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1. General Introduction
Organocatalysis has a long history, but at the same it is a currently rapidly

growing field. The first example of organocatalys the variant of benzoin condensation
under cyanide catalysis was shown by Justus vanid.iend Friedrich Wohler in 1833, but
the term “organocatalysis” was introduced by Maddhl only in 2000 for highly
enantioselective organocatalytic Diels-Alder rezmsi” and nowadays the development of
organocatalysis proceeds brisklyObviously the pace will increase in the futurecsi the
main goal of organocatalysis is synchronized witreeén chemistry” — to develop
environmentally friendly methods obviating the usfetoxic metal-based catalysts. Since
organocatalysis has become popular in modern argememistry, immediately a lot of
mechanistically related questions ariseg.. What is the mechanism of a particular
transformation? How to investigate the mechanisnifad¥ind of molecule can serve as the
most efficient and selective catalyst for a giveaation? In spite of a large amount of studies
such questions stay topical due to the complexityl @ambiguity of organocatalytic
transformations. The main goal of the present werko make a step in the direction of
organocatalysis mechanisms understanding. As therrt@pic to study the Morita-Baylis-
Hillman (MBH) reaction catalyzed by phosphorus- amtlogen-containing organocatalysts
has been chosen. Two additional topics: the frtedireess of Lewis acid — Lewis base pairs
and acylation reactions catalyzed by 4-dimethylapymidine (DMAP) are considered. These
three subareas will be now briefly reviewed andriaives and scopes of this thesis will be

introduced.

1.1. Morita-Baylis-Hillman Reaction
The Morita-Baylis-Hillman (MBH) reaction is a reamt of aldehydes with electron-

deficient alkenes catalyzed by Lewis bases (phogshir amines§!

OH

j])\ W EWe XRs EWG
: =y
R "H

X=N,P

Scheme 1.MMBH reaction.

The MBH reaction has a series of advantagas atom economy), but also the big
problem of a notoriously low reaction rate. Anyeatpt to improve the MBH reaction

efficiency leads to the necessity of a better ustdeding of the reaction mechanism. In spite



of numerous studies in the field of MBH reactionamanisms, there is still no agreement
between different hypotheses. Currently it is ategéphat the reaction involves a sequence of
Michael addition, aldol reaction arfg@telimination steps. The respective catalytic cysle

shown in Scheme. 1.2

©)

T ik
RsP /O(; 1
Hoiil:< @oi/z

Scheme 1.Z2Proposed mechanism of the MBH reaction.

Topical questions are related to the zwitterionteimediates, since their experimental
detection is complicated, also to transition states and the nature of theliiting steps®
In the present study attempts to reinvestigatentbehanism for a “real-life” system will be
shown — the major aim was to reject small modeltesys, which are often used in
computational studies, but they are practicallyaiaay from experiment. First of all a way of
interplay between experimental and theoretical rapistically related studies is suggested:
development and testing of a reliable approach*®rNMR chemical shift calculations in
solution will be shown in chapter 2. This point cha helpful for assigning'’® NMR
chemical shifts obtained in phosphane-catalyzed MB&ttions. Chapter 3 is devoted to a
detailed investigation of the MBH catalytic cycledapossible side reactions. The latter are
often ignored in mechanistical studies. It will sown how important can be the
consideration of side reactions, in particular pinetonation of zwitterionic intermediates —
this will be addressed in chapter 3 and then iaitlstudied in chapter 4. Finally in chapter 5
a Methyl Cation Affinity approach (MCA) as a descriptor of catalytic atyiwiill be tested
and a new descriptor of catalytic activity — “X &eée affinity” (XKA) that can easily and
quickly bring important preliminary information dhe efficiency and selectivity of any MBH
catalyst will be suggested.



1.2. Frustratedness of Lewis Acid — Lewis Base Pairs
A peculiar type of organocatalysts are so calegstrated Lewis Pairs (FLP). FLP is

a compound or mixture containing a Lewis acid andewis base that, because of steric
hindrance, cannot combine to form an addiicbue to their “unslaked” reactivity, these
systems are very active and can split dihydrogeerblgtically (Scheme 1.3), thus they
promise to be efficient for hydrogenation processes

t-Bu_ JAr t-Bu @ o Ar
t-Bu—P----BCAr + Hy —— tBu—P—H + H-BCZAr
t-Bu Ar t-Bu Ar

Ar = C6F5

Scheme 1.3Activation of dihydrogen Klthrough reaction with a frustrated Lewis pair.

FLP chemistry is currently a “hot” topic in orgarebemistry and obviously it needs
theoretical support as a guide line. The mechamwisthe FLP formation and the subsequent
splitting reaction, the structural properties ofFi;lthe interplay between the structure and
reactivity — all these aspects and many othersnatewell understood today. The term
“Frustratedness” of FLP by itself is not clearlyfided and it is arguable. Moreover the
literature data for even small (“unfrustrated”) WA pairs are scarce. In chapter 6 a
development of a computational approach which acaurately describe the LA-LB pairs

geometrical and energetic characteristics will sented.

1.3. Acylation Reactions Catalyzed by DMAP Derivatives
The acylation of alcohols and amines is a commansformation and it can be

promoted by a variety of catalydts.Special attention has to be drawn to DMAP and its
derivatives, which have been extensively applied eaterification catalysts since the
pioneering reports made by Steglich and H8fend by Litvinenko and Kirichenkd' almost
simultaneously in the 1960s. Today the field i dgveloping in the direction of new, more

active and also enantioselective catal{fdts.

\N/

|\
R_ _O_ _R N j\
YW + HOR R0
© ©O NEt; Rl

Scheme 1.ODMAP-catalyzed esterification.



The development of new catalysts obviously neetterstanding of mechanism and
therefore recently high quality mechanistic studiese been performéd*? The accepted

mechanism involves the acylpyridinium intermedigdeheme 1.5, on example of acetylation

by acetic anhydride)
®
O O 0
DMAP HNEt
+ + 3
ROH
)J\OJ\ )J\OR CoAc
NEt;
\N/
»
—
N
DMAP
\N/
SN | AN
b
| X ROH )?\ N
+ |
b |
@;"\'\GOAC OR ('TD' .
° T

Scheme 1.5°roposed mechanism for DMAP-catalyzed acylatiootrea.

It has been shown, that this mechanism can benmpetition with a concerted base
catalysis pathway, avoiding formation of acylpindim intermediates. For many cases the
latter pathway is less favorable, however, theed#iice between these mechanisms depends
on the system. DFT calculations that continue eeseaf studies in esterification mechanisms
of the Zipse group are presented in chapter 7. Ssubgects that have not been discussed
before are considered now — the acylation reagenta;ms a benzoic acid moiety and the
aromatic ring of the alcohol is substituted by dowo acceptor substituents in order to
explore their effects. Different catalyzed pathways compared with background reaction

calculated on the same level of theory.
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2. Theoretical Studies of*P NMR Spectral Properties of
Phosphanes and Related Compounds Relevant in
Organocatalytic Processes

2.1. Development of a New Approach fof'P NMR Shift Predictions

2.1.1. Introduction

Phosphanes are of outstanding relevance as ligendsansition metal mediated
catalytic processes, but also as reagents in essefinamed reactions such as the Wittig, the
Appel, and the Staudinger reaction. The Lewis Ipagperties relevant in these reactions have
recently led to the highly successful developmerit plhosphanes as catalysts in
organocatalytic processes. This includes applinatia C—C bond forming reactions such as
the Morita—Baylis—Hillman! and the Rauhut—Currier reacti6hjn the addition of weak
nucleophiles to Michael acceptdisjn the acylation of weak nucleophiles with carblaxy
acid derivative&” just to name a few. The Lewis basicity of catailly active phosphanes
can be characterized by their respectifingies towards cationic or neutral carbon
electrophiles such as methyl cation or methyl vikgione (MVK)® These thermodynamic
properties can be complemented with kinetic datatds model electrophilésin a way to
allow for quantitative predictions of new phosphdmased organocatalysts. Experimental
studies of organocatalytic reactions highly prafinfi**P NMR measurements as these allow
for a direct detection of catalyst-derived specieder catalytic conditions. The phosphonium
intermediates expected after nucleophilic attaclplodsphanes on C-electrophiles have, for
example, been detected in a number of stdtfied. The assignment of experimentally
observed signals can greatly be supported by cdsgpato theoretically calculatedfP
chemical shifts. Highly accurate shift calculatidres/e been executed at correlated levels for
a series of smaller systefflsFor intermediates in organocatalytic processeseler, these
methods are usually not applicable and calculatetnsither the Hartree—Fock (HF) or the
density functional theory (DFT) level appear asdhéy practical option. Despite the fact that
the application of DFT methods in NMR shift caldidas meets with some fundamental
concerns, there have nevertheless been numeroussstu studies in this area in recent
yearst”) One additional technical point concerns the treatnof solvation ffects, which are
known to be quite significant for some phosphanerddrspecies such as triarylphosphane
oxides™™ In order to identify computational schemes suiafolr the reliable calculation of
31p shifts for phosphorous-containing molecular systeve compare here the performance of

6



a series of DFT methods such as MPW1K, B98 and B3ith theab initio methods HF
and MP2 using the GIAO scheme. These studies witddmbined with various approaches to
account for solventféects.

2.1.2. Results and Discussion

Triphenylphosphane (PBM) is a frequently used organocatalyst and will ¢fene be used
as a first model system f8tP shift calculations on large systems. Under cttahgaction
conditions this catalyst is often degraded to #spective oxide (OPRh2), either through
reaction with residual atmospheric oxygen or thtowide reactions along a Wittig-type
pathway. The’P NMR chemical shift measured far(relative to the’’P NMR standard of
85% aqueous phosphoric acid) is quite insensitivedivent polarity withd(*'P, 1) = -4.7
ppm in benzened and 5P, 1) = -4.7 ppm in chloroformd*? As the use of aqueous
phosphoric acid as the reference compound in NMR cdiculations is clearly impractical,
we will in the following use the experimentally dehined value ol as the reference for gas
phase calculations’P NMR shifts determined for phosphaneox®tlare significantly more
solvent dependent with measured value§(3P, 2) = +24.7 ppm in benzenelf ands('P,

2) = +29.7 ppm in chloroform:d? Assuming the values determined in benzene to be
representative also for the gas phase, NMR calonkimust reproduce a shift difference of
A6(2 - 1) = +29.4 ppm. In more general terms the direailtesf NMR shift calculations is
the absolute magnetic shieldingwhich reflects the NMR chemical shift relativette free
nucleus. Relativé’P chemical shifts of phosphorous-containing complet compared to
phosphand. as the reference can then be derived from difta®imn shieldings as expressed

in egn (2.1).
o(X) =a(1) - o(X) + (1) (2.2)

As a first step in identifying a computational modl for reliable shift calculations we have
calculated®’P absolute shieldings for compountisind 2 using selected density functional
theory (DFT) methods, the restricted Hartree—Fdeoty (RHF), and the 2nd order Mgller—
Plesset (MP2) perturbation theory in combinatiorthwihe GIAO model. All of these
calculations employ the same 6-311+G(d,p) basiamsgtuse the same geometries obtained at
the MPW1K/6-31G(d) level of theory. The MPW1K fuioctal* is used here due to its good
performance in calculations of zwitterionic strueis; whose occurrence in organocatalytic

reactions is quite frequeRf: > At this level of theory two different minima amentified for



phosphane oxid2 (Csz vs. C; symmetry; the latter structure is also found ihdsstate X-ray
studiesf*® Only a single minimum witiC; symmetry can be found for phosphanéhis is

in agreement with results from solid state X-raydgts, gas phase electron diffraction
measurements and earli initio calculations'” Fig. 2.1 shows the structures obtained at
the MPW1K/6-31G(d) level and Fig. 2.2 collectsrabults obtained for these systems.

