FINAL REPORT

Structural study of short lived organophosphorus and organosilicon
compounds

In the recent project our primary interests were thultiple bounded and hypovalent
phosphorus and silicon derivatives. The main gaestiof the project aim the synthesis,
stabilization and reactivity of these compounds.reHbelow we collected our results
according to the following topics:

Insertion reaction of silylenes

lonic liquids using N-heterocyclic carbenes

Mechanisms of tri-and polymerization of phosgkygnes

Synthesis and structural study of unsaturabedphinoboranes and allanes
Synthesis and characterization of novel tred-fanr-membered ring systems.
Combining the chemistries of silylene and sulfitrogen compounds
Moleculat tayloring

Mercury dications: linear form is more stablartraromatic ring
1,3,5-trimethylenebenzene triradicals
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1. One of the most special reactions of silylenefésinsertion into different molecules.
The reaction proceeds via a concerted transitiate sh which the vacant p-orbital and the
lone pair of silicon atom interact with thebonding andc*-antibonding orbitals of the
reactant, forming a three-membered ring structancefanally the product (Scheme 1):
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In order to analyze the mechanisms, the followirg itsertion reactions between seven
silylenes and eight reactants were investigate@. Sélected reactions were studied because
experimental data for those were available. Weiagghe B3LYP/cc-pVTZ method for the
calculations.
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The reaction energies and the stability of thelesilgs are in good correlation. Silaimidazole-
2-ylidene gives the highest reaction energies wiiea’s stable five membered ring
dialkylsilylene shows the smallest reaction enexg#ll the reaction energies and activation
energies of the six-membered ring diazasilylene QfEMeN(R)L}SI, R= 2,6-
diisopropylphenyl) were found equal to that of Saturated five-membered diazasilole. The
sum of the reaction free energi@sy) and activation free energies®’) of a reactant depend
of the reactant but independent of the silyleng.(E).*
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Figure 1. Gibbs free energies (negative) and activation Gibbsfree energies (positive) of
the investigated insertion reactionsat the B3L YP/cc-pVTZ level



Since the first stable six-membered ring silylendHQICMeN(R)]2}Si, R
=2,6-diisopropylphenyl) is somewhat unique, th&iugture, stability and insertion reactions
were separately investigatéd.

The structure and stability of the unique six-meraleing silylene and its three most
stable structural isomers were compared to the kmelivn stable Denk-silylene. The related
analogous carbenes and germylenes were also stédiedrding to the calculated isodesmic
reaction energies and NICS(0) values the six-meeatbeng silylene is non-armatic, but since
the missing aromaticity is compensated by the redumg strain it is nearly as stable as the
Denk-silylene. The more stable five membered riegrer shows considerable aromatic
character. The analysis of the molecular orbitatiicate that the six-membered riisgless
reactive in either nucleophilic or in electrophilieactions than the five-membered Denk-
silylene. On the other hand, the analogous carlbeneatives seem to be less stable both in
thermodynamic and kinetic aspects.

The insertion reactions of six-membered ring silglevith eight reactants were also
studied using B3LYP/cc-pVTZ method. The initialstaf all the reactions is the formation of
an intermediate 1,4-adduct, which will be then s$tarting point towards the different final
states. Three different mechanisms were found aumtesl to the 1,4-adduct and six reaction
paths from the 1,4-adduct to the final productssd8iaon the results, the different reaction
paths, the experimental insertion products andsgieeial reactivity of the six-membered ring
silylene have be explained.

