.613921
13.700243
18.181893
17.269844
19.515978
17.654378
19.931540
18.992910
18.814570
19.922071
18.556763
20.720135
19.342286
20.430795
17.885786
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[1.1/1.2f] (orientation b) - B(PhFs)s/(PhFs)sP_b - GGAPBE-D3/def2TZVP_gas phase
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Chapter 10

4.158447
5.902580
3.240912
5.016056
3.668251

1.759331
0.251908
0.705830
-0.819785
-0.587950

6.784988 2.858052

4.713739
5.356372
6.252594
5.831039
4.962027
3.665382
6.963639
9.153179

8.181577
7.741128
5.323614
3.733559
6.175685
2.979018
1.041388
0.667470

11.475254 1.983267
11.586869 3.698890

9.397419
1.949466
2.795191
5.439594
7.198527

5.460598
5.545547
4.456504
3.209075
3.063830
4.182768
6.706510
6.852638
7.826783
6.580421
9.188721
6.737531

4.072698
0.932951
-1.599598
-2.056755
0.000575

2.867524
1.634443
1.037958
1.662422
2.874067
3.457882
3.547466
5.111070
2.686519
5.889080
3.019890
7.272091

18.170168
17.581783
18.155532
17.566385
17.855018
17.555904
19.378766
16.758204
15.972605
20.439523
21.211658
18.451722
20.271561
21.771722
21.196665
19.066301
17.516272
18.427920
17.842808
17.279125
17.289097

3.092740
3.765447
4.394274
4.339917
3.659417
3.070023
2.438329
2.447537
1.765552
3.582370
1.872179
3.613142
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10.202912 2.259307 1.294227

7.158918
9.865195
7.430611
8.523564
7.287439
7.539477

7.936453
1.126639
7.206699
0.763051
5.820275
1.533997

11.490348 2.599498
10.822727 0.393127

8.203750
6.262800
9.572830
6.724385
4.594752
2.159196
1.863437
3.987137
7.555257
7.826242
7.303489
6.492768
6.180393
6.994971
8.134980
7.200166
9.424206
8.469624
9.589180
4.740392
3.859523
5.236064
3.483023
4.887210
3.997053
4.350230
4.842479
2.968988

-0.316904
1.146192
4.095618
0.995299

-0.113753
1.108530
3.461915
4.627791
5.165233
7.844689
9.263243
7.970416
5.298025
3.392411
3.543805
3.184433
3.501089
3.145261
3.305637
4.983402
4.903162
6.261577
6.027654
7.400461
7.281066
2.158984
0.907657
2.235160

2.458220
0.548659
1.297693
0.400059
1.316398
1.013661
1.441059
-0.022516
-0.325255
0.829466
2.585895
3.874237
5.067680
4.951926
3.599061
2.432262
0.169659
0.188452
2.464538
4.732915
4.728617
8.525056
9.323927
7.156219
8.785349
6.589320
7.412717
8.163531
7.078708
8.466029
6.342339
7.743485
6.674097
8.831191
8.439399
9.063093
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6 4.003236 -0.191995 8.242454
6 2.105282 1.162873 8.862205
6 2.628861 -0.063632 8.444668
15 5.339144 3.643661 9.302802
9 10.814709 3.266401 6.884598
9 10.498057 3.650807 9.570759
9 8.021574 3.743358 10.645993
9 6.145354 2.996259 6.345367
9 8.632876 2.949001 5.272020
9 6.158428 0.702449 8.235725
9 3.348139 3.725566 6.673639
9 2.655751 5.904295 5.294636
9 3.654300 8.356988 5.960968
9 5.400649 8.596287 8.057798
9 6.108886 6.409692 9.483665
9 4.512516 -1.369577 7.859827
9 1.819556 -1.108722 8.250820
9 0.788559 1.296108 9.066057
9 2435751 3.405811 9.471976

[1.1/1.2a/1.1] - B(PhFs)s/PhsP/B(PhFs)s - GGAPBE-D3/def2TZVP_gas phase

4.526279 2.682387 4.822829
4.393422 1.376880 5.313757
3.259573 0.583703 5.171196
2.167565 1.087495 4.466038
2.255072 2.362348 3.910393
3.416856 3.121473 4.084458
5.879890 3.556726 5.089681
5.738177 5.139674 4.711910
7.247543 2.857112 4.534525
4.756487 5.944962 5.304383
8.512206 3.345768 4.888057
4598040 7.307682 5.074330
9.722110 2.782571 4.495608
5.446832 7.942630 4.168884