2 (Cq)
Fig. 2.1Structures of PRH1) and OPPk(2) as optimized at the MPW1K/6-31G(d) level of

theory.

X/6-311+G(d,p)//MPW1K/6-31G(d)

0, ppm

30.0

250 242 247

225 225
23 205 >1°
20.0
Cs
i
1.2
10.0 o7
8.2
6.7
5.0
0.0
X =HF B98 B3LYP MPW1K MP2 Exp

Fig. 2.2 Theoretically calculated and experimentally measwalues for thé&'P 1esonance in
OPPAh (2) using selected theoretical methods in combinatith the 6-311+G(d,p) basis set.
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Predictions made at MP2, RHF and MPW1K levels arelose to quantitative agreement
with experiment, while the hybrid functionals B98daB3LYP predict the*’P shift in
phosphane oxid2 to be too low. Given the slightly better predietivalue of DFT methods
over RHF in previous studi€d and taking into account the high price of MP2 akltions
we will continue with MPW1K as the preferred chofoe further studies. We also note that
predicted shifts for th€; conformer are systematically lower (and thus iof@¢rthan those
predicted for theC; conformer. The triple zeta 6-311+G(d,p) basis s=#d in the shift
calculations in Fig. 2.2 is known to provide go@sults for structural and energetic data of
molecular system® but may not be the ideal choice for the predicidrNMR chemical
shifts. The dependence of tf#® chemical shifts calculated for phosphane ofideith the
MPWI1K hybrid functional has therefore been analyasthg additional basis set variations.
This includes on the smaller side the 3-21G and G(d) split valence basis sets often used
for calculations on very large molecular systenmg] @an the larger side the 6-311++G(2d,2p)
and IGLO-III basis sets. The members of the IGLGibaet family have been optimized for
application in NMR and EPR calculatiof{d. The results obtained for all basis sets are shown
in Fig. 2.3.

5, ppm MPW1K/X//IMPW 1K/6-31G(d)
30.0
26.9 .
25.0 ' 23.924.3 25,0255 24.7
22,5
21.3
20.0 18.4
15.8 C3

ci
10.0

5.0

0.0

X =3-21G 6-31G(d)  6-311+G(d,p) 6-311++G(2d,2p) IGLO-I Exp

Fig. 2.3 Theoretically calculated and experimentally meegwalues for th&'P resonance in
OPPHR (2) using selected basis sets in combination wittMR&V1K density functional
method.



The predictive value of the small basis set 3-24 @uiite low. The basis set 6-31G(d), which
has been used for geometry optimization, yieldsrprisingly good prediction of th&P shift

in OPPR, most likely due to adventitious error cancellati®redictions made with the 6-
311+G(d,p) basis set can indeed be improved sontethin@ugh inclusion of additional
polarization functions (as in 6-311++G(2d,2p)) loe use of a specifically designed basis set
such as IGLO-IIl. It can clearly be seen that t&& ®-IIl and 6-311++G(2d,2p) basis sets
provide almost the same results for the systemserustudy. The wall-clock time for
calculations with the IGLO-III basis set is twice Bng as with the 6-311++G(2d,2p) basis
and the 6-311++G(2d,2p) basis set will thereforaided as the preferred choice in all further
calculations reported here (as has also been doothér recent studieSy.®"! The basis set
quality as probed through relative shift calculasidor the exceedingly similar systethand

2 may not necessarily be the same if two structyralther different compounds of different
sizes are compared. In order to analyze this poore clearly we have recalculated the shift
of phosphane oxide2 (C; conformation) using the reference compouriglsand 6.
Trimethylphosphane (PMg6) is significantly smaller than phosphabebut preserves the
structural feature of three P—C bonds. MoreoV#,NMR shifts measured fd@ give rather
similar values ofs(*'P, 6) = -61.0 ppm in benzenel!! and 5P, 6) = -61.6 ppm in
chloroform-d.*® The second reference compound phosphane, @it even smaller thaé
and structurally even more dissimilarXoln contrast to these other reference compourals th
3P NMR chemical shifts measured 8rin solution depend on a number of experimental
factors (temperature and concentration) as wetinathe solvent. The value reported in
benzene at 29 °C @{*'P, 3) = -242 ppritY most closely approaches the conditions chosen
for all other compounds used here, but we notetthatvalue is distinctly different from the
two values reported from gas phase measuremeni6’8f3) = -254.2 ppt¥ and -266.1
ppm 2 The3'P chemical shift for phosphane oxi2lealculated with reference to compounds
1, 3, and6 is graphically shown in Fig. 2.4 for the threegkar basis sets used before in
combination with the MPWI1K functional. Using PM&5) as the reference compound
essentially identicaf'P NMR shifts are calculated f& when using the 6-311+G(d,p), 6-
311++G(2d,2p) and IGLO-III basis sets. In contraghen using Phl (3) as the reference
compound, significantly differefftP NMR shifts are calculated f@rwhen using the smaller
6-311+G(d,p) basis set as compared to the reshtmned with the 6-311++G(2d,2p) and
IGLO-III basis sets. This implies that relativefsisalculations of compounds of exceedingly
different sizes and structures may require morehistipated theoretical methods as the

comparison of two compounds as similad.and2.
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[ ] rel.to PH3
MPW 1K/X//MPW1K/6-31G(d) [ rel. to PMes
5, ppm I rel. to PPh;
400 36.3 37.6 '
35.0
30.0 2838 289 285
26.9 vaa 255 247
25.0 225 .
20.0
15.0
10.0
5.0
0.0
X = 6-311+G(d,p)  6-311++G(2d,2p) IGLO-III Exp

Fig. 2.4 Theoretically calculated and experimentally measwalues for th&'P resonance in
OPPh (2, C;) using selected basis sets and three differergreete compounds in
combination with the MPW1K density functional medho

We conclude at this point that from the methodsvesygd here the GIAO-MPW1K/6-
311++G(2d,2p)//MPW1K/6-31G(d) is the most approgritor 3'P shift predictions in large
molecular systems. This approach was subsequestiyd for a larger set of systems included
in a previous methodological survey by van Wil8r{Table 2.1). To be consistent with this
study PH (3) was selected as the reference compound. Froniatites study we include in
Table 2.1 only those methods with the best erratistics as quantified by the squared
correlation coefficientR) and the mean absolute deviation (MAD =Xldax, — dcaid) With
respect to experimental values. In terms of these drror metrics the GIAO-MPW1K/6-
311++G(2d,2p) method employed here gives slightlye (slightly betteR?, while MAD is
0.7 ppm larger) results as compared to the GIAO-NMBRZO-II//BP/IGLO-II approach
considered to be the most accurate in the van Wistady. As in this previous study we
exclude the PN system from the error analysis. ddreelation betweef'P shifts measured
experimentally and those calculated at the GIAO-MRV8-311++G(2d,2p) level is shown
graphically in Fig. 2.5. Larger molecular systeme aften conformationally quite flexible
and the question naturally arises how to deal Wit point in*P NMR shift calculations.
Assuming rapid interconversion between individuahformers (on the NMR time scale) it
would seem obvious to calculat® NMR shifts as the Boltzmann-weighted average ailer
conformations. The shifts reported in Table 2.1hat GIAO-MPW1K level were actually
obtained by Boltzmann-averaging at 298.15 K usieg Energies obtained at the MP2(FC)/6-
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31+G(2d,p)//IMPW1K/6-31G(d) level of theory. Thigtex method has been used recently in
the accurate prediction of thermochemical data dérge set of N- and P-based Lewis
bases® To illustrate the importance of conformational maging already in gas phase
calculations® P shifts calculated for individual conformers afrtethoxyphosphane P(OMe)
(8) have been collected in Table 2.2 together withrspective relative free energieS,gs.
While the energetically most favorable conformef8dave almost the sani&® chemical
shift at +155.9 and +152.5 ppm, respectively, ihisot so for the conformation located 8.5 kJ
mol* above the global minimum with ¥ chemical shift at +128.9 ppm. The Boltzmann
weight of this conformer is quite low in the gasapl and the average shift predicted as
+154.4 ppm is thus quite close to the individudlea for the best two conformers. However,
solvent effects even in apolar organic media carlabge enough to change the relative
energies of individual conformers and can therefeae to major changes 1P NMR shifts.

300
1| Bexp = 0.9293*6cac + 1.7330

N 2
200 _: R =0.9953

-
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Sexp(PPM)
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-400 3

-500
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Fig. 2.5Experimentaf’P chemical shiftss. calculated at the GIAO-MPW1K/6-
311++G(2d,2p)//IMPW1K/6-31G(d) level of theory lidts Table 2.1.
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Table 2.13'P NMR chemical shifts calculated at selected lewétheory in the gas phase
using PH (3) as the reference system.

Method

GIAO IGLO IGLO GIAO GIAO GIAO E Experimental

MPW1K* BP° B3LYP® BP B3LYP> MP? P conditions
3 PH -266.1 -266.1 -266.1 -266.1 -266.1 -266.1 -266.1 Gas-phasée’
4 PR +126.1 +113.8 +100.8 +132.5 +115.7 +109.7 +106 Gas-phadé
5 PCk +246.4 +244.3 +236.9 +269.9 +259.6 +224.9 +217 Gas-phas#
6 P(CHy)s 778 -69.1  -739 538 -58.4 -75 -63  Gas-phas#
7 P(CiHy)s +2.8 +155 +11.4 +31.8 +27.3 +10.6 +19.3 Benzene-g*d
8 P(OCHy); +154.4 +115  +109 +137.9 +128.4 +129.3  +140 Toluene-¢**
9 OP(CH); +13.1 5.7 6.7 +19.1 +14 +18.7 +32 Benzen&?
10 OP(OCH); +4.5 -34.4 37 91 -16.7 5 +3.7 Benzen&®
11 Si(PH), -236.5 -223.5 -228.9 -219.5 226 -243.1  -205 Benzene-g??
12 Cr(CO}(PHs) -127.5 -150.5 -143.3 -128.6 -123 -176.7  -130 Benzene-¢®
13 PH," -128.0 -151.4 -156 -122.8 -1289 -127.6  -105  Methanof*
14 P(CHy)," +13.2 +25 2.9 +30.4 +22.1 +125 +25.1 DMSQO*
15 PR -138.7 -119.9 -140.8 -95.1 -120.2 -1195  -146 Benzene-¢*"
16 P, -584.2 -512.9 -524.1 -516.7 -532.5 -549.1  -552  Gas-phad&’
17 PN +366.4 +307.8 +325.5 +326.1 +342.7 +202.2 +275 Gas-phadd’
R?¢ 0.9953 0.9805 0.9856 0.9842 0.9890 0.9907
MAD € (ppm) 17.2 245 234 195 16,5 16.5

2 GIAO-MPW1K/6-311++G(2d,2p)//MPW1K/6-31G(d) Results taken from réf™; basis set for NMR
calculations: IGLO-II; geometries optimized at BB/IGLO-II level.® PH; (the reference compound) and PN
(worst case in the present work as well as inf¥8f have been excluded from the error analysis.
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Table 2.2Individual conformations of P(OMeg}8) used in Boltzmann-averagétP chemical
shift calculations.