A special insertion reaction, the activation andclionalisation of white phosphorus
by transition metal complexes has recently been ftloes of research because of their
potential industrial applications in the synthesisorganophosphorus compounds. Though a
few dozen stable silylenes have been preparedhetdwest of our knowledge, so far only one
could react with white phosphorus. The zwitteriositylene 1, reacts gently with Pat
ambient temperature to lead to compondifter one week, another insertion step takes
place to give produ@ (Scheme 2).
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R=2,6-1P1r,CsH;
Four different mechanisms and the effect of bigkyups were studied in the reaction above.
The carefully tested B3LYP-D, wB97X-D, and SOS-MR2thods, by the CCSD(T) method,
with cc-pVTZ basis set provided consonant resuligckvsupport the reliability of our results
and the applicability of these methods. The digperenergy contribution to the total energy
is estimated to about ~70 kJ mol-1 which provesdbgential role of dispersion corrected
methods. Based on the computed results we suggesiwamechanism which is fully
supported by the experimental conditions. The itigason of the bulky groups clearly
demonstrates an internal catalytic feature whicls ha essential role in the reaction
mechanism. Usually bulky substituents prevent duce the reactivity, in this case however,
substituents promote the reaction. In Fig. 2 theste of the mechanism can be sken.
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Scheme 2.
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Fig. 2 Energy profile for the reaction of 1 + P4 at the SOS-MP2/cc-pVTZ//B3LYP/cc-pVTZ level. Yellow,
tan, cyan, orange and white colors refer to P, Si, N, C and H atoms, respectively.
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2 Kinga Nyiiri, Tibor Szilvasi and Taméas Veszpréifihe mechanism and energetics of insertion reactisns
SilylenesDalton Trans, 2010, 39, 1-6.
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2. The chemistry of 1,3-dialkylimidazolium-based iotiguids can easily be linked to
that of N-heterocyclic carbenes (NHCs) in the pnege of sufficiently basic
counteranions. B3LYP/6-31+G*, B3LYP/aug-cc-pVTZ akiiP2/6-311+G** studies show
that increasing the basicity of the anionic compurtbe relative stability of the ion pair
and that of the hydrogen bonded complex of theesponding free acid and NHC itself
can be shifted toward the formation of NHC. In tese of acetate anion the ion pair and
the NHC-acetic acid complex have similar stabiliBhotoelectron spectroscopic studies
show that the vapor of EMIM-acetate is dominatedtihg NHC — acetic acid complex
The mass spectrum of the same comopund shows #semee of both acetic acid and 1-
ethyl-3-methylimidazolium-2-ylidene, in agreemenithwthe low pressure during the MS
experiment, which facilitates dissociation. The gibgity of systematic and simple
variation of the NHC content of the IL’'s facilitat¢he extension of carbene chemistry in
ionic liquids®



In a separate work electronic structure of N-hmtgclic carbenes with five
member rings and two nitrogen atoms was studiedgutie natural resonance theory in
the framework of density functional theory. Alscetiole of the hydroxyl substituents on
the carbon atoms was investigated. The analysigighes a consistent picture of chemical
bonding, even in cases where no single Lewis sirectan be drawn. It interprets the
observed stabilities and aromaticities of the adfg isomers. A carbene lone pair on C
atom was identified in all cases, while the electdonation to the formally empty,p
orbital of this atom was found to be a crucial eff all case$.

® Oldamur HolléczK Dirk Gerhard? Klemens Masson8,Laszl6 SzarvadBalazs NémethTamas Veszprérii
and Laszlé NyulasziCarbenes in lonic LiquidsNew Journal of Chemistry, 2010, 34, 3004-3009.

® Tibor. Héltzl, Tamas Veszprémi, Vu Thi Ngan b, Mifiho NguyenResonance structures of N-heterocyclic
carbenes,Chemical Physics Letters 481 (2009) 54-57