O O O O O O OO 01O O O O O O
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9.707926
6.413698
8.481759
6.534079
7.292474
10.890927
10.854980
8.451962
6.166823
8.606465
5.431074
3.207248
1.058343
1.224535
3.412017
7.468043
7.216376
5.324286
3.647581
3.868362
6.113096
6.053977
6.865855
5.203076
6.819849
7.533818
5.156542
4.566772
5.960131
7.454817
4.483659
5.921149
4.827122
3.464349
5.185968
2.486942
3.162012

1.663638
7.186801
1.157395
5.819334
1.758517
3.299821
1.094203
0.100643
1.218016
4.456419
0.803926
-0.648377
0.351510
2.848479
4.319351
5.176555
7.776816
9.254751
8.009941
5.388695
3.540410
5.202284
6.241331
5.454923
7.504917
6.068607
6.723367
4.664964
7.752688
8.301574
6.901062
8.745634
2.580132
2.814817
1.604788
2.083281
3.566824

3.664190
3.508967
3.237768
3.777274
3.662762
4.909387
3.269635
2.408778
3.147102
5.663951
5.976833
5.704250
4.312240
3.198699
3.459797
3.042758
2.607613
3.926045
5.713321
6.168157
7.288288
8.063851
7.575138
9.149589
8.164585
6.734226
9.729850
9.543725
9.236957
7.774038
10.570726
9.688579
8.177878
7.922197
9.119574
8.597368
7.196841
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4.203203
6.234572
2.852157
1.433645
4.503364
2.083657
7.698518
8.119987
8.506752
9.327601
7.509748
9.717078
8.199403
10.133554
9.642148
10.334198
11.082003
8.073759
9.283993
10.492251
10.524339
9.349011
8.159537
6.732320
6.745865
5.373755
7.616625
4.181841
7.613561
2.976612
6.718652
2.925657
5.844308
4.076876
5.868624
5.267225
1.875302

0.871483
1.407004
1.104400
2.275963
0.113389
0.528372
2.825290
1.564282
3.526422
1.023921
1.001848
2.983258
4.503631
1.733972
0.045004
3.547104
1.310820
2.706828
3.154170
2478476
1.303541
0.813135
1.510056
3.502009
5.069896
2.730649
5.822632
3.194310
7.213875
2.501763
7.914673
1.291984
7.215933
0.795446
5.823084
1.511464
2972776

9.786100
9.333101
9.524125
8.388051
10.511811
10.042835
7.873237
7.414954
8.779848
7.857761
6.711736
9.213074
9.147008
8.750369
7.492865
9.915012
9.086327
12.942455
13.503815
13.348166
12.591864
12.018923
12.209287
13.103746
13.111227
13.236351
12.303922
12.652346
12.266395
12.721299
13.077808
13.417019
13.914991
14.034913
13.912778
13.930335
12.122663
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[1.1/1.2a/1.1] - B(PhFs)s/PhsP/B(PhFs)s - GGAPBE-D3/def2TZVP_PhCI (PCM) phase
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Chapter 10

1.780870
4.022243
6.338991
4.169385
9.311727

0.609118
-0.357415
0.992674
4.344386
4.270087

11.617780 2.938852
11.676494 0.654080

9.381805
7.065671
5.015341
4.997308
6.695324
8.445074
8.488846

4528288
4.387620
3.252115
2.166663
2.263023
3.425508
5.882491
5.741424
7.250483
4.758720
8.515330
4.602421
9.724693
5.452726
9.712147
6.419494
8.486722
6.537831
7.297878

-0.308270
0.995699
5.204712
7.890258
9.248952
7.884107
5.205352

2.685620
1.380015
0.591184
1.097201
2.370841
3.125700
3.558416
5.140557
2.858117
5.949690
3.347779
7.311091
2.783239
7.941707
1.662598
7.181821
1.156192
5.816229
1.758309

13.486393
14.714537
14.559280
11.949404
14.256913
13.909588
12.412116
11.287922
11.613059
14.751272
14.703541
13.049095
11.458615
11.482260

4.807699
5.296659
5.144747
4.432874
3.878744
4.061145
5.090932
4.699848
4.530791
5.285711
4.882988
5.047419
4.491462
4141717
3.663807
3.488717
3.239115
3.763797
3.661770
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10.894888

10.860496
8.456610
6.172558
8.610795
5.418642
3.192721
1.055554
1.238156
3.426537
7.473696
7.225653
5.330774
3.648581
3.865167