= ‘) J‘J 2 9.9
J

2
J J
)
8 1 8 2 8 3
d
J AGzes, &% ppm
f -7 kd/mol
9 81 00 +1559
’ J 82 26 +1525
83 85 +128.9
. 9 84 154 +174.6
J 85 324 +121.0
8 4 8 5

2 Relative to PHl

With a protocol in hand for the calculation of gdsse™P chemical shifts of large molecular
structures (GIAO-MPW1K/6-311++(2d,2p)//MPW1K/6-31d3}), we can address the question
of how to account for solvent effects in a systematanner. We compare in the following
two different approaches to account for solventaf: (a) use of the Polarizable Continuum
Model (PCM) in combination with NMR shift calculatis (solution model 1); and (b)
inclusion of one explicit solvent molecule in theognetry optimization of the substrate and
subsequent NMR shift calculations on this solvehiite complex using the PCM continuum
solvation model at the stage of NMR shift calcaas (solution model 2). These two models
have been tested on a set of systems for whicle #rerdata measured in solvents of different
polarities (chloroform-d and benzeneg)l and which cover a large range 9P NMR
chemical shifts (from -50 to +160 ppm). In orderawoid problems associated with the
solution phase properties of Pk8) all calculations have been performed usingPP@l) as
the reference system. As one can see from thepdesanted in Table 2.3 and in Fig. 2.6 and
2.7 the best results are obtained using solutiodein®, where a combination of explicit and
continuum solvation is employed. Use of the PCMtiomum solvation model alone is
particularly unsatisfactory for phosphane oxi@eand9. The large solvent effects observed

for this latter class of compounds even for a loslapty solvent such as chloroform are
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clearly due to specific hydrogen bonding interattidoetween the phosphane oxide oxygen
atom and the chloroform C-H bond (Fig. 2.8). Ousebation is in accordance with the
recently demonstrated insufficiency of PCM modeds $ystems with strong directional

solvent—solute interactiof¥!

Table 2.3Experimentally measured and theoretically caleddP NMR chemical shifts in
the gas phase and in solution using fRhas the reference system.

System *IP NMR chemical shift Solvent

Gas-phasesommn Solution Exp

model 1 model 2

1 PPh 4.7 4.7 4.7 4.7 Chloroform-d
4.7 4.7 4.7 4.7 Benzengd
2 OPPh +24.1 +26.6 +29.6 +29.7 Chloroform-d
+24.1 +26.6 +25.4 +24.7 Benzend:d
8 P(OCH)s +166.6  +166.9 +167.3  +142 Chlorofdfrh
9 OP(CHp)s +25.3 +29.8 +36.3 +39.3  Chloroformd

+25.3 +28.5 +27.3 +32.0 Benzengd
10 OP(OCH)s +16.7 +16.7 +15.9 +3.0 Chloroformf!
+16.7 +16.6 +14.6 +3.7 Benzeng#d

18 [PPhMe'I" +15.5 +17.1 +23.1 +22.2  Chloroform

19 PBnRPh +175.4  +176.7 +173.8  +150.7  Chloroforgid

O\P/O 3

20 @N +160.7 +163.5 +161.8  +139.0 Chlorofornt*

N -56.3 -55.1 -54.1 -50.6(8 Chloroform-d'**
1—P,— o

21 OO | +27.4 +25.1 +24.7 +18.14P Chloroform-d=°!

7
22 XN/P\N* +61.5 +64.7 +62.8 +53.1  Chloroformt4’

R?® 0.9811  0.9859  0.9912
MAD (ppm)  11.9 11.4 9.6

2PPh (the reference system) has been excluded frorartbe analysis.
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Fig. 2.6 Experimental chemical shifts. calculated using solution model 1 for the
compounds listed in Table 2.3.
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Fig. 2.7 Experimental chemical shifts. calculated using solution model 2 for the
compounds listed in Table 2.3.
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1*CHCl 5 2*CHCl 3

Fig. 2.8 Energetically most favorable complexes of P@hand OPPH(2) with CHCL as
obtained at the MP2(FC)/6-31+G(2d,p)//MPW1K/6-31)dé&vel of theory.

It was mentioned before that conformational averggs an important step in the process of
chemical shift calculations inasmuch as the shiégend dramatically on the conformational
state of the molecule. The effects of conformationability on the calculated solution phase
31p shifts will here be exemplified by a closer lomksysten22. After gas-phase geometry
optimization at the MPW1K/6-31G(d) level 10 indive conformations have been identified
as true minima. Chemical shift calculations at@AO-MPW1K/6-311++G(2d,2p) level and
single point calculations at the MP2(FC)/6-31+G2MPW1K/6-31G(d) level have
subsequently been performed for all ten structimmesrder to calculaté’P NMR shifts and
relative free energieAG,gs in the gas-phase and in solution (model 1). Tisailte of this
exercise as collected in Table 2.4 show the finsead conformer2_ 1 to 22 3 (shown
graphically in Fig. 2.9) to be energetically acdelesat a temperature of 298.15 K. It is quite
remarkable to see that tfi#® NMR shifts calculated in the gas phase and irptesence of
the PCM continuum model (for CHEAs the solvent) hardly differ. The shifts varygkelly for
individual conformers from +50.7 ppm (conform2 2 to +102.4 ppm (conformez2_8.
The difference between the Boltzmann-averaBdNMR shifts predicted for the gas-phase
(+61.5 ppm) and for CHEIlsolution (+64.7 ppm) is thus solely due to changeshe
Boltzmann-weights of individual conformers. In atizh to relative energies obtained at the
MP2(FC)/6-31+G(2d,p)//IMPW1K/6-31G(d) level Tabled Zhows also values from single-
point calculations at the MPW1K/6-311++G(2d,2p)/MPK/6-31G(d) level of theory which
accompany the chemical shift calculations. Boltzmaneraged'P NMR shifts found using
DFT energies are also listed in Table 2.4.
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Table 2.4Chemical shifts and energetic characteristicafioconformations of the syste@?
calculated for the gas phase and in solution (GH@Iution model 1).
Free energies, kJ mol

Chem. shift, ppm

. MPW1K MP2
Conformation Solution

Gas-phas8 model £ AGoes®  AGaogcrci® AGaeg'  AGogscherd
22 1 +66.6 +66.3 1.7 0.0 0.0 0.0
22 2 +50.7 +51.2 0.0 1.0 1.1 3.8
22 3 +87.0 +87.2 12.7 114 6.9 7.3
22 4 +85.6 +86.4 13.7 12.8 14.1 15.0
22 5 +80.0 +80.8 154 14.1 16.5 16.9
22 6 +84.7 +84.3 21.6 18.1 19.7 17.9
22 7 +100.5 +100.3 20.6 17.6 19.9 18.6
22 8 +102.4 +102.6 19.6 19.2 17.4 18.7
22 9 +80.4 +80.8 15.5 18.4 17.8 22.4
22 10 +87.3 +87.5 39.9 35.9 32.0 29.6
<5>" +56.3 +60.6 +61.5 +64.7

2 Relative to PPh® GIAO-MPW1K/6-311++G(2d,2p).

¢ GIAO-MPW1K/6-311++G(2d,2p) + PCM/UAHF/MPW1K/6-3116(2d,2p).* MPW1K/6-311++G(2d,2p),
free en. corr.: MPW1K/6-31G(djMPW1K/6-311++G(2d,2p) + PCM/UAHF/MPW1K/6-311++G(20), free
en. corr.: MPW1K/6-31G(dJ.MP2(FC)/6-31+G(2d,p)//IMPW1K/6-31G(d), free en.rcoMPW1K/6-31G(d)?
MP2(FC)/6-31+G(2d,p)//MPW1K/6-31G(d)+PCM/UAHF/MPW16<311++G(2d,2p), free en. corr.:
MPW1K/6-31G(d)." Boltzmann-averaged chemical shift.

Fig. 2.9 Structures of the three most stable conformatidrsysteni22.

The ten gas-phase conformer2@fwere subsequently used to calcufdfe NMR shifts with
solvent model 2, in which explicit chloroform molges were placed in close vicinity of the
phosphorous atom andbond, where intermolecular solute/solvent intecacts most likely.
The solvent-substrate complexes obtained after gggnoptimization illustrate, however,
that no close contacts are possible between gHGIlvent molecules and the central
phosphorous atom due to severe steric effects. tWee energetically most favorable
complexes identified in these studies are showkign2.10. Relative energies and individual
3P NMR shifts for all complexes are collected in [EaB.5. Surveying the chemical shifts
calculated for individual conformers in Table 2.8 wote again a large dispersion of shift

values. The Boltzmann-averaged chemical shift @ase MP2(FC)/6-31+G(2d,p) free
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energies) obtained with solution model 2 for chform is +62.8 ppm. Whether to use other
relative energies in the Boltzmann-averaging pracedvas tested by using free energies
derived from MPW1K/6-311++G(2d,2p) single pointatdations, but the relative weights of
individual conformers are not decisively differavith this choice (Table 2.5). How much of
this effort is required? Selecting from Table 2lyahose CHG complexes derived from the
three most stable gas-phase conformati@@sl through 22_3 the Boltzmann-averaged
chemical shift was found to be hardly changed &6 @pm. For this smaller set of structures
basis set effects in the MP2(FC) energy calculatiere also explored, but the changes in

the predicted chemical shift were rather minodd Table 2.5.1).
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22 1*CHCls_1 22 1*CHCE_2

Fig. 2.10Complexes between the most stable conformati@ysttm22 and chloroform.

Table 2.5 Chemical shifts and energetic characteristicsstuvent—solute complexes ap
with CHCl; as employed for solvent model 2.
Free energies, kJ mol

Complex Chem. shif MPW1K/ MP2(FC)/
ppnt 6-311++G(2d,2p) 6-31+G(2d,p)
AGpge " AGgog,criciz © AGpge AGgg,criciz ©

22 T°CHCI3 1 +62.4 0.0 0.0 0.0 0.0
22 1*CHCI3_ 2 +65.9 5.8 45 4.9 3.5
22 2*CHCI3 1  +52.1 2.9 5.7 4.0 6.7
22 2*CHCI3_ 2 +50.8 3.9 1.8 11.8 9.7
22 3*CHCI3 1  +82.7 136 14.9 9.8 11.1
22 7*CHCI3_ 2 +98.7 15.9 13.5 14.9 12.6
22 3*CHCI3_2 +85.1 17.0 13.4 17.7 14.1
22 4*CHCI3_1 +83.4 13.8 15.6 16.2 18.0
22 9*CHCI3 1  +76.6 14.1 15.8 17.8 19.5
22 6*CHCI3_1 +78.2 19.0 19.1 19.5 19.6
22 7*CHCI3_1 +94.5 17.3 17.6 19.9 20.1
22 5*CHCI3_1 +78.1 15.0 17.3 18.5 20.8
22 5*CHCI3_2 +78.9 18.5 13.9 26.0 21.4
22 8*CHCI3_1 +95.3 19.3 21.3 19.5 21.5
22 4*CHCI3 2  +84.1 17.9 13.8 25.8 217
22 6*CHCI3_2 +84.3 26.0 22.6 26.9 23.6
22 9*CHCI3_2 +78.7 18.0 14.6 27.2 23.9
22 8*CHCI3_2 +101.0 24.5 21.6 29.3 26.3
22 10*CHCI3_1 +83.0 42.1 40.4 34.2 325
22 10*CHCI3_2 +86.3 45,2 41.6 40.7 37.1

<> +59.5 +59.4 +61.6 +62.8

% Relative to PPH GIAO-MPW1K/6-311++G(2d,2p) + PCM/UAHF/MPW1K/6-331G(2d,2p).

® MPW1K/6-311++G(2d,2p), free en. corr.: MPW1K/6-31{

© MPW1K/6-311++G(2d,2p) + PCM/UAHF/MPW1K/6-311++G(2@), free en. corr.: MPW1K/6-31G(d).
MP2(FC)/6-31+G(2d,p)//IMPW1K/6-31G(d), free en. coMPW1K/6-31G(d).

® MP2(FC)/6-31+G(2d,p)//MPW1K/6-31G(d) + PCM/UAHF/MPLK/6-311++G(2d,2p), free en. corr.:
MPW1K/6-31G(d)! Boltzmann-averaged chemical shift.
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Table 2.5.1Chemical shifts and energetic characteristicsstilvent-solute complexes ap
with CHCl; as employed for solvent model 2.