3. Due to their unsaturation, high and novel reatgtiyphosphaalkynes (or with other
name, phosphaacetylenes) play a very importantimaiee low coordinated phosphaorganic
chemistry. One of the most interesting reactionpludsphaalkynes is their oligomerization
and polymerization. Earlier we studied theoreticdlie low energy HCP dimers, including
altogether 17 isomers, as well as the possibldioeapathways leading to these compounds,
and their interconversiohlin the frame of this project we investigated tHeogphaethyne
trimers with (HC)Ps formula. The aim of our theoretical work was tdedmine the hitherto
missing reaction pathways leading to the synthdspteosphaalkyne trimers and to interpret
the formation of the experimentally found side prog. Since the electronic structure and
chemical bonding of many compounds cannot be destrwith the (HGP; formula, we
have studied the electronic structure of the inegtiates and the products and also highlight
some new and potentially synthesizable compoundb weculiar electronic structure.
Scheme 3 indicates the hitherto synthesized phadiphmees.
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Geometric and electronic structure of phosphaethymeers was studied using density
functional theory (B3LYP/cc-pVTZ) as well as CBS-@BCCSD(T) and complete active
space self consistent field (CASSCF) computatidime effect of the substituents was also
investigated. Our aim was to identify the low eryegguilibrium structures with synthetic
interest, therefore we were determining minima wath any restriction on the chemical
structure. The global minimum of theR5H; potential energy surface is confirmed to be the
1,2,3-triphosphinine. The next energetically stabtemer is a potentially synthesizable target
with a B ring, which is only 34 kJ/mol above the global miom. Formation of
phosphaethyne trimers by reaction of phosphaetlaywlel,4-diphosphatriafulvene has been
determined. This suggests that the thermodynamicadintrolled product is the 1,3,5-
triphosphinine, while 1,3,6-triphosphafulvene is #inetically favored product. For the latter
a biradical reaction pathway also exists. Analgdishe effect of the substituents shows that
the reaction barriers increase with the size of ghbstituent. Using the bulky 2,4,6-tri-t-
butylphenyl (supermesityl) substituent the relastability of 1,3,5-triphosphinine and 1,3,6-
triphosphafulvene is reversed, and the latter geeted to be the most stable phosphaalkyne
trimer with bulky substituents. Head-to-tail reactiof phosphaethyne and phosphanylidene
carbenoid vyields 1,3,6-triphosphafulvene with versmall barriers, while 1,4-
diphosphafulvene is expected to be a byproduct.rébelts are in good agreement with the
experimental finding8.Fig. 3 indicates the relative Gibbs-free energiéphosphaalkyne
trimers (in kJmol) with respect to 1,2,3-triphosphinine.
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Figure 3. Phosphaalkyne trimers. Relative Gibbs-free energiesare indicated in kJ/mol with respect to
1,2,3-triphosphinine.



One of the most interesting achievements in themecarbon chemistry is the
successful isolation and characterization of graghe single graphite layer. This compound
has many interesting properties, like planarityclesive band structure and magnetic
properties, which make it a promising candidate fidure developments in many fields
including the semiconductor industry and other igeapplications, like ionic sieves. Also
the chemistry of graphene and graphene nano-riblimrsibjected now to an extensive
research. Black phosphorus is also a layered rahtetiere chair conformations Angs form
the two dimensional lattices. Thus, this compoundtiucturally similar to the graphane (the
hydrogenated derivative of grapheme), althoughr tilsgmmetries are different. Black
phosphorus can formally be regarded as the polyohé&b, the all-phosphorus analogue of
acetylene. Phosphaethyne (HCP) stands betweeneetgnd 2 Their polymer is a black
compound, which, according to element analysis,lhdd C:P:H ratio, indicating that this is
really the polymer of phosphaethyne and no sidelyets of the preparation reaction were
incorporated. In our work we analyzed the geometnid electronic structures of one (cis-
polyacetylen-type) or two dimensional (graphanesdypolymers of phosphaethyne and
compared these with that of the acetylene (graphemskdiphosphorus (black phosphorus).