6.108909
6.047276
6.852141
5.206213
6.806102
7.516268
5.161608
4.578938
5.955989
7.435168
4.500956
5.918761
4.819602
3.457366
5.178288
2.479102
3.153637
4.194702
6.226559
2.843857
1.426179
4.492332

3.303517
1.092267
0.095889
1.214257
4.462268
0.800620
-0.643116
0.363643
2.861285
4.324163
5.170364
7.766948
9.253727
8.017753
5.399215
3.543640
5.205686
6.249486
5.448548
7.510463
6.084678
6.713610
4.653432
7.748846
8.311068
6.884320
8.738318
2.584762
2.812387
1.627701
2.088981
3.553082
0.904847
1.438956
1.128820
2.275462
0.165060

4.902907
3.269824
2410913
3.143646
5.651657
5.962508
5.676019
4.269930
3.157535
3.433030
3.030531
2.583880
3.890955
5.679907
6.146188
7.279204
8.051536
7.561405
9.147846
8.156805
6.715946
9.735890
9.546311
9.239359
7.764986
10.587628
9.698217
8.162492
7.897876
9.123335
8.580804
7.161637
9.800292
9.346861
9.527595
8.364463
10.545372
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2.075451
7.694064
8.113124
8.500498
9.318324
7.504161
9.707183
8.193302
10.122179
9.630966
10.321552
11.066827
8.079029
9.287894
10.494798
10.528875
9.355637
8.166393
6.734352
6.739744
5.381545
7.607047
4.183123
7.605918
2.980669
6.717413
2.938600
5.844875
4.097509
5.865918
5.285145
1.870593
1.794615
4.052940
6.364878
4.160754
9.315797

0.561941
2.827782
1.563796
3.530178
1.021866
0.997911
2.984264
4.508157
1.732506
0.040673
3.544696
1.307266
2.707450
3.155333
2.476812
1.299517
0.810826
1.509396
3.496700
5.064492
2.717233
5.820855
3.169968
7.211975
2.475791
7.909669
1.276273
7.206952
0.790234
5.814676
1.505930
2.938048
0.594085
-0.354653
0.995480
4.311128
4.274676

10.056004
7.860592
7.408264
8.768493
7.855993
6.706877
9.208970
9.133953

8.750596
7.495799

9.915712

9.093948

12.943038

13.505812
13.357537
12.606656

12.029440

12.212662

13.107197

13.113484

13.251707

12.306070

12.673157

12.277685

12.764942

13.097707

13.477730

13.931859

14.087432

13.921033

13.959998

12.172283

13.572244

14.784069

14.583956

11.955807

14.255258
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9 11.619697 2.937703 13.923442
9 11.680603 0.645662 12.436837
9 9.389247 -0.314305 11.301457
9 7.073723 0.994528 11.614038
9 5.013463 5.193949 14.759831
9 5.001319 7.878182 14.729274
9 6.698728 9.244695 13.080240
9 8.436775 7.886104 11.470047
9 8.475100 5.207246 11.477140

[1.1] - tris(pentafluorophenyl)borane (B(PhFs)s) - ZORA-GGAPBE-D3(BJ)/TZP_PhCI (COSMO) phase

4.13870491 4.20517719 13.37944176
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3.59040676
2.22402186
1.33906137
1.83232703
3.20652561
5.67741006
6.32527150
6.56802970
5.89377484
7.86672999
6.46726655
8.66758946
7.50556107
8.18434612
7.96294020
6.90590771
7.38076091
6.12425281
4.89552163
8.94746740
6.44564300
4.89644764
8.38695565

3.66397890
3.64454051
4.16065894
4.69813056
4.72247203
4.23055247
5.45969215
3.02734462
6.77796015
3.20160475
7.88602311
2.14310354
7.69736876
0.83757795
6.40717143
0.60988731
5.32495352
1.69483786
7.02469401
-0.19668824
-0.65280646
1.41070866
4.44470429

14.55610837
14.81877214
13.87000302
12.67929830
12.46201697
13.10898582
12.39436212
13.55744285
12.62808210
14.06872519
12.01203513
14.48624619
11.09756229
14.37741435
10.82166181
13.86434485
11.47439326
13.47958919
13.50961961
14.76536543
13.75209024
12.98359455
14.20569172
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[1.2a] - triphenylphosphine (PhsP) - ZORA-GGAPBE-D3(BJ)/TZP_PhCI (COSMO) phase