Free energies, kJ/mol

Chem. MPW1K/ MP2(FC)/ MP2(FC)/
Complex shift 6-311++G(2d,2p) 6-31+G(2d,p) G3MP2large
ppf AGggg” AGZQ% AGggg* Angsé AGggg' Ac;‘2989’
CHCI3 CHCI3 CHCI3
22 1*CHCI3_ 1 +62.4 0.0 0.0 0.0 0.0 0.0 0.0
22 1*CHCI3 2 +65.9 5.8 45 4.9 3.5 5.7 4.4
22 2*CHCI3_ 1 +52.1 2.9 5.7 4.0 6.7 4.0 6.7
22 2*CHCI3 2 +50.8 3.9 1.8 11.8 9.7 12.0 10.0
22 3*CHCI3_ 1 +82.7 13.6 14.9 9.8 11.1 11.7 13.0
22 3*CHCI; 2 +85.1 17.0 13.4 17.7 14.1 19.8 16.2
<9>9 +59.2 +59.1 +61.5 +62.6 +61.2 +62.3

2 relative to PPH GIAO-MPW1K/6-311++G(2d,2p) + PCM/UAHF/IMPW1K/6-311&¢2d,2p);" MPW1K/6-
311++G(2d,2p), free en. corr.. MPW1K/6-31G(@MPW1K/6-311++G(2d,2p) + PCM/UAHF/MPW1K/6-
311++G(2d,2p), free en. corr.: MPW1K/6-31GUMP2(FC)/6-31+G(2d,p)//MPW1K/6-31G(d), free en.rcor
MPW1K/6-31G(d);?MP2(FC)/6-31+G(2d,p)//MPW1K/6-31G(d) + PCM/UAHF/MPM{/6-311++G(2d,2p),
free en. corr.: MPW1K/6-31G(dj;MP2(FC)/G3MP2large//MPW1K/6-31G(d), free en. coMPW1K/6-
31G(d);'MP2(FC)/G3MP2large//MPW1K/6-31G(d) + PCM/UAHF/MPWB<311++G(2d,2p), free en. corr.:
MPW1K/6-31G(d);? Boltzmann-averaged chemical shift

One additional technical issue arises for ion pgiitem21, where*'P NMR calculations can
be performed either for the full ion pair or foretiphosphonium portion alone. Gas and
solution phase calculations have been performedb@iah of these choices. The results
compiled in Fig. 2.11 clearly illustrate that acaar predictions require the consideration of
the full system. The difference for the theoretiaald experimental chemical shifts of the
phosphane atom;HRs small, while it is quite large for the phosphon atom B. Similar
results have been obtained for syste8nwhere application of solution model 2 to the bare
phosphonium cation (PEMe") leads to a calculated chemical shift of +27.4 pprhich is
5.2 ppm larger than the experimental value of +2#hé. Consideration of the full ion pair
through inclusion of the iodide counter ion shiftee predicted chemical shift fot8

considerably to +23.1 ppm, just 0.9 ppm away framdxperimental value.
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Fig. 2.11%'P NMR chemical shifts (relative to PPlalculated for ion-pair systeL in the
presence and the absence of the iodide counter ion.
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2.1.3. Conclusions

1. The MPWI1K functional in combination with the GIA@heme represents a good
basis for gas-phase and condensed-phase calcslatid® NMR chemical shifts for
large molecular systems. Predictions with otherridyfunctionals (such as B98 or
B3LYP) appear to be less reliable, while predictiah the MP2 level are significantly
more expensive.

2. The IGLO-IIl and 6-311++G(2d,2p) basis sets in comabon with GIAO-MPW1K
provide *'P NMR chemical shift predictions with good accuraBynaller basis sets
provide systematically inferior predictions.

3. The 3P NMR shifts calculated for individual conformerary largely, emphasizing
the need for Boltzmann-averaging over the full comfational space of the system.

4. 3P NMR chemical shifts in solution are best predidyy including explicit solvent
molecules at the stage of geometry optimization laypgberforming the GIAO shift
calculations in the presence of the PCM/UAHF cantim solvation model.

5. Accurate prediction of’P NMR chemical shifts of ion pair systems require

consideration of the full system.

Finally, in view of the considerably different ched shifts obtained with different
reference compounds it appears that accurate piediccan only be made through relative
shift calculations of two structurally and chemigallosely related systems. This requirement
may reflect the fact that several factors are mapanted for in the current computational
approach. This includes the known concentrationd aemperature-dependence of
experimentally measuretP spectra as well as the neglect of solvent magpetarizability

effects in the current form of the PCM continuurntvation modef:: 10l

23



2.2. Application of the Proposed Approach to the MBH rea&tion

2.2.1. Introduction

Having at disposal a reliable approach ¥& NMR chemical shift prediction of large
organophosphorus compounds in solution, it has lwksmded to apply it to the already
mentioned Morita-Bayllis-Hillman reaction (MBH). it one of the most important processes
in modern organocatalysis and, in spite of the flaat many experimental and computational
studies have been performed in this field (in feilog chapters this point will arise again), it
still poses a number of mechanistically relatedstjoas. Obviously, the detection of MBH
reaction intermediates would be the best way tofglthe mechanism. And since phosphanes
are very popular catalysts for MBH reactions, tfe NMR spectroscopy could serve as a
suitable analytical method and the theoretical supgould be helpful in order to assign the
measured chemical shifts. Recently a series’®f NMR experiments to monitor MBH
reaction intermediates has been done by Dr. Yingha8Y Three types of signals have been
found for the mixture of PRI{catalyst) with methyl vinyl ketone (MVK) dissolgen CDCE:
-4.7 ppm (PP}, +29.5 ppm (identical to BRO) and signals group around -60 ppm of
unclear nature (Fig. 2.12a).pfnitrophenol (PNP) is added to the mixture of P&hd MVK
in CDCl, a new signal appears at +25.72 ppm, in addibaie signal for PRhat -4.7 ppm
(Fig. 2.12b). It has been assigned to intermeddtgScheme 2.1) via addition#i NMR and
2D NMR experiments.

OH

© @
0 OH
_— 0 8 %Phg, ‘& , © %Pha _ . o %Ph::,
NO, NO,
23 24 25

Scheme 2.1Protonation/deprotonation equilibria in the migwf PP, MVK and PNP in
CDCls.

The equilibrium between zwitterionic intermedia28 (considered to be a key-
intermediate in MBH catalytic cycle), cati@4 and ylid 25, shown in Scheme 2.1, will be
discussed in detail in the following chapters. Here results of the proposed computational
scheme of'P NMR chemical shift for these intermediates aesented. Later a hypothesis

about group of signals around -60 ppm will be @lsggested.
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Fig. 2.12aThe *P NMR of PPh(0.32 M) and MVK (3.2 M) in CDGl after 50 mins.
Measured by Dr. Yinghao Lit!

25.7 4.7 -
-
-0e
-
» = N «w » . » X 1w o o » o x « » * » * »
,

-

Fig. 2.12bThe*P NMR of PPB(0.32 M), PNP (0.48 M) and MVK (3.2 M) in CDgChfter 5
mins. Measured by Dr. Yinghao LY
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2.2.2. Results and Discussion

In compliance with the suggested computationaése) we have first optimized the
structures of catio24 at MPW1K/6-31G(d) level of theory and 4 minima aaween found.
The second step is the explicit consideration efsblvent molecule (here it is chloroform) by
forming solute*solvent complexes. In Table 2.6 Wwww the structure of the most stable
conformation of the solute*solvent complex as itshheen found at MP2(FC)/6-
31+G(2d,p)//MPW1K/6-31G(d) + PCM/UAHF/MPW1K/6-3116¢2d,2p)//MPW1K/6-
31G(d) (gas-phase geometries, single point calomlaif solvent effect) level together with
the relative free energies for all four found miairand their®P NMR chemicals shifts
calculated at GIAO-MPW1K/6-311++G(2d,2p)//IMPW1K/&G(d) +
PCM/UAHF/MPW1K/6-311++G(2d,2p)//IMPW1K/6-31G(d) (NMR calculations in
combination with the PCM model), where the BPRHHCI; complex was used as the
reference system. One can see from the structuogvrshin Table 2.6, that the best
conformation of24*CHClI3is stabilized by formation of two hydrogen bondsne between
the carbonyl oxygen atom and one of the phenyl hiydrogen atom (r(O-H) = 2.291 A), and
one between this oxygen atom and the hydrogen afdime chloroform molecule (r(O-H) =
2.166 A).

Table 2.6Calculated relative free energies and chemicdisstar 4 individual conformations
of the solute*solvent complexes of catias with CHCL and the structure of the most stable
complex.

AGagg chcid/kd mol* o°lppm
0.0 28.0
2.7 32.6
4.4 28.0
54 29.5

EMP2(FC)/6-31+G(2d,p)//MPW1K/6-31G(d) + PCM/UAHF/MPM/6-311++G(2d,2p)//MPW1K/6-31G(d),
free en. corr.: MPW1K/6-31G(d).Relative to PPHICHCI;, GIAO-MPW1K/6-311++G(2d,2p)//MPW1K/6-
31G(d) + PCM/UAHF/MPW1K/6-311++G(2d,2p)//MPW1K/6-G1d).

The Boltzmann-averaged chemical shift from these fmmplexes is +29.0 ppm. If
we compare this result with the experimental valtie25.7 ppm, the question immediately
arises whether it is possible to improve the calioihs. One of the critical points f6tP
NMR calculation is that the reference system amdsystem we are interested in should be
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chemically closely related — as was shown beforeie PRP/PRPO pair. PkP 1 and the
cation24 seem to be an adequate pair for'tfieNMR chemical shift calculations too, and we
have therefore decided to go forward with the comfoan, taking into account another aspect
— the importance to include the counterion in anpair®P NMR chemical shift calculation.
In our case the counterion ig-nitrophenolate anion and several ion/anion stmattu
combinations are conceivable for the respectivepams. These may include contact pairs
such as26, in which the phenolate interacts with catidfthrough C-H bond contacts, or
actual adducts such ag, in which the phenolate is attached to the phosghatom through

a new bond\ide Scheme 2.2)

N © R @

Ph H~:;,O 2 CZ\\--P— R, @I?h H

A A =

P H PhPh X~H
26 27

D(C1C2C3P) =a

Scheme 2.Different structural variants of ion pair betwesation24 and phenolate.

Molecules 0f26 type have™ P NMR chemical shifts in the range of +20 - +40 giffnwhile

for the case 027 the®'P NMR chemical shift is totally different and cam@unt to -50 — -60
ppm*? Thus, the system can change structure from tetrahé26-type molecules) to
trigonal-bipyramidal (the limit case @f if the dihedral angle (vide Scheme 2.2) amounts to
zero). Relying on the previously optimized confotimas of the catior24, a host of probable
complexes of both types was constructed, includisg one molecule of chloroform, whose
position was determined following the electrostgtatential. Fig. 2.13 collects the chemical
shifts, relative free energies and magnitudes sthdce between phosphorus atom and oxygen
atom of phenolate for the ten most stable confaonatof the full ion pair and the most
important conformations (the largest weight in B@tzmann averaging) are cross-hatched.
One can see that chemical shift values change akyashronously with the r(P-O) distance
and dihedral anglee magnitudes. Fig. 2.14a shows the structures offdbhe most stable
conformations cross-hatched in Fig 2.13. As omese® the global minimum is found to be

26-type molecule though three other minima 2raype.
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Fig. 2.13 Calculated®’P NMR chemical shifts (relative to PPBHCIls, GIAO-MPW1K/6-

311++G(2d,2p)//MPW1K/6-31G(d) + PCM/UAHF/MPW1K/6-Bt+G(2d,2p)//MPW1K/6-
31G(d) combined with relative free energies (MP(BE31+G(2d,p)/MPW1K/6-31G(d) +
PCM/UAHF/MPW1K/6-311++G(2d,2p)//MPW1K/6-31G(d), &een. corr.. MPW1K/6-
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31G(d); ten most stable conformations), distanets&den phosphorus atom and oxygen atom
of phenolate anion and dihedral angtegvide Scheme 2.2) for different variants of the
complex between catia?y, p-nitrophenolate anion and chloroform.