Stability and electronic structure of phosphaethyiodymers were studied using
density functional methods and were compared witt of the polymers of acetylene (cis-
polyacetylene and graphane) and phosphorus (blaokgthorus allotrope). Similarly to the
reference compounds, the graphane-like layer stregboly-phosphaethyne is considerably
more stable thermodynamically than the oligomerd has no unsaturated chemical bonds,
hence it may be synthesized. This may also opew#yeto chemically modify and fine-tune
the properties of graphane by synthetically incoafiog poly-phosphaethyne units in the
layer structure. Spontaneous, rapid polymerizatioh phosphaethyne was observed
previously, however the crystal structure and edent properties of the polymer has not
been studied in detail. From the calculations i ¢ concluded that using appropriate
reaction conditions, graphane-like structures ayathesizable by polymerization of
phosphaethyndn Fig. 3 the geometries of the graphane-like thimensional polymers of
acetylene, phosphaethyne and diphosphorus caruhd%o
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Figure 4. Geometries of the graphane-like two dimensional polymers of acethylene, phosphaethyne and
diphosphorus
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8 Tibor Holtzl,t,+ Minh Tho Nguyen,t and Tamas Vegapi, Formation of Phosphaalkyne Trimers: A
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4. Borane complexes of aziridine, phosphirane, cycpplamine, cyclopropyl-
phosphine, cyclopropylmethylamine, and cyclopromtinylphosphine have been prepared by
the reaction of a borane complex or diborane on ftee phosphine or amine at low
temperatures. The following compounds were invasgid":
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The products characterized by NMR spectroscopy raads spectrometry have then been
investigated by photoelectron spectroscopy and B3hAWg-cc-pVTZ quantum chemical
study. The complexation led to rotamers with stes similar to the ones of the
corresponding free systems. The main geometry ehaith the complexation is the P-C
bond elongation and the N-C bond shortening, wioah be rationalized by the charge
transfer attached to the electron donation. Theudated relative stability order of the
conformers changes with the complexation only ie ttase of cyclopropylamine. The
calculated complexation energies are higher foratmnes, in accord with the differences
observed in the flash vacuum thermolysis of methyi@-, methylphosphine-, and aziridine-
borane. The photoelectron spectra indicate essatiffarences between the amines and
phosphines toward borane complexation. The datiwvellis more stable in the studied amine-
boranes than in phosphine-boranes, while dBeH orbitals are more stable in the latter
compounds. The enthalpy of the hydrogen releasetioeaof aziridine-borane is almost
thermoneutral, indicating the potential of this quoex as recyclable hydrogen storage
material.

Trimethylaluminum (TMA) complexes of methyl-, n-pd-, cyclopropyl-, allyl- and
propargylamine were also synthesized and their rampatal properties and theoretical
characteristics were compared with the respectimi@exborane analoguésThe amine ligand of
an amine-TMA Lewis acid-base complex can be easiBnged by another amine through a 2:1
amine-TMA intermediate in pentane at room tempeeatlihe exchange of the same ligands in
the case of amine-boranes requires remarkably e in line with the calculated relative
energy of the respective transition state. Hhand*C NMR experiments examining the addition
of one or more equivalent of amine to the respedtigwis acidbase complex conclude to the fast
exchange of the amine ligand in the NMR timescally o the cases of amine-TMA complexes,
which could also be caused by similar 2:1 compleksvever, in gas phase, only 1:1 amine-
TMA complexes are present as evidenced by ultraviphotoelectron spectroscopy (UPS). The
observed UP spectra, which are the first recordextgelectron spectra of primary amine-TMA
compounds, indicate that the stabilization effecthe lone electron pair of nitrogen atom in
amines during the borane complexation is stronigen that of the TMA complexation. In line
with this observation, the destabilization of the-c orbitals is lower than that afs-H orbitals
during the formation of amine-TMA and amine-borarmnplexes, respectively. As showed by
theoretical calculation, the Glélimination of the studied amine-TMA complexes x®#ermic,
indicating the possibility of using these compouirdsetal organic chemical vapour deposition
techniques (MOCVD). On the other hand, our expemtae conditions avoid this methane
elimination, and constitutes the first procedurepleying distillation to isolate primary amine-
TMA complexes.

10 Balazs Németh, Brahim Khater, Jean-Claude Guillearnd Tamas Veszprénifferences Between Amine-
and Phosphine-Boranes: Synthesis, Photoelectront@zseopy, and Quantum Chemical Study of the
Cyclopropylic Derivativesnorg. Chem. 2010, 49, 4854-4864.

1 Balazs Némethtt, Jean-Paul Guégant, Tamas Vedzpramad Jean-Claude Guillemifirimethylaluminum
and borane complexes of primary Aminesyg. Chem. 2013, 52, 346-354.