I T T T OO OO OO ITITITITOOO0OO0OAOoOITTITITDo

Chapter 10

4.39884217
1.74559102
0.01692643
0.97488831
3.62472838
7.86174365
8.96026396
8.06320878
6.03386541
9.89958339

0.69118574
-0.03311515
2.16986673
2.69562716
2.52860938
3.24456786
4.64142626
5.34256900
4.63783677
3.23856711
2.70281257
5.18421094
6.43411048
5.17648464
0.25483480
-1.04999720
-1.45131039
-0.54724245
0.75507619
1.15303532
-1.75255004
-2.46637949
-0.85501408
1.46602496

3.15560229
3.13424486
4.14016249
5.18842552
5.24993827
4.09859236
6.22717133
8.75393482
9.13397944
2.36049758

2.23174602
2.71702511
0.64270882
3.78774613
2.26857376
1.41796164
1.40947104
2.26727487
3.12191816
3.12040215
0.76366193
0.74434310
2.27333109
3.79423161
0.83963470
0.32280473
-0.74897998
-1.32917111
-0.82594079
0.25457436
0.75967823
-1.14028138
-2.17578561
-1.27547306

15.51661266
15.97179662
14.10220933
11.76094943
11.28673286
11.15980768
9.93172506
10.48527390
12.28380793
14.99014899

-2.33564951

0.56499795
-0.22527697
-0.67874795
-2.21010677
-3.07276556
-3.06354915
-2.20559692
-1.35061262
-1.35028992
-3.75970198
-3.73726518
-2.20922883
-0.68054566
-1.21177241
-1.30989095
-0.50854865

0.39074296

0.48835488
-0.30599725
-2.02330323
-0.59443973

1.00721702

1.18379323
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0.19876044

0.09262586
-0.29801153
-0.60376937
-0.50788844
-0.10574955

0.31137481
-0.37548403
-0.92204011
-0.74704420

3.70486348
4.92900365
6.08887038
6.03618489
4.82053189
3.66177320
4.97081014
7.03204748
6.93862406
4.77143866

-1.34602196
-2.03126867
-1.35700082
0.00916707
0.69621794
0.02325792
-3.10077190
-1.90035674
0.53433075
1.75996023

[1.2b] - tri-p-tolylphosphine ((PhMe)sP) - ZORA-GGAPBE-D3(BJ)/TZP_PhCI (COSMO) phase
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5.44976578 4.54678020
5.17921871 4.30008026
5.12461657 5.80750387
4.59449483 5.28402461
5.41720060 3.32608202
4.55205354 6.79351325
5.31015390 6.01670927
4.26814778 6.54764240
5.97158581 1.74117736
474361146 1.05847395
7.00152933 1.19270507

4.55175690
3.93032005
6.80949404
7.96219972
5.58529128
3.58719826
7.62721711

-0.13163495

1.46361802
-0.00712868

1.70600794
-0.69276447
-0.64177969
-0.41715493

10.73698746 2.76862423
10.38210330 5.32527156
4.38087700 5.06323285
4.30170355 7.76484817
12.22024245 4.37519259

4.21517598
2.85994994
4.74390316
2.06032093
2.42927429
3.93670533
5.79974930
2.58274784
4.38576045
4.45046572
3.60813093
3.74769141
5.05674817
2.91728313
3.54147657
2.97589758
3.80722376
2.31928826
7.07474089
3.62156158
1.01133792
4.36990012
5.41811063
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5.39695707
3.63276308
12.41555170
12.77802364
12.62446119
5.64022134
4.35726104
6.05527624
4.35876115
2.79749603
3.25675869
6.13434996
7.94279161
8.75080132
8.55186500
10.12818642
8.29593307
9.92969795
7.94516206

-2.00872185
7.60161756
5.24927881
3.52960313
4.60403632
-2.84858625
-2.14336929
-2.08757115
8.00109600
7.18455503
8.44121875
3.28745611
3.61366014
3.01996838
4.44215877
3.24359852
2.37758442
4.67380081
491217487

2.26485157
1.71145936
6.05933100
5.84116816
4.42347193
2.93477839
1.93896816
1.39003815
0.98690649
1.13153642
2.30925165
5.36871975
5.29204998
6.27822209
4.33836340
6.30151395
7.03548595
4.37345948
3.56252751

10.74219759 4.08429316 5.35596343

[1.2c] - tris(3,5-dimethylphenyl)phosphine ((PhMez2)sP) - ZORA-GGAPBE-D3(BJ)/TZP_PhCl (COSMO)

phase
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-0.00134068
1.15590937
1.28270187
1.91130177
2.13866132
0.70168120
2.79233939
1.81613106
2.88857795
3.56978081
0.44937652