@’/3

2.353
ey
-Jd ) .
24*ArO*CHCI 5_1 24*ArO*CHCI 5_2
AGggg cHeiz= 0.0 AGggs,cHeiz= 1.7
0 =+31.4 ppm 0 =+22.7 ppm

24*ArO*CHCI 5 3 24*ArO*CHCI 5_4
AGggs,cHeiz= 3.7 AGggs,cHeiz= 3.9
0 =+18.4 ppm 0 =+22.5 ppm

Fig. 2.14aStructures of the four most stable conformationthefcomplexes between cation
24, p-nitrophenolate anion and chloroform optimizednat MPW1K/6-31G(d), the relative
free energiesAGaos crcid Of these four complexes found at the
MP2(FC)/6-31+G(2d,p)//IMPW1K/6-31G(d) + PCM/UAHF/MPA/
6-311++G(2d,2p)//MPW1K/6-31G(d) with free en. catrthe MPW1K/6-31G(d) and'P
NMR chemical shiftsq) found relative to PRhCHCI; atthe GIAO-MPW1K/
6-311++G(2d,2p)//MPW1K/6-31G(d) + PCM/UAHF/MPW1K/6-
311++G(2d,2p)//IMPW1K/6-31G(d) level.
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The tight ion pairs of typ@7 (r(P-O) ~2 A), maximally close to the trigonal pipmid @ <
12°) are also found to be minima, but much lesslsté> 17 kJ mot less stable than global

minimum). The structures of the most stable suchpiexes are shown in Fig. 2.14b.

24*ArO*CHCI 3 5 24*ArO*CHCI 3_6
AGZQ&CHCB: +17.6 kJ mdf AGZQ&CHCB: +26.8 kJ mdf
0 =-35.1 ppm 0 =-68.8 ppm
a=11.6° 0a=89°

Fig. 2.14bStructure of the most stal®&-type tight complexes between cati@ p-
nitrophenolate anion and chloroform (MPW1K/6-31G(the relative to global minimum
24*ArO*CHCI 3_1free energyAGzos cucid found at the MP2(FC)/6-
31+G(2d,p)//IMPW1K/6-31G(d) + PCM/UAHF/MPW1K/6-3116(2d,2p)//MPW1K/6-
31G(d), free en. corr.: MPW1K/6-31G(d) level ofdimgand**P NMR chemical shiftc)
found relative to PPACHCI; atGIAO-MPW1K/6-311++G(2d,2p) +
PCM/UAHF/MPW1K/6-311++G(2d,2p) level.

As compared t@4*ArO*CHCI 3 2 (Fig. 2.14a) there is a dramatic change in chensicidt
value. One can also see that the CH@blecule forms hydrogen bonds differently in th@8se
complexes. IN24*ArO*CHCI 3 2 and 24*ArO*CHCI 3 5 CHCL forms a hydrogen bond
with the phenolate oxygen of 1.928 A and 2.290 gth respectively. 124*ArO*CHCI 3_6

the CHC} changes its position forming a hydrogen bond wité carbonyl oxygen atom
(2.040 A). Thus, with moving the CHginolecule away from the phenolate oxygen atom, the
P-B distances, the out-of-plane angles’P NMR chemical shifts and relative stability are
decreasing sharply. The geometric and energetix tdgether witti*P NMR chemical shifts
for all discussed complexes are collected in thelel'd.7, each of the complexes is assigned
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to the26 or 27 type in accordance with the Scheme 2.2. One cathse“out-of-plane” angle
a and P-O distance changes going from the tetrahednaplex to the trigonal bipyramid and
the sharp jumps in tHéP NMR chemical shift values.

Table 2.7 Geometric, energetic andP NMR chemical shift data for 6 complexes between
cation24, p-nitrophenolate anion and chloroform.

Name r(P-0), A a, °P S, ppm° Algziﬁg'lﬂa Type®
24*ArO*CHCI3 1 3.960 36.1 +31.4 0.0 26
24*ArO*CHCI3_2 2.747 25.5 +22.7 1.7 27
24*ArO*CHCI3_3 2.639 24.5 +18.4 3.7 27
24*ArO*CHCI3 4 2.759 25.3 +22.5 3.9 27
24*ArO*CHCI3 5 2.091 11.6 -35.1 17.6 27
24*ArO*CHCI3 6 1.922 8.9 -68.8 26.8 27

Distance between phosphorus atom and oxygen atq@henfolate aniort.dihedral angle in accordance with

the Scheme 2.2 calculated relative to PRICHCI; atGIAO-MPW1K/6-311++G(2d,2p) +
PCM/UAHF/IMPW1K/6-311++G(2d,2p) level MP2(FC)/6-31+G(2d,p)//MPW1K/6-31G(d) +
PCM/UAHF/MPW1K/6-311++G(2d,2p)//IMPW1K/6-31G(d), &en. corr.. MPW1K/6-31G(df.in accordance
with the Scheme 2.2.

The final step of thé'®P NMR chemical shift computation is Boltzmann agéng using all
found minima in this case yielding®® NMR chemical shift value of +26.6 ppm. This résul
IS quite interesting, since it is only 0.9 ppm lagkthan the experimental result of +25.7 ppm.
It should be emphasized, that the Boltzmann avegagi obligatory and involving only the
global minimum is not enough, since the global mimin is calculated to have®#® NMR
chemical shift of +31.4 ppm being quite far awagnirthe experimental value. Tosteal.
have detected for the phosphonium s28sind 29 (Scheme 2.3)he*'P NMR chemical shift

of +33 ppm3”!
© o
cHo () 0 CI 0
PMe; PMe;
@ | @
Me CH3OH HCl Vep

28 29

Scheme 2.3-ormation of phosphonium salt studied by Tabtal.

The latter coincides with the global minimum foundhe present work2@d*ArO*CHCI 3_1,
+31.4 ppm) and other less stable minimedg Fig. 2.13). Hypothetically, for the system
studied by Tosteet al., the complexes with interaction between phosphatmsn and
counterion via formation of trigonal-bipyramidalrmaplexes of27 are less stable and do not

play a substantial role in the Boltzmann-averaging.
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In accordance with Scheme 2.1 the catzgnis in equilibrium with the zwitterionic
intermediate23 and ylid 25. Since the®P NMR chemical shift computational scheme is
efficient for 24, the calculations have been extended to syst2Bhand 25. Results of
application of the solution model 2 @3 and 25 are presented in Tables 2.8 and 2.9
respectively. The Boltzmann-averaged chemical shdt systen23 amounts to +22.6 ppm

and for systen25to +25.8 ppm.

Table 2.8Calculated relative free energies and chemicdiisstur 4 individual conformations
of the solute*solvent complexes @B with CHCk and the structure of the most stable
complex.

AGzgs chcis!

kJ mol* o"lppm
.CCly 0.0 +23.4
H

o
thp@ H 35 +19.3
\/j 18.7 +1.9
29.7 -7.1

<H>=+4+22.6

¥MP2(FC)/6-31+G(2d,p)//IMPW1K/6-31G(d) + PCM/UAHF/MPM/6-311++G(2d,2p)//MPW1K/6-31G(d),
free en. corr.: MPW1K/6-31G(d}.Relative to PPiICHCI5;, GIAO-MPW1K/6-311++G(2d,2p)//MPW1K/6-
31G(d) + PCM/UAHF/MPW1K/6-311++G(2d,2p)//MPW1K/6-G1d).

Table 2.9 Calculated relative free energies and chemicalftsshior 12 individual
conformations of the solute*solvent complexes26fwith CHCL and the structure of the
most stable complex.

AGagg chcis!

kJ mol* o"lppm
0.0 +25.0
1.9 +27.8
ClsC, 4.9 +27.9
H.
-9 \Q 7.0 +23.1
pth@ |l| 8.7 +24.7
8.7 +25.1
G 8.8 +25.0
10.7 +21.1
12.2 +23.4
12.6 +23.7
22.0 +22.3
24.7 +20.5
<5>=+25.8
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EMP2(FC)/6-31+G(2d,p)//MPW1K/6-31G(d) + PCM/UAHF/MPM/6-311++G(2d,2p)//MPW1K/6-31G(d),
free en. corr.: MPW1K/6-31G(d).Relative to PPHICHCI;, GIAO-MPW1K/6-311++G(2d,2p)//MPW1K/6-
31G(d) + PCM/UAHF/MPW1K/6-311++G(2d,2p)//MPW1K/6-G1d).

Addition of the phenolate anion into calculationtioé 3P NMR chemical shift for the
system24 changes the calculated value of the shift subsifntin the experiment the
presence of phenol is also necessary to deteathmical shift of +25.7 ppf* It has also
been found, that geometries and energies of the M&idtion intermediates are strongly
influenced by the intermolecular interactions witle phenol, this will be in detail discussed
in the following chapters of this work. In order take into account the mentioned
observations, the systeri8 and25 have been recalculated considering the phenolculde
in the same way as it has been done for the c&ébrThe structures of the most stable
conformations for both systen®3 and25 are shown in Fig.2.15. The consideration of the
phenol molecule leads to very different values led themical shifts as compared to the
model, where phenol is neglected. The Boltzmanmames>'P NMR chemical shift for the
phenol/chloroform complex with syste®8 amounts to -12.0 ppm and for the syst2sto
+34.3 ppm. The shift values are very different caned to those obtained by neglecting the
phenol molecule, thus the influence of phenol e geometries and related properties (e.qg.
3P NMR) is dramatic.

23*ArOH*CHCI 3 1 23*ArOH*CHCI 3 2 23*ArOH*CHCI 3_3
AGZQS,CHCB: 0.0 kJ mo'iL AGZQ&CHCB: +6.7 kJ mo'iL AGZQ&CHCB: +16.8 kJ mdf
0 =-13.5 ppm 0 =+10.1 ppm 0 = +18.0 ppm

Fig. 2.15aStructures of the three most stable conformatidiseocomplexes betwe&3, p-
nitrophenol and chloroform optimized at the MPW18/B5(d), the relative free energies
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(AG298 cHcid Of these four complexes found at the MP2(FC)/6G3@d,p)//MPW1K/6-
31G(d) + PCM/UAHF/MPW1K/6-311++G(2d,2p)//MPW1K/6-G1d) with free en. corr. at
the MPW1K/6-31G(d) and'P NMR chemical shiftss found relative to PRICHCI; at the
GIAO-MPW1K/6-311++G(2d,2p)//MPW1K/6-31G(d) + PCM/WF/MPW1K/6-
311++G(2d,2p)//IMPW1K/6-31G(d)) level.

25*ArOH*CHCI 3 1 25*ArOH*CHCI 3 2
Angg,CHCBZ 0.0 kJ mo'iL AGZQ8,CHCI3: +8.6 kJ mo'iL
0 =+34.4 ppm 0 =+33.3 ppm

Fig. 2.15bStructures of the two most stable conformationthefcomplexes betwe&b, p-
nitrophenol and chloroform optimized at the MPW18/B5(d), the relative free energies
(AG298 cHcid Of these four complexes found at the MP2(FC)/6G3@d,p)//MPW1K/6-
31G(d) + PCM/UAHF/MPW1K/6-311++G(2d,2p)//MPW1K/6-G1d) with free en. corr. at
the MPW1K/6-31G(d) and'P NMR chemical shiftss) found relative to PRRCHCI; at the
GIAO-MPW1K/6-311++G(2d,2p)//IMPW1K/6-31G(d) + PCM/WA&/MPW1K/6-
311++G(2d,2p)//IMPW1K/6-31G(d) level.