5. Electronic and steric factors that control thedstretch isomerism phenomenon in 2-
chalcogen-trimetallabicyclo[1.1.0]butane systems/ehdeen investigated using B3LYP
functional with aug-cc-pVTZ basis set. Beside thersbond and long-bond extremes we
found and characterized a third, stable conformién gignificantly elongated central bond



and anti arrangement of the bridgehead substituBfgstronic structures of the isomers have
been described and interpreted in details with@ flamework of MO theory. Germanium
analogues of trisilrene have been predicted tm alsact with sulphur to form the
corresponding 2-thia-trimetallabicyclo[1.1.0]butaarealogues. The systematic analysis of the
relative stability dependence on the ring compmsitas well as the bridgehead substituents
revealed that the hitherto unknown anti isomer @mising synthetic target in germanium
bridged bicyclo compounds with bridgehead substitsieontaining carbon contact atom.

12Klara Tarcsay Petrov, Balazs Pinter, Tamas Veszpi@omd-Stretch Isomerism in 2-Chalcogen-
trimetallabicyclo[1.1.0]butane Derivative®ournal of Organometallic Chemistry 706-707 (2084-B8.

6. A new class of inorganic systems is introducedwinich a silylene fragment is
combined with a sulfur-nitrogen fragment. The pmipe of the resulting “sulfur-nitrogen
silylenes” have been studied using quantum chencmlgulations, focussing on isodesmic
reaction energies, dimerization, electro- and rapidicity, and the singlet—triplet energy
gap—a number of as yet unsuccessful attempts jwaprehe compounds is also reported.
These new systems are found to be stable silylenegich the sulfur-nitrogen fragment
stabilizes both the singlet and the triplet stdt@sugh extensive electron delocalizatidhe

following compounds were investigated:
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13 julianna OlahTamas Veszprémi,. Derek Woollinand Frank BlockhuysCombining the chemistries of
silylene and sulfur-nitrogen compounds—SiS2N2 afated system®alton Trans., 2010, 39, 3256-3263.

7. Steric groups are often regarded in reactionshamically irrelevant, inert parts of the
molecules, which have no influence on the structfréghe forming reactive center of the
product but rather on the reaction rate; thereftrey are usually not taken into account in
theoretical work. However, in some cases, e.gherdeneral reaction scheme of reductive
dehalogenation of halosilanes, bulky substitueats cause major structural changes in the
product simply by their presence.

In this work* it was shown how steric groups have reaction patttrolling ability
that can govern the reaction to different produdfs. analyzed the experimental data of the
synthesized persila compounds (Scheme 4) whidolidiv the same reaction scheme by the
reductive dehalogenation of trihalosilanes.
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We investigated all the possible structure4.l) applying different bulky groups (Scheme 5)
to estimate the possible synthesizability of thesapounds.

It was found that with the modification of the bylgroups it could be achieved that
only one energetically relevant minimum remainedlfePES, moreover, in some cases only
one true minimum existed. By this, the selectivenfation of the different silicon structures
can be fully explained together with the principfeminimum energy. In the consequence of
this observation, the modeling of real bulky substts turns out to be much easier than it
has thought since the extremely expensive reactiote mapping can be saved. Moreover, it
suggests a general method for the prediction of yr@hesis of still unknown reactive
compounds by designing proper bulky substituenttfevhich allows only one, the chosen
one, minimum on the PES.

We have shown that theoretical substituent desmnas we call it:molecular-
tailoring, for a certain chemical structure is possible witis methodology. As an example,
hexasilabenzene, one of the best wanted unknownorsicompound was studied as an ideal
target to our new approach.
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We have tried substituents in consonance with pusly applied substituent classes, which
seems to be adequate for stabilization of hexasiadne and found several possible choices
(9, ], k, I). Substitueng excels from the other substituents because ondytare minimum
exists on the (SIR)PES which makes it a promising candidate. Interghst, this statement
also true for its (SiR)PES, it contains a butterfly-shaped silicon cemitgg which is also
unknown, thereforg seems to be important in two aspects.