-0.14236761

-0.11345957
1.08484346
2.34521534
0.79692995
3.31851558
2.57065040
1.74928526

-0.18085671
3.00077236
3.74985712

-1.69130418

-2.13465172

-5.09435149
-4.31104993
-4.92332355
-3.17025014
-4.39741672
-5.82165033
-2.62938261
-2.69245403
-3.25002863
-2.83421488
-4.26035586
-3.07349838
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1.43166566
0.23140412
-0.90828928
1.83400614
1.88655439
1.21840406
1.51353465
-1.59928411
-2.76162678
-1.71104686
-4.02238076
-2.68159798
-2.96607173
-0.81237607
-4.10610670
-5.08907642
3.62293858
2.27488999
2.88994974
-0.43291172
-3.06948206
-5.26879412
3.30208542
1.59441564
2.05431431
4.10214328
3.01020731
4.41617873
-2.76055660
-2.41222864
-4.09820993
-6.02900174
-5.04944950
-5.71992330
3.75963355
2.50360755
3.23790245

-2.48431476
-3.36025869
-1.52236371
-3.70174270
-2.14615667
-4.12547137
-5.08275961
0.31139855
-0.28426009
1.21979534
0.00791464
-0.98059938
1.54417205
1.69133797
0.93142194
1.18681280
1.41312800
4.67188023
-4.55284636
-3.83773355
2.52071722
-0.63806878
4.83401455
4.77327010
5.47834583
2.30756729
0.94758367
0.69419385
2.04892641
3.38739687
2.88089388
0.11588947
-1.22132574
-1.31580718
-4.68408856
-5.55768583
-4.10064984

-4.88112311
-2.49573929
-2.59157940
-4.32156138
-5.81598146
-3.12945006
-2.68840736
-4.28317182
-4.80633757
-3.22583789
-4.27569753
-5.64551406
-2.68248276
-2.82176222
-3.21715400
-2.80893615
-1.41547207
-5.04928983
-4.98171152
-1.22799105
-1.53676247
-4.82753939
-5.40856854
-5.90390326
-4.33500790
-0.99807231
-0.63073180
-1.67195158
-0.59110934
-1.69269643
-1.40968794
-5.07726643
-5.73061826
-4.08717617
-4.32107329
-5.20690766
-5.91877700
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-1.49247329
0.05459000

-4.07566724
-4.73900409

-1.40675134
-0.83581151

-0.40636495 -3.06200418 -0.44940087

[1.2d] - trimesitylphosphine ((PhMes)3P) - ZORA-GGAPBE-D3(BJ)/TZP_PhCl (COSMO) phase
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3.32710740 4.27030994 19.03303326

6.72125034

10.37775963 -0.02213751

7.07699828
3.39143337
5.37317899
7.69603098
2.86730683
3.80153876
2.64909341
8.35002771
8.30002078
7.34329235
4.96557392
4.71188863
6.36192218
3.35745993
2.55644464
4.31347993
-0.08077933
0.27674396
-0.63146405
3.92157217
4.87682117
5.38109078
7.55534963
5.98812909
7.30982069
5.70279386
7.29737006

0.96491973

3.58683746
4.59321488
9.19220617
5.50132120
5.09888452
3.64751301
4.32247073
4.79556487
6.36484064
4.97056830
9.30271192
9.75569684
9.66775583
5.17139778
4.41486395
4.20346761
-0.14073081
-0.14888447
1.20021717
0.13800587
1.64132574
0.32180042
3.40433108
3.54475335
4.61668808
0.57608003
0.21132169

18.67574773
15.37141726
14.27562986
15.07238865
15.21603869
17.71906518
14.25156133
14.69384015
15.83741583
17.18434367
18.02293118
18.61667980
14.20199264
15.89332546
15.25149998
18.40166656
19.79991848
19.51722879
17.08406946
18.82057780
18.12457417
14.78081948
14.73479500
15.78118414
13.30509231
14.14071315
14.58361834
18.52423733
19.22630111
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[1.2¢€] -