Finally there are three values 8% NMR chemical shifts for the three studied
systems: +26.6 ppm for the phosphonium 24fArO*CHCI 3 -12.0 ppm for the zwitterionic
intermediate23*ArOH*CHCI 3 and +34.3 ppm for the ylid5*ArOH*CHCI ;. A comparison
of these three values suggests that the experithedéected +25.7 pprP NMR chemical
shift should belong to the phosphonium 2d4itArO*CHCI 3. But a question arises: Why is in
the experiment only the shift of +26.6 ppm deteeted no signals for systeri8 and25? In
Fig 2.16 the relative free energies are shown fdheee systems (the best conformations are

taken).
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Fig. 2.16.Comparison of the relative free energhs,9g crcisfor the systems
24*ArO*CHCI 3 23*ArOH*CHCI ;and25*ArOH*CHCI 3, the relative free energies
(AG2os cHcid Of these four complexes found at the MP2(FC)/6&®d,p)//MPW1K/6-
31G(d) + PCM/UAHF/MPW1K/6-311++G(2d,2p)//MPW1K/6-G1d) level with free en.
corr. at the MPW1K/6-31G(d).

Easy to see, thatP NMR detection of only syste@¥ correlates with the stability of
this system as compared to the zwitterionic and i intermediates. The protonated
intermediate complex is substantially more stabbntthe zwitterionic intermediate (+15 kJ
mol™) and the ylid (+68 kJ md). Shiet al. have studied the reaction between MVK and
Lewis base0 (Scheme 2.4}

OO OH O CDCl, OO o-H-__ o

O
+
@
L™ a S¢
2
30 31

Scheme 2.4Formation of the zwitterionic intermediagd from MVK and Lewis bass&0
suggested by Skt al.[*®!

A 3P NMR signal at +25.3 ppm has been detected arliktied to correspond to” the

zwitterionic intermediat81. Noteworthy to say, that we also have found canédrons of the
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system23*ArOH*CHCI 5 with 3P NMR chemical shifts in the range of 24 — 26 pju,
these complexes are more than 20 kJ'mes$s stable as compared to the global minimum
23*ArOH*CHCI 3 1 shown in Fig. 2.15a. Finally, one can state thattiie system in the
present study study the +25.5 ppm (experimentaotien by Lid*") and +26.6 ppm (the
calculations) correspond to the protonated interatedand not to the ylid or zwitterionic
intermediate.

Additional questions may arise for the group ofnsig at around -60 ppm, which
accompany the signals of ffhand P§PO in the reaction of PRland MVK in CDC}in the
absence of phen8! 3P NMR signals at -60 ppm are known to belong totgpeaient
phosphorus compounds and relying on that fact care suggest a cyclic form of the
PPR*MVK adduct (or PPE*2MVK adduct) as it is shown in Scheme 2.5.

Ph, ,Phph
o-RC

(0]

N

32 pn Ph
2 MVK MVK “p—Ph

PPhs O
O ~

Scheme 2.5Formation of cyclic adducts between RBhd MVK.

the most simple variant of the PPadduct with one molecule of MVR4 will be discussed
here. In Fig. 2.17 two possible structures are shtagether with relative free energies and
3p NMR chemical shifts as calculated with solutiond®l 2. Both structures are trigonal
bipyramids. One of the axial positions is occupildthe oxygen atom (as well as in the
structures of type27 discussed before). The latter is the normal sdnabf the most
electronegative elements being axial in the triggdmayramids*? The second axial and both
equatorial positions are occupied by phenyl rings.
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34*CHCI3 1 34*CHClI3_2
AGggg cHciz= 24.3 AGggsg,cHciz= 0.0
0 =-53.7 ppm 0 =-37.0 ppm

Fig. 2.17Structures of two possible conformations of thdicymdduct between one molecule
of PPh and one molecule of MVK (MPW1K/6-31G(d)). The tela free energies of these
two adducts (MP2(FC)/6-31+G(2d,p)//MPW1K/6-31G(dp€M/UAHF/ MPW1K/6-
311++G(2d,2p)//MPW1K/6-31G(d), free en. corr.: MPKYG-31G(d)) and'P NMR

chemical shifts (relative to PPICHCI3, GIAO-MPW1K/6-311++G(2d,2p)//IMPW1K/6-
31G(d) + PCM/UAHF/MPW1K/6-311++G(2d,2p)//MPW1K/6-G1d)).

The first structure has a chemical shift of -53pMmp which is much closer to the
experimental result than the shift of the secomdcsire at -37.0 ppm, though this second
structure is found to be significantly more staiblen the first one. The geometries of the both
complexes differ mostly in two factors:

1. the co-orientation of the axial phenyl ring and MWhoiety: for the first complex it
locates in one plane with the MVK moiety (whichrfts here also a planar structure)
and for the second complex the plane of the aXiahgl ring is rotated and the MVK
moiety is not planar anymore;

2. the length of the hydrogen bond between the chtonofmolecule and the oxygen
atom of the MVK moiety is longer in addug#*CHCl;_2 at 2.288 A than in adduct
34*CHCI3_1 at 2.016 A. The shorter this bond is, the weakehésintramolecular
interaction between the oxygen and phosphorus atwinthe more positive is tHéP
NMR chemical shift. Thus in the first complex r(9-©1.931 A and in the second one
r(P-O) = 1.952 A and this lengthening leads to @ dfiange of 16.7 pprfiP NMR
chemical shift increase.

The application of the solution model 1 to the bstiuctures (without explicit molecule of
the solvent) leads to tH& NMR chemical shifts of -64.4 ppm and -44.8 ppthiclv are now
closer to the experimental evidence. The presehogoce than one signal in the area of -60
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ppm can be explained by formation of adducts betweEhl and two molecules of MVK
(Scheme 2.3). Both systerB2 and33 are found to hav&'P NMR chemical shift values close

to the values for systeB¥.

2.2.3. Conclusions

1. *P NMR chemical shift calculations of the MBH reactiintermediates (protonated
intermediate, zwitterionic intermediate and yliddvk been performed in accordance
with the suggested computational scheme (solutiordah 2). The protonated
intermediate is found to be the most preferablee *fR NMR chemical shift of this
protonated intermediate is in a good accordanch thié experimentally measured
chemical shift. A model of co-behaviour betweenaba, co-catalyst, Michael
acceptor and solvent during the side reaction efpttotonated intermediate formation
Is suggested.

2. A group of signals at around -60 ppm found expenitaky for the mixture of PRh
MVK and PNP can be assigned to different cyclic axdsl between molecules of
MVK and PPh.
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3. The Catalytic Cycle of the Morita-Baylis-Hillman Reaction

3.1.Introduction
The Morita-Baylis-Hillman (MBH) reaction is a geadly useful synthetic method for
the construction of densely functionalized produittsn two simple building blocks, an

aldehyde and an acceptor-substituted alkene (ScBetjid

0 EWG XR oH
L+ W Rl)ﬁ(EWG

RY™ "H X=N,P

Scheme 3.1The MBH reaction.

The mechanism of this reaction has recently beamdoto be quite variable,
depending on the particular nature of the reactdhes catalysts and the solvent used. The
reaction is efficiently catalyzed by N- and P-basertleophiles, and proceeds particularly
well in the presence of protic solvents or co-gatasl. Recent spectroscopic, kinetic, and
theoretical studies suggest that, under these tonslj the reaction follows the mechanism
outlined in Scheme 3.2 shown here using thesfeBtalyzed reaction of methylvinylketone
(MVK, 2) as an example. The regular catalytic cycle isketrin red color, while the side

reactions are shown in black

@ ® H
oH 9 PhP PhsP—©
PPhg | © OQ o
. r . \ 5 2

R?-OH 10 11
©
0

ﬂ

@ /7/ + +

PhsP PhsP
’ }_< ’ ) R0 R2-OH
HO o:\< 9 7
©

Scheme 3.2The catalytic cycle and possible side processeheoPPh (1) catalyzed MBH
reaction with participation of protic co-catalyst
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In this mechanism the phosphine catalys expected to add to the Michael acceptor
2 in a rapid and reversible manner, forming zwitieit adduct3 as the first transient
intermediate. This is followed by nucleophilic auuh to aldehyded, yielding a second
zwitterionic intermediat® as the product. Subsequent hydrogen transfermwitibermediate
5 to yield enolate zwitterior is considered to be rate-limiting for many systeamsl is
catalyzed by protic co-catalysts or solvents@¥ 7. The catalytic cycle is completed by
elimination of the phosphine catalystand generation of the MBH produ8t Excellent
computational studies have been published recemtiyhe MBH reaction mechanish.In
spite of the fact that the mechanism shown in Seh8r is widely accepted for the MBH
reaction, there are still open questions. One e$d¢hquestions is related to the choice of the
system to study and the applied theoretical levelhite some of the studies operate with
small model systems like NMer PMe (as a catalystf 2 2™ 2lising Density Functional
Theory (DFT) and only for some minor casésinitio approaches, others consider situations
of more frequently applied catalysts in the experital studies, such as DABE®?Y or N-
methylprolinol®? but using only DFT for the reaction profiles. Hiegoes to large systems,
the problem of a large conformational space forgwuatermediate or transition state arises,
hence a careful search of conformers is necessatiig MBH reaction mechanism, though in
combination with expensive theory it makes the wakons especially difficult. In the
present work a computational study for a systesomposed of PRhas the catalystp-
nitrophenol (PNP) as the co-catalystt MVK as the ciMiel acceptor andp-
chlorobenzaldehyde in THF has been performed. Rtmenside of the level of theory, a
combination of single point calculations using setworder Mgller-Plesset perturbation
theory with frozen core approximation (MP2(FC)) d»T in the variant of MPW1K hybrid
functional for geometries and thermal correctioas been applied.

Another noteworthy question considers side reastiwhich can break the cycle and
thus influence the whole processes. Some possidersactions are shown in Scheme 3.2 in
black color. Among these side reactions the prdtonaf zwitterionic intermediates from the
catalytic cycle is especially important, becauseotgrated intermediates can be
experimentally detected. In chapter 2 the validifycalculations to explain th&P NMR
chemical shifts of experimentally detected interrat$ has been tested. The problem of
protonation side reaction will be touched in thigpter 3 again and in detail in the next
chapter 4.
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3.2.Choice of the Methods

Cl PPhy OH O
THF
o
OH cl
(@) H

@

/N\
o° ~0°

Scheme 3.3The PPh — catalyzed MBH reaction between MVK and p-clomuedehyde in
THF using PNP as co-catalyst.

The overall process studied here is shown in Sch&@e The geometries of all
systems have been optimized at the MPW1K/6-31+Q4del of theory. The thermal
corrections to Gibbs free energ@ssgand enthalpiesl,gs at 298.15 K have been calculated
for all stationary points from unscaled vibratiorieEdquencies obtained at the MPW1K/6-
31+G(d) level. The thermal corrections have beemlined with single point energies
calculated at the MP2(FC)/6-31+G(2d,p)/MPW1K/6-&1d) level to yield Gibbs free
energieGyggand enthalpieblygg at 298.15 K. Additional consideration of solvatieifiects as
single point calculations using gas-phase geonsetreg the PCM/UAHF/RHF/6-
31G(d)//IMPW1K/6-31+G(d) has been performed.