& =

8a 8b
8g 8i j 81

Figure 5. Van der Waals representation of hexasilabenzene analogswith several substituents. Red, grey
and white spheres refer to silicon, carbon and hydrogen atoms, respectively.

Molecular-tailoring concept can also be appliedaveral other fields. It can be used
to optimize a catalyst which allows less or no s&hections, simply with the destabilization of
the product or the intermediate of the side reactiio demonstrate the concept further, we
analyzed the general reaction scheme of reductmaldgenation of halogenmartégirst,
we explored the possible stable (GgRStructures up to octagermanes (n = 4) with small
substituents. Then, we investigated previously reploexperimental results applying real
bulky substituents and found all preparations canehbsily explained by the principle of
energy minimum and the special steric effect of hlnéky substituents. We found with the
proper choice of the bulky groups all structuresildobe destabilized owing to steric
hindrance but one of which stability remained altrtbe same. These findings can be applied
to design substituent for still unknown compoundshsas tetragermacyclobutadiene and
hexagermabenzene. We found perfect substituents thier synthesis of tetragerma-
cyclobutadiene and for hexagermabenzene; theyl fillficriteria that have been raised based
on the discussion of previous successful experiateasults.

The study of the substituent-dependence of themib@ynamic stability solves only
the necessary condition of the achievement of anada reaction. The possible reaction
pathways can be controlled with suitably choserkyb@roups by eliminating competitive
structures and side reactions from the Potentiard@n Surface (PES) and directing the
process toward the desired compound. However,iie spthe demonstrative thermodynamic
effect of the proper bulky group, the kinetics b€ tsynthesis route can modify the picture
which has not been taken into account so far.

A proper bulky group has to support the synthigsin kinetic point of view as well.
Bulky substituents have to allow the formation bé tdesired product by providing small

12



activation barriers toward the product; in othesesathe reaction will stop at an intermediate
regardless of the favorable thermodynamics. Orother hand, appropriate substituents have
to hinder the reaction beyond the desired prodass@ssing large activation barriers beyond
it. As a further example, the reaction mechanisna @ossible hexasilabenzene synthesis as
the consecutive reaction of three disilyne unitsenstudied and discuss&dThe theoretical
calculations were carried out at B97-D/cc-pVTZ//BOI6-31G* level of theory. Studying the
effects of four substituents (hydrogeX)(phenyl B), terphenyl C) and methylated terphenyl
(D) — see Scheme 6) we pointed out that in ordelbtaio hexasilabenzene, the appropriate
substituent has to be selected, and terphenyl gapitable from both thermodynamic and
kinetic point of view.
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Figure 6. Mechanism of hexasilabenzene formation with hydrogen substituents. (Relative Gibbsfree
energies are compared to four separate disilyne molecules.)
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Figure 7. Mechanism of formation of hexasilabenzene with phenyl substituents. (Relative Gibbsfree
energiesare compared to four separate diphenyl-disilyne molecules.)
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Figure 8. Mechanism of formation of hexasilabenzene with terphenyl substituents. (Relative Gibbs free
energies are projected to three separate di(ter phenyl)disilyne molecules.)
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Figure 9. Intermedierswith methylated terphenyl substituents (Relative Gibbs free energies
are projected to three separate substituted disilyne units.)

The calculated results unambiguously demonstrateisefulness of this method (Figs.
6-9). In the case of the first three substitueatsthermodynamically favorable reaction
pathway with small activation barriers was foundiclhled to substituted hexasilabenzene.
With hydrogen and phenyl groups, two in situ forntksilyne units form a four-membered
ring which is followed by the addition of the thidisilyne. However, hexasilabenzene
derivatives easily react further with a fourth lgise unit. Consequently, these substituents
cannot be applied in the synthesis of hexasilabbenzr practice. In case of terphenyl
substituent, the addition of the third substitutlidilyne is immediately followed by the
formation of hexasilabenzene which is surroundgttlit by the phenyl rings, excluding
further additions. Since, according to previousotbical examinations, formation of other
structures is not expected, it can be stated wgth bertainty that reductive dehalogenation of
terphenyl-halosilanes gives hexasilabenzene. Matdylterphenyl groupDf prevent the
formation of stable four or six membered silicongs because of the increased steric
hindrance which clarifies the previous experimemgsiults that in this case only insertion
reactions are observed. Overall, we suggest symihgshexasilabenzene from terphenyl-
halosilanes, performing reductive dehalogenation.