6.61428209
10.60509810
11.26078454
10.24493494
5.60989449
3.97610745
3.63287514
3.04549684
2.40427980
1.82458534
1.48757736
2.15143320
1.12059645
5.51567383
6.53612354
4.47352169
6.48671121
4.45932231
5.44466270
7.28613866
3.65212946
6.90507654
7.38546178
7.54891869
8.48697086
8.66355802
9.15839248
8.83337564
9.14899463
0.19206137
4.49703548

tricyclohexylphosphine (CysP) - ZORA-GGAPBE-D3(BJ)/TZP_PhCl (COSMO) phase

1.86647888
0.08903882
0.31560161

-1.09029048

3.38793984

2.54587619

1.40274800

3.03603048

0.76751176

2.37888396

1.22654727

-0.11138966
2.77841340
5.02341901
5.93404276
5.48453536
7.26390484
6.83068694
7.74295098
7.94491931
7.17057411
2.33992733
1.29419305
2.57220518
0.53174912
1.79265226
0.77549444
0.27227998
1.98152317
0.49871991
0.84627241

19.29835746
14.30343647
15.93649359
15.59236173

17.30295722

17.25640241

16.49073952

18.21677446

16.72797810

18.40005982

17.67903766

16.12793906

19.13583618

16.46772591

16.86100399

15.62200872

16.42677222

15.23043797

15.62502783

16.73267245

14.57500349

16.52486105

17.36449704

15.28334681

16.96385291

14.93722296

15.75877338

17.61976064

13.97546803

17.93351299

15.39008587

1.77964507 2.29092809 1.76988685
7.38634810 2.62068305 2.79245580
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8.67436954
7.67614543
6.73271904
9.38502519
9.36197866
8.43135106
8.38819940
8.32056678
6.74351295
9.67106324
10.32032320
8.74337336
8.61524243
7.70615315
10.15040672
10.39030525
6.97196980
8.42335129
6.04695183
6.93133271
8.91852713
8.48419536
9.09216593
6.55061917
5.97918948
5.02876887
7.99100240
9.94585830
8.96544172
5.87778041
6.50544322
8.34267312
6.38469329
4.66696120
3.62283938
4.28560359
4.65317445

2.33310244
2.72989495
1.74330387
1.08006654
3.19161623
2.21471498
1.47418499
3.60639424
2.90260652
1.18858795
0.91291031
0.19901983
1.58987802
0.60916183
0.26671042
2.01021765
5.55022455
5.88937050
6.74928181
5.33229937
7.18030673
5.99761013
5.06010652
8.03723943
6.90699757
6.53431823
8.36163445
7.39834210
7.02742265
8.87211390
7.91589937
9.27078851
4.01492610
3.79112371
4.40723549
2.33203197
4.35150084

1.99516843
4.29622200
2.63734148
2.52562950
2.06589180
0.92764561
4.82090658
4.48141151
4.85659631
4.02929071
1.96751272
2.34205810
5.89293807
4.73158444
4.39562031
4.20115982
2.94226174
2.55680607
2.66303509
4.02486534
3.22247635
1.45889560
2.82619876
3.32941581
1.57126790
3.01711797
2.91924356
2.88919560
4.31581732
3.07547216
4.42679270
3.43257395
2.01710788
2.78706843
1.83162185
3.08682373
3.74041684
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2.19949207
8.01983201
3.87509868
2.85801790
4.36029825
4.98677208
1.82377566
1.48502937
2.13399648
2.61017463
2.82208482
0.81938041
3.67021204

4.31724431
8.57595332
5.45158434
2.22267825
1.73819158
1.88628089
2.86544854
4.75233470
4.92381668
1.16386980
2.72606895
2.81461176
3.85929794

2.39473608
1.83527688
1.59994352
3.64424013
2.15771481
3.80651740
2.71295284
1.67758425
3.31615717
3.82254888
4.62728242
3.16292871
0.87377930

[1.2f] - tris(pentafluorophenyl)phosphine ((PhFs)sP) - ZORA-GGAPBE-D3(BJ)/TZP_PhCl (COSMO)

phase

T O O 0O 0000000000000 O0o0

5.92634302
5.67297068
5.61254353
5.13772530
5.08066950
4.84348385
8.07475528
8.07525455
9.27602627
9.21100658
10.41829046
10.38492144
5.58441426
4.22667221
6.06029360
3.39856313
5.26336082
3.91596607
6.75830798

4.38636228
5.40135743
4.66473628
6.63593689
5.88838727
6.87734260
2.62857030
1.76674453
3.30908894
1.57746495
3.15324948
2.27260075
1.48413469
1.56563029
0.20821492
0.44090282
-0.93039627
-0.81116897
2.86772085

18.19256868
17.25772403
19.53076539
17.62608410
19.92665321
18.96791823
18.84719814
19.95329922
18.58811660
20.74196197
19.36824931
20.45075430
17.89036086
18.22647389
17.54872879
18.23881516
17.56293374
17.91043901
17.57025845
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4.32467248
4.90537106
5.94322672
5.78925232
4.77469915
3.64548408
6.96891872
9.18087293