The choice of the MP2(FC)/6-31+G(2d,p) level fongle point calculations is
motivated by previously published accurate predidiof thermochemical data of a large set
of N- and P-based Lewis ba8&sAddition of a solvent model seems to be very irtgout
inasmuch as MBH reactions show a huge dependenttee®olvent one uses in experiments.
The choice of the MPW1K hybrid functional for gedmyeoptimization is synchronized to
recent studie€%" “ which show that this functional works much bettiean others for
treatment of zwitterionic intermediates, which pldye most important role in the MBH
reaction. The split-valence double zeta polarizegid set including diffuse functions 6-
31+G(d) was shown to be the best for zwitterionteimediates also in our previous study.
The authors have found that addition of the difffisections can play a significant role,

though it raises the computational cost signifitaft!
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3.3.Results and Discussion

The resulting energy diagram of the cycle is shawfig. 3.1 as relative free energies
(AGyestHR Vs. reaction coordinate, all found conformations asBown including
diastereomeric pathways (RR is shown in red colB& s shown in black). The side process
of adduct between MVK and PPprotonation is shown by blue colour. In Fig 3.8a énergy
diagram (cycle and protonation side process) isgmed as relative free energié$sfos Thr
in black colour) and enthalpie&Kl»9s THrin red colour)vs. reaction coordinate in comparison.
In Fig 3.2b the gas-phase (solvent effects areuerd) free energies (in black) and enthalpies
(in red) are shown. As the reference point (zeliotpthe reactant complex is taken. Separate
molecules of reactants and products are also shberelative enthalpies and free energies
for the most stable conformations are collecte@lahle 3.1

As one can see from Fig 3.2ab the enthalpy areldnergy potential energy surfaces
have similar shape, excepting separate moleculeseadtants and products, where the
entropic contribution is substantial. The side psscofintl protonation yieldingnt_p (this
process will be in detail discussed later) has beend to be exergonic and exothermic if the
solvent effects are included (Fig. 3.2a), but sligkndergonic and endothermic for the gas-
phase profiles (Fig. 3.2b). Since the protonatioadpct can be experimentally detected
without additional efforts to shift the equilibriuto its side, the profiles with inclusion of
solvent model seem to be more reliable. Later ribe énergy profile with inclusion of solvent

model AGyqs tHp Will be discussed in detail.

Table 3.1Relative enthalpies and free energies at 298.1% KX mol*) for stationary points
(best conformations) located on the potential energurface at MP2(FC)/6-
31+g(2d,p)//IMPW1K/6-31+G(d) in gas-phase and witldigonal consideration of solvent
effects at PCM/UAHF/RHF/6-31G(d).

AH298,THF AGZQB,THF AHZQE AGZQE
Yreactants +5.60 -98.03 +103.80 +0.17
Intl 0.00 0.00 0.00 0.00
TS1 +4.47 +34.00 +9.95 +39.88
Int2 -81.13 -40.83 -59.75 -19.45
TS2 RS -65.10 -5.83 -15.39 +38.76
TS2 RR -63.18 -8.48 -18.37 +36.33
Int3_RS -133.34 -80.51 -82.68 -29.84
Int3_RR -152.77 -89.26 -89.26 -45.88
TS3 RS -96.48 -34.37 -55.69 +6.42
TS3 RR -77.83 -17.65 -35.19 +25.49
Int4 -121.23 -71.36 -84.74 -34.87
TS4 -47.67 -1.96 -27.46 +18.25
Int5 -63.36 -35.55 -39.72 -13.07
Yproducts -41.63 -91.32 +46.73 -2.82
Int_p -88.11 -47.81 -58.36 -18.06
Int y -17.49 +12.83 +3.31 +36.11
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Fig. 3.1 The reaction free energy profileAGuestyp calculated at the MP2(FC)/6-
31+G(2d,p)//IMPW1K/6-31+G(d) level of theory with ditlonal consideration of solvent
effects at PCM(THF)/UAHF/RHF/6-31G(d) level. Alldad conformations are shown.
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Fig. 3.2aThe comparison of reaction free energyGgos tHs Shown in black colour) and
enthalpy Q(HzgstHs Shown in
31+G(2d,p)//IMPW1K/6-31+G(d) level of theory withditional consideration of solvent at
PCM(THF)/UAHF/RHF/6-31G(d) level. Only the mostIst&conformations are shown.
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Fig. 3.2bThe comparison of reaction free energyffqs, Shown in black colour) and enthalpy
(AH29g shown in red colour) profiles calculated at the NHR2)/6-31+G(2d,p)//MPW1K/6-
31+G(d) level of theory in the gas-phase. Onlyrtiust stable conformations are shown.
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The reaction is found to be slightly endergomiGfes t1r = +6.7 kJ mal) relative to
separate molecules of reactants and products. étséme time the reaction in study is
exothermic QHaes e = -47.23 kJ mol). Using eqgn. 3.1 the reaction entropy change
(ASp98 THF= -0.181 kJ mot K'l) and temperature of switch to exergonic reactibs 61 K)
can be calculated.

AG =MH -TAS=0=T =21 (3.1)
AS

Thus, carrying out the reaction under reduced teatpees would help to shift the
equilibrium to the side of the products. The resiih accordance with the fact that the MBH
reaction in general does not go under elevated gemreS?, though an increase in
temperature would accelerate the reaction in aeecwel with Eyring equation (eqgn. (3.2)).

k= AkhT ~AGT/RT (3.2)

Noteworthy, in previous computational study by Kemp al. the DABCO-catalyzed MBH
reaction between benzaldehyde and metyl acrylamathanol has been found to be just
slightly exergonicAGaos meor= -6.6 kJ mot. Studies by Harvey and Sunoj, unfortunately, do
not allow to discuss free energy barriers of theMBH reaction, since thermal corrections
have not been presented for the overall proégs¥’ Relative to reactant and product
complexedntl andInt5 the reaction is, however, exergonidogs 11r = -35.6 kJ mot). The
most stable conformations of reactant comphed and product complekt5 are shown in
Fig 3.3. As a typical feature of these two struesuone can note a hydrogen bond (r(O-H) =
1.743 A inIntl and r(O-H) = 1.755 A innt5) between the MVK oxygen atom and PNP.
This hydrogen bond plays a substantial role instladilization of various stationary points on

the MBH reaction energy profile.
. ?
i 5
f ‘; 2 2 ‘?)
" ,:;5*”'* PRI
o :

Intl Int5

Fig. 3.3 Structures of the most stable conformations o€teed complexintl and product
complexintb.
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3.3.1. Michael Addition of MVK to PPh 3

Ar—0O~ Ar?
H _Ar
0= ¥Q\ ~( p°
R N @ f’%/ 0 A
H oy v H PP Ty
=0 T \O__ —— Ph = H
| Ar [
Pk Ph !
Ph ('BF-)
ph” 'L 'Ph
P
Intl TS1 Int2

Scheme 3.Michael addition of MVK to PPh

The first step in the reaction is Michael addit@nhMVK to PPh (Scheme 3.4) via
transition statef'S1 (AGes 1 = +34.0 kJ mot) yielding zwitterionic intermediatent2 has
been found to be exergonidS,es e = -40.8 kJ mét. It is important to note here that both
Int2 and TS1 are stabilized substantially by strong hydrogemdso between the MVK
oxygens and PNP with bond lengths of r(O-H) = 1.82fbr Int2 and r(O-H) = 1.641 A for
TS1. The structures lacking this hydrogen bond arehass stable (more than 55 kJ thol
for Int2 and 17 kJ mo! for TS1). The aldehyde molecule forms hydrogen bonds cisoto
its carbonyl group. In adduatt2 the two structurally most relevant characteristncdude a
C-P bond length of r(P-C) = 1.839 A for the newdyried P-C bond and a short distance of
r(P-O) = 2.247 A between phosphorus and the MVKgexyatom. Involving of a phenol co-
catalyst molecule is important, since the phendbwad the system to be dramatically
stabilized not only via hydrogen bonding directiyt also by side effects of this hydrogen
bond — the presence of P-O interaction. The strastwith such P-O interaction are not found
to be minima if the co-catalyst molecule is notalved. Fig. 3.4 collects the structures of the

most stable conformations fdS1 andInt2.
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TS1 Int2

Fig. 3.4 Structures of the most stable conformation$®1 andint2.

Int2 can be in equilibrium with protonated intermedidté_p (complex betweenp-
chlorobenzaldehydegy-nitrophenolate anion and catid® from Scheme 3.2) and with ylid
Int_y (Scheme 3.5). Thé'P NMR chemical shift and acidity of these internate are
discussed in detail in chapter 2 and chapter 4isfwork. In the current model systdmi_p

is found to be 7 kJ mdlmore stable tharmnt2, while ylid Int_y is 53.6 kJ mot less
favourable. The higher stability of intermedialt®& p corresponds to the experimental
detection of this protonated intermediate®¥ NMR™ Fig. 3.5 shows the structures of the

most stable conformations fort_p andint_y.

O/Ar H @,Ar AI’/O\
— g H //I\\\H \é\\(
(\(O/H Ar? |—||_|‘ >—Ar? @, --O~--H_ 0
@nh- @ 0= / L---0 PP\
PR T ? " ph Ph
Ph < H —_— |l| "'// = H
O 3

Int2 Int_p Int_y cl

Scheme 3.5Protonation of zwitterionic intermediatét2 yielding ion pairint_p and
deprotonation to yield ylitht_y.
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Int_p

Fig. 3.5Structures of the most stable conformationkbfp andint_y.

3.3.2. Addition of the Aldehyde: C-C Bond Formation

o

N

Int2

Scheme 3.6Addition of the aldehyde: C-C bond formation.

Ar2

/p~
Phph e

TS2

Int_y

Ar?
0 =0
H H
Gio ®
Ar Ph“"P
Ph
Int3

The second step in the MBH reaction is formatiothef C-C bond between aldehyde

and MVK fragments ofnt2 via TS2 forming the second zwitterionic intermedidt¢3 with

a barrier ofAG,gs the = +35.0 kdJ mot and a reaction free energy &B,9s tHr = -39.7 kJ mol

! Fig 3.6 shows the structures of the most stataéormations foffS2 andInt3.
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TS2 Int3
Fig. 3.6 Structures of the most stable conformation$®2 andint3.

The structure offS2 shows the same (as mentioned before) featuresshwdnie
responsible for the energetic stabilization: theri forms a hydrogen bond with the oxygen
atom of the MVK (r(O-H) = 1.705 A) and this oxygeames into interaction (r(P-O) = 2.698
A) with the phosphorus atom. TAe?2 structure with phenol making a hydrogen bond with
the oxygen atom of aldehyde is 9 kJ thielss stable. The situation changes dramatically for
intermediatelnt3. As shown in Scheme 3.2 the carbonyl group oftalde turns into an
alkoxide while the MVK moiety acquires the carborgharacter. The redistribution of
negative charge leads to the redistribution ofrind@d intramolecular interactions. Thus the
oxygen atom of the aldehyde moiety is now moreaetive for phenol to form a hydrogen
bond than the oxygen atom of the MVK moiety. Moreo\there is no barrier (neither kinetic
nor thermodynamic) for hydrogen transfer betweeyger of the aldehyde moiety and PNP,
that is why the hydrogen is shifted in the directiof aldehyde (r(QuenyasH) = 0.996 A;
r(OphenotH) = 1.637 A). The protonation of the aldehyde etpioxygen, however, does not
take place if methanol is used as co-catalyst aaksté p-nitrophenol. In the case of methanol
the hydrogen is not shifted to the aldehyde {iRdeH) = 1.524 A; r(QnenorH) = 1.020 A).
The structure oint3 with methanol instead of phendh{3_MeOH) is shown in Fig. 3.7.
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Int3_MeOH
Fig. 3.7 Structure of thént3 with methanol instead of phenol

The fact of this H-transfer for phenol and its atzsein the case of methanol is in accordance
with acidity properties of these substances (dataMSO): K4(p-nitrophenol) = 10.8' and
pKz(methanol) = 29.6°® Thus, the methanol molecule is not appropriatarfodelling of the
system and the p-nitrophenol is to be used, tholgimethanol molecule is much smaller and
easier to calculate. This shows us again that &sellts of the MBH cycle theoretical
investigation depend dramatically on the modetHapter 4 the important question of acidity
of MBH reaction co-catalyst will be raised again.