We have to note that although the molecular-taipgoncept till was demonstrated in
case of a few silicon and germanium compounds foeréain reaction scheme, it is more
universal. It must be true that every reactivedtrre for every type of reaction has one or
few optimal substituents that can be found by tbial prediction. Since the synthesis of
hitherto unknown reactive compounds is slow, expenand unpredictable procedure this
approach may bring fundamental breakthrough inahas.

To demonstrate the power of this method furthee tatalytic cycle of Suzuki-
Miyaura coupling was investigated using N-heterdicycarbene (NHC) ligands. The
Suzuki-Miyaura reaction is widely used to form earkcarbon cross coupling (Scheme 7).
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The reaction, originally with phosphine ligandstbe Pd center, has been widely studied both
experimentally and theoretically in several aspetlese studies have determined that the
most important step is the formation of the acB€0) compound and its stability is the key
for more efficient catalysts. The effect of the Kyulphosphine ligand has been deeply
investigated and found that both steric and eleatreffects have considerable impact on the
catalytic features.

N-heterocyclic carbenes (NHC) have been receehorted as successful ligands for
Suzuki-Miyaura coupling. Steric groups are necgskarthe catalyst; it gives kinetic stability
of the compound, supporting reductive elimination,the other hand, it may cause the failure
of the catalytic reaction by the increasing stamrance in oxidative addition especially for
sterically demanding ortho-substituted aryl reagefihe main goal of our work was to
understand the specific ligand effects by theaaktiools which might help to design more
suitable catalysts in the future. We found two idett effects of bulky groups: they cause
steric repulsion with the protecting group in threqursor catalyst promoting the formation of
the active Pd(0) compound and then, in the rateraing oxidative addition step, favorable
nonbonding intramoleculat-t and C-Hf interactions between the reactants and the bulky
groups decrease the activation barrier which empléihe positive effect of bulky groups on
the reaction rate.

Geometries were computed at the RI-B97-D/6-31G¢tlef theory then single point
energy calculations were performed at the optimmgu®RlI-BO97-D/cc-pVTZ level and
Polarizable Continuum Model (PCM) to model isopnogasolvent. For Pd atoms, cc-pVTZ-
PP pseudo potential was used both for geometrynigaiion and for single point energy
calculations.
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Figure. 10. Mechanism and reaction profile for Suzuki-Miyaura coupling with NHC substituents A1, A3
and A5. The schematic arrangement around the Pd center is plotted in every single step and also the main
parts of the reaction profile are signed in accordance with Scheme 3.

The general results of the calculations are dennatest in Fig. 10. Two distinct
effects were found which could significantly promothe reaction in consistent with
experimental results can be summarized (Fig. lit3t,Harge bulky groups provide steric
repulsion with the protecting group of the initBtd complexes. Therefore the systematic
increasing of the alkyl chain causes increasedcstgpulsion within the Pd complexes which
triggers the elimination of the protecting grouphancing the formation of the active Pd
speciesl(mz2).
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Figure. 11. Lock-key model for internal catalytic effect of bulky groups. Bulky
groups (yellow) cause steric repulsion (ruby red) with the protecting group
(orange) of the initial Pd complex which enhances the elimination of the
protecting group promoting the formation of the active Pd(0) species (Im2). In the
oxidative addition step (Ts2), favorable =m-stacking and C-H/z interactions
between the bulky groups and the joining aryl-halide reagent promotes the
reaction towards Im4. After the conformation change in Im4, aryl reagent and the
bulky groups provide enough space for transmetalation and reductive elimination
to close the catalytic cycle resulting in the product and Im2.