8.05832710
7.59082408
5.20790025
3.72128813
6.12963052
2.74321039
1.07735048
0.73388191

11.47818938 2.09692954
11.54839268 3.83288763

9.34602303
2.09617050
3.12248901
5.77393994
7.36328392

4.16071897
0.55986558
-1.89760127
-2.13646321
0.06622503

19.34362033
16.70298026
15.94610682
20.48118205
21.21770125
18.55290125
20.30958764
21.79469505
21.21388389
19.08511874
17.53466879
18.57127625
17.92388083
17.24062515
17.19420710

[1.29] - dimethyl(phenyl)phosphane (PhMe2zP) - ZORA-GGAPBE-D3(BJ)/TZP_PhCl (COSMO) phase

O T T OIT T T OIT OO OO I O IT I T

0.80352751
0.74584465
0.16190133
-0.70299066
3.15977178
-0.27117395
-0.61386145
-0.09142218
0.33903580
-0.34199369
0.25411890
-1.10883908
-0.95007603
-0.01948647
-0.05002765
-1.13443555
0.29480913
2.52565421

2.28245828
2.94430414
0.90413239
5.98574852
2.87405119
4.85115881
6.02288632
4.92270913
3.79262407
4.82231592
3.74258806
6.83888895
6.90531303
494711121
0.89816762
0.97665272
-0.05482683
2.03806788

-2.38864513
0.56816081
-0.41296141
-1.37639148
-2.06128199
-2.07468110
0.01906050
0.71317965
0.01264425
-3.16469250
-1.38984711
-1.92279885
0.56639440
1.80209133
-1.49221413
-1.65100621
-1.91963597
-1.73573174
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2.54909959 1.96689147 -0.63836709
2.92855177 1.10891612 -2.16487836

[1.1/1.2a] (orientation a) - B(PhFs)s/PhsP_a - ZORA-GGAPBE-D3(BJ)/TZP_PhCl (COSMO) phase

m T MM T T Tm M m T T T T O O0O00000O0000O00OO060O0O0o0

4.75457343
4.54277129
3.43210420
2.44087575
2.60767243
3.74677554
6.09288966
6.04103815
7.48422843
5.01460823
8.72169557
4.89599814
9.95325754
5.84804996
9.99571653
6.87361832
8.80377612
6.94504113
7.59102445
11.10141752
11.17424318
8.83026180
6.50340023
8.76414436
5.49614695
3.31091373
1.34967885
1.67037461
3.82379419
7.95698635
7.78726375

2.67178742
1.36711901
0.58481033
1.10452005
2.38243831
3.12678587
3.50680905
5.08295705
2.76293606
5.91970061
3.23148546
7.27308337
2.65905249
7.87117730
1.53898595
7.08681129
1.04414412
5.72788917
1.66022282
3.18158530
0.95900299
-0.02270391
1.12163617
4.35717092
0.77147242
-0.66908523
0.37228702
2.88926213
4.33612831
5.05616279
7.64450354

4.41140462
4.87785789
4.58327238
3.75330966
3.22821994
3.54902637
4.83498231
4.40881855
4.41160612
4.86830847
4.87375665
4.57395487
4.57719007
3.75099918
3.74948891
3.23194316
3.22894357
3.55238729
3.55174638
5.06540451
3.43980851
2.39552990
2.93797311
5.64246851
5.65033050
5.07613389
3.44612275
2.39270210
2.93166912
2.94045407
2.40263754
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5.76342162
3.86839782
4.01638222
6.08953546
6.01710636
6.92546298
5.07142764
6.88099969
7.67282977
5.02787620
4.36605577
5.92875566
7.59267924
4.28605414
5.89129798
4.67815831
3.36053480
4.90044182
2.28705910
3.16500932
3.82289350
5.91457344
2.51484869
1.27037762
4.01152551
1.67466824
7.56882857
7.98667797
8.27692103
9.09850757
7.44551379
9.39118873
7.96110195
9.80729667
9.41066410
9.93214666

9.18271497
8.00586857
5.39285162
3.51192829
5.18433762
6.18093199
5.47589060
7.44798299
5.97293794
6.74698968
4.71266911
7.73679457
8.21059460
6.95924877
8.72992535
2.61865593
2.89610952
1.67185270
2.23049500
3.63381971
1.00574384
1.45075301
1.27975332
2.45604350
0.27102517
0.75575783
2.74025246
1.45860582
3.40947235
0.86299435
0.91798430
2.81044993
4.39932796
1.53882209
-0.13210584
3.34301996