Second, we demonstrated that using large but fiexalkyl groups there is no evidence for
increased steric hindrance in oxidative additiepsOur results reveal that the bulky groups
and the aryl-chlorine reactant form favorabiestacking and C-H/ interactions (steric
attraction) decreasing the rate determining agtimabarrier promoting the reaction. These
results suggest that bulky groups can acceleraidatve addition step not just reductive
elimination step as previously thought. Our modegjgests that the whole catalytic cycle can
be interpret as an enzyme-like lock-key conneaotwbiere bulky groups are designed for steric
repulsion in the catalyst activation steps andicstattraction in the rate determining step
significantly enhancing catalytic processes. Thagknvs an example how to design optimal
substituents in silico which can be easily dontha future owing to the fast development of
computational chemistry.

The results above clearly demonstrate the powéheMolecular Tailoring concept:
Chemical reactions have one or a few optimal stugstts that can be found based on in
silico. It can be used for optimizing a catalysttmelerate the desired reactions and eliminate
side reactions, simply with the stabilization orstilization of the product or the
intermediate during the reaction paths. Since yrmhesis of hitherto unknown reactive
compounds is slow, expensive and unpredictable gow@ our approach may bring
fundamental breakthrough in this area.

Y Tibor Szilvasi and Taméas Veszprémiolecular Tailoring: Reaction Path Control with Byl Substituents
Organometallics 2012, 31, 3207-3212.

Tibor Szilvasi and Tamas Veszprémiolecular Tailoring: Substituent Design for Hexagetbenzene
Organometallics.
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167solt Benedek, Tibor Szilvasi and Tamas Veszpréhaitecular tailoring: a possible synthetic route to
Hexasilabenzen®alton Trans., 2014, 43, 1184-1190.

Y Tibor Szilvasi and Tamas Veszprérmiternal Catalytic Effect of Bulky NHC Ligands inZki-Miyaura
Cross-Coupling Reactio®CS Catal. 2013, 3, 1984-1991

8. Analysis of the molecular orbitals and the nucleuependent chemical shift showed
that the D4h and D6h symmetry Hgand Hg?* rings are aromatic. However, accurate
quantum chemical methods indicated that the liferans are more than 100 kJ rifdbwer in
energy. This surprising case, where the non-arensgtecies are considerably more stable
than the aromatic rings, was explained by the @haiigtribution and the ring strain.
Electronic structures of these species were camilgtdescribed using the phenomenological
shell model of metal clusters (Fig. 19).
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Figure 12. Geometric parameters (QCISD(T)/cc-pVTZ-PP) and molecular
Orbitals (BP86/cc-pV TZ-PP) of a) cyclic and b) linear isomer of Hg,*".

18Tibor Héltzl, Minh Tho Nguyen and Taméas VeszpréNtercury dications: linear form
is more stable than aromatic ringhys. Chem. Chem. Phys., 2010, 12, 556-558.

9. Substitution of CH groups in 1,3,5-trimethylenebemz (1,3,5-TMB) triradical by
one, two or three N, P and As atoms was studiatguUSASSCF/CASPT2 computations with
a ANO-RCC tripleg basis set. The computations showed that condisteith the previous
results, the unpaired electrons in 1,3,5-TMB amghlyi delocalized, but our computations
show that they become localized on the P and Amgtwith a more pronounced localization
effect of As. All studied compounds have a quagtetind state, but the results showed in this
paper indicate that the quartet-doublet energyigapduced upon substitution. Localization



of the unpaired electrons on the ring reduces tlezage distances between them, which
induces a destabilization of the quartet statespared to the doublet. Therefore the position
of the unpaired electrons and the doublet-quargt gan be tuned by chemical methods,
which opens the way to fine-tune the propertiethefbuilding blocks of organic magnets.

9 Tibor Héltzl, Taméas Veszprémi, Minh Tho Nguydhuning the position of unpaired electrons and detbl
quartet gap of the 1,3,5-trimethylenebenzene traaldy nitrogen, phosphorus and arsenic substtuti
Chemical Physics Letters 499 (2010) 26-30.
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