10.68013600 1.07397098

3.44450088
5.06072643
5.63391010
7.01386589
7.75707006
7.35720839
8.75263489
7.94197229
6.59647386
9.33102862
9.07897641
8.92547299
7.62323333
10.10210162
9.37626779
7.76526174
7.35909032
8.77756636
7.95411480
6.58571801
9.36686260
9.10792378
8.95489870
7.62990222
10.15080170
9.41364152
7.76897751
7.36791195
8.77947908
7.96652112
6.59624314
9.37244975
9.10648464
8.96561611
7.64700663
10.15582146
9.42713034
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[1.1/1.2a] (orientation b) - B(PhFs)s/PhsP_b - ZORA-GGAPBE-D3(BJ)/TZP_PhCl (COSMO) phase

m M MM M T M M M M m T T T T O 00000000000 ®mOoOOO0Oo0O0o0

4.74515524
4.60369057
3.41773780
2.30101398
2.38933782
3.59156501
6.08400145
6.05289033
7.45451660
5.06008160
8.59506443
5.02524297
9.81467750
6.01512815
9.93446763
7.01695990
8.83820664
7.01946891
7.63471137
10.87927362
11.10249952
8.95993259
6.62129984
8.54598438
5.64349241
3.33466223
1.14481764
1.31365216
3.61472858
8.00316580
7.96303321
6.00167373
4.04976601

2.70682587
1.47694035
0.74922805
1.24585255
2.45430993
3.15427145
3.51921287
5.08471537
2.76204819
5.82503028
3.24098304
7.21597462
2.57089197
7.93247417
1.36205374
7.24913687
0.84743838
5.85799466
1.54515586
3.07429835
0.69774464
-0.31241457
1.00257371
4.40072700
0.94421297
-0.42638031
0.56127919
2.92495797
4.30456066
5.26139204
7.94282284
9.27598266
7.87852983

4.52735282
5.19796098
5.21985938
4.54714885
3.85415321
3.85644109
4.52590730
4.52842901
4.51387947
5.19877026
5.18557057
5.21851357
5.19563517
4.54539110
4.50980005
3.85432157
3.81568223
3.85776975
3.82938151
5.85070269
4.51321708
3.13606371
3.11249067
5.88025047
5.87991478
5.87335467
4.56336666
3.18827487
3.14102527
3.14274519
3.18685719
4.55890829
5.87101633
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4.07803810
6.09197287
7.56357093
8.83188959
7.48109800
9.99085715
8.91001662
8.64165408
6.50665961
9.89896424
10.96739525
8.55780905
10.80415885
4.68254933
4.39475544
3.83629830
3.29444796
5.03661333
2.71749285
4.04687305
244421321
3.08939580
2.05821167
1.57105724
6.03109549
5.05396048
6.95559422
4.99454469
4.33629212
6.91339858
7.71711498
5.93241770
4.22537040
7.65357017
5.89888095

5.19245163
3.50790207
2.73207024
3.13173237
1.71188650
2.53473736
3.91485273
1.09550986
1.39184686
1.50544537
2.86129114
0.28980512
1.02446109
2.62410602
1.32382311
3.21091806
0.62284347
0.85990528
2.51940571
4.21603247
1.22373418
-0.38758232
2.99985367
0.68410125
5.17201938
6.07272514
5.60927640
7.37557538
5.74982574
6.92360640
4.92319838
7.80944507
8.05945522
7.25245301
8.83455085

5.88071225
10.31601741
9.53078813
9.99424200
8.57237114
9.49404322
10.75167559
8.09231611
8.20402119
8.54772529

9.85496375
7.35971936
8.17251826
9.53056408
9.98871524
8.57876023
9.49062234
10.74099355
8.10238324
8.21386077
8.55273073
9.84766158
7.37621544
8.18123831
9.53432000
10.00005165
8.57512219
9.50126604
10.75740294
8.09761924
8.20490939
8.55491897
9.86355846
7.36486385
8.18126147
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[1.1/1.2b] (orientation a) - B(PhFs)s/(PhMe)sP_a - ZZORA-GGAPBE-D3(BJ)/TZP_PhCIl (COSMO) phase

T M M M M M M T T T T T T T T T OO0 0000000000 wmWooOooooo

4.79567829
4.06368132
3.02183649
2.67488972
3.