The mentioned charge redistribution leads also he tlisappearance of the
intramolecular interaction between phosphorus aamih the oxygen of MVK innt3. The
oxygen forms a hydrogen bond with one of the hydmgtoms of the neighbouring phenyl
ring of the PPhmoiety (r(O-H) = 2.205 A).

3.3.3. The Proton Transfer

_ -t
2 2
Ar HO Ar
o) —=Q
H H - X
@/
0 ® ®l _.o.
Al PRUD Ph—P>" ©7H,
Ph ph Ph O-Ar
Int3 B Int4

Scheme 3.7he proton transfer step.

The third step in the catalytic cycle is the proteansfer step vidS3 turning Int3
into Int4. In recent computational studies of the MBH reattnechanism this step has been
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found to be rate limiting for many MBH reactiof’.?* 29 |t seems to be important to
consider protonation dht3 by co-catalyst, since it is one of the key factibrst determine
the barrier of this step. The very acidic co-cayor a large amount of co-catalyst
effectively reduce the reaction rate as was expertaily showr® This may be due to
protonation of zwitterionic intermediates as it H@sen observed in the present study: the
intermediatednt3 reacts with the co-catalyst, stabilizing the syst@he proton transfer step
from Int3 to Int4 is found to be endergonidGyos e = +9.1 kJ mol), the free energy
barrier of the proton transfer beidd,os tH¢ = +46.1 kJ mot. Fig. 3.8 shows the structures
of the most stable conformations 663 andint4.

TS3 Int4

Fig. 3.8 Structures of the most stable conformation$®8 andint4.

The intramolecular P-O interaction is found fortbstructures: r(P-O) = 2.513 A TFS3 and
R(P-O) = 2.300 A inint4. In TS3 the PNP molecule is involved in a 6-membered ring
structure, exchanging the proton between fikmarbon atom of the MVK moiety and the
oxygen atom of the aldehyde moiety. Im4 the oxygen atom of the aldehyde moiety is
protonated, and the phenol molecule now forms adggh bond with the oxygen atom of the
MVK moiety.
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3.3.4. The Product Elimination Step

Arz Ar2
Ar? /O\H\ = -
HO Ar O@ N I/ OH Ar_O,H N\ O\
' H
X ' i
ol o : !
Ph/‘P/Ph@ H\o—A g, :
Ph r i Ph” ;PfF]’h ] Ph P\'/Eh
Int4 TS4 Int5

Scheme 3.8The product elimination step.

The last step in the whole MBH process is the pco@limination step. It has been
found to be strongly endergonia®.es tHr= +35.8 kJ mot) and the barrier of this step
amounts toAGaeg e = +69.4 kJ mot. From all steps calculated in the MBH catalyticley
this is therefore the step with the highest freergy barrier. Fig. 3.9 shows the structure of
the most stable conformation f664. During this last step of the reaction the bontiveen
product and catalyst has to break and this leadstalcleavage of intramolecular interactions,
which are responsible for the system stabilizafguch as interactions between phosphorus
atom and oxygen atoms). Thus Ti%4 the C-P bond between forming MBH-product and
catalyst is 2.405 A, whereas it remains ~1.8 Atenreceding stages. In analogyniti , the
preferable position for the PNP molecule to forinydrogen bond with the carbonyl oxygen
of the MBH product has been found.

TS4
Fig. 3.9 Structure of the most stable conformatiorm 64.
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3.3.5. The Diastereomeric Pathways

As shown in Fig. 3.1, the system can follow diffaraliastereomeric pathways:
RS(SR), shown in black colour or RR(SS), shown éua rcolour in Fig, 3.1. These
diastereomeric pathways are possible starting tt@second step of the C-C bond formation
via TS2 and till the hydrogen transfer step vi&g3. Noteworthy, the RS and SR are
isoenergetic as well as RR and SS, thus it is als\yoenough to discuss two diastereomeric
pathway (e.g. RS and RR) instead of four. Resultstlie best conformations for both
diastereomeric pathways are collected in Table BillLnow the RS(SR) pathway has been
discussed. Concerning RR(SS) pathway Ti®2_RR has been found to be slightly more
stable AAGuogthr = 2.7 kJ mo‘il), than TS2_ RS The Int3_RR is also more stable
(AAGags 1re= 8.8 kJ mat), than the RS analogue. The situation is chang@$8, where the
TS3_RSis substantially more preferabldaAGoos ve= 16.7 kJ mot). The reason of the
energetic discrepancy lies in the overall effectidfamolecular interactions inside of the

given transition state or intermediate.

3.3.6. Calculated Results and Literature Kinetic Data in Gmparison

Several kinetic studies have been performed iratka of the MBH reactiorkor the
DABCO-catalyzed MBH reaction of aromatic aldehydesl methyl acrylate (MA) in solvents of
different polarity, McQuadé et al. have found that the rate law is first order in D2® and
acrylate, and second order in aldehyde (egn. BI®)y have suggested the proton transfer step to
be the rate-determining step (RDS) proceeding titrdwansition staté2, where two molecules
of aldehyde participatgscheme 3.10).

r = k[DABCO] [MA] [aldehyde]’ (3.3)
Aggarwalet al. have investigated the reaction of ethyl acrylaith Wenzaldehyde catalyzed by

quinuclidine without solvent by means of kinetiotigpe effects and also proposed the RDS to be

the proton-transfer step, but proceeding via abfit transition state3® (Scheme 3.10)

— _F — — ¥
@ /R“
-9 0
0/ 0 O /0
H 3
R)j)kOMe R)j%OMe
R'sN R'sN
3Ne 12 3'® 13
McQuade's proposal Aggarwal's proposal

Scheme 3.1@Proton transfer step transition states suggestddd@)uade and Aggarwal.
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It has been shown computationally that both meamasi(via both suggested transition states)
are possible, depending on the reaction conditeors the selected systems. In the system
studied here involving an acidic co-catalyst, Aggglts proposal is more probatfé.>”!

Another version of the MBH reaction, so called &#H, where the aldehyde is
replaced by an imine, has also been studied kaidbticThus Leitneret al. have studied the
aza-MBH reaction of MVK with tosylimine catalyzey PPh in ds-THF and found a first-
order dependence on MVK and RPand a broken order of 0.5 on tosylimfth¢eqn. 3.4).
This means that the RDS could be partially inflleghby proton-transfer.

r = k[PPh,|[MVK ] [tosylimine]*® (3.4)
Raheem and Jakobsen have reported for the DABC&yzatl aza-MBH reaction of methyl
acrylate and aromatic tosylimines in CH@lfirst-order dependence on DABCO as well as on
methyl acrylate, and rate saturation effects witpect to imin€? The kinetic isotope effect
has been observed suggesting the proton transher e RDS. Shibasaki, Berkessel and co-
workers investigated the aza-MBH reaction of phaspylimine with methyl acrylate
catalyzed by DABCO with phenol-type additiV&8.In contrast to Raheem and Jakobsen’s
study, they have found no kinetic isotope effedigating that the proton-transfer step is not
the RDS and suggested Michael addition to deterntiree reaction rate. Recently the
protonation/deprotonation process of catalyst anchi&kl acceptor adduct has been studied
for reaction of MVK, PPhin the presence of PNP by Lili.First order rate law on both
MVK and PPR but 0.5 order on PNP has been found (egn. 3.5)

r = k[PPh, ] [MVK ] [PNP]®® (3.5)

Generally for MBH and aza-MBH reactions thereti sBo single opinion about the
RDS as well as about the mechanism on the whole pFésent study is based on Aggarwal’s
proposal. Going from reactant to product complex treaction is observed as a
monomolecular process inside of a cluster formeg@-bllorobenzaldehyde, MVK, PRland
PNP. Since processes go inside of such clustergtion molecularity stays constant, one
can conclude that RDS is determined by the step thié biggest activation energy barrier.
The product elimination step has been found to hlgebiggest activation energy barrier of
AGgesHE = +69.4 kJ mot and the proton transfer step barrier ranks as éeersl by its
magnitude ofAGgaeg e = +46.1 kJ motl. The Michael addition step and the C-C bond
formation barriers are lower at, respectivelGoos tvé = +34.0 kJ mot and AGaes The =
+35.0 kJ mof. The equilibrium between clustertl and separate molecules of the reactants

can be described by eqgn. 3.6
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[cluster] = K[aldehyde] [MVK] [PPh,] [PNP] (3.6)
The rate of the first step (Michael addition) canthben written in accordance with egn. 3.7
r =k, [cluster] = kK [aldehyde] [MVK] [PPh,] [PNP] (3.7)
Thus the equilibrium concentration of the cluster each step can be connected with the
separate reactants concentrations. This is imposiane in the kinetic experiments the rate
law is determined relative to free reactants. Notdhy that relative to separate reactants the
first step of Michael addition is found to be ersicplly very expensive +132 kJ riol
Certainly, additional experimental measurementshef MBH reaction kinetic dependences

are needed to be compared with the presented catignal data.
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4. Protonation/Deprotonation Equilibria in the Morita- Baylis-
Hillman Reaction

4.1. Introduction

In chapter 3 we have discussed the catalytic ayttbe MBH reaction (Scheme 4.1,
left part in black colour). We have also mentiortee side reactions of intermediaBe
involving protonation by co-catalyst (Scheme 4tfe teactions shown in red colour). In this

chapter the problems of this side processes widiayzed in detalil.

-
©) e @ = + *
PhgP 0 PhgP
: }:< ° ) R0 R2-OH
HO o:\< 9 7
Rl @

@ O-
0 PPh
Rz-OH\ PhaP H%—-{O /\ J N\

Scheme 4.1The catalytic cycle of the MBH reaction and pbkskide processes of the BPh

(1)-catalyzed MBH reaction with participation of ptio-catalys?

In addition to accelerating the hydrogen-transtep sn intermediat®, the protic co-
catalysts7 may also react with enolate zwitterioBsand 6 in protonation/deprotonation
equilibria. This is shown in Scheme 4.1 for zwittar3, whose reaction with alcoh@lleads
to formation of alkoxide9 and phosphonium catiob0. Depending on the solvent system
used, these may either exist as solvent-separatexd(e.g. in DMSO) or as tight ion pairs
(e.g. in THF). Protonation/deprotonation may, otirse, also involve the position directly
adjacent to phosphorous, yielding ylid as a potential additional intermediate. Ylids sash
11 can subsequently react with a second equivale1\¥K (2), forming unwanted side
products together with oxidized (and thus deaadpforms of phosphine catalyst Even
though quantitative data for the basicity of intethates3, 6, and 11 appear not to be
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available in the contemporary literature, indirestidence suggests that the equilibrium
between3 and 10 is shifted far to the right under most experimem@nditions. This is
supported by the abundant detection16f(as well as protonated forms 6§ in reaction
solutions of MBH reactions by ESI-M8.B-Ketophosphonium cations such Eshave also
been characterized by NMR spectroscopic technigmeshe mechanistically related
phosphine-mediated addition of alcohols to Michaeteptors? In this latter case cations
such aslO are considered to represent the resting stateeophosphine catalysts. The large
success of phenolic co-catalysts in a variety ofHtMiBaction§’ thus raises the question of
the actual basicity of zwitterionic enolat8dsand 6 in different solvent systems, especially
comparing to the acidity of the co-catalysts. Wettr clarify this point by calculation of the

acidity properties for catiohO.

4.2. The Acidity of Enolate Intermediates

The acidity of thex- andp-positions of phosphonium catid® can be estimated with
reference to experimentally known systems such eghytphosphonium catioa2.”. The
difference in acidities of thg-position of10 and the methyl group ih2, for example, can be
quantitatively expressed as the reaction free gniargolution for the proton transfer reaction
shown in eqgn. (4.1). Gas and solution phase reaet@rgies of isodesmic reactions such as
these can be calculated with high accuracy dubdgimilarity of the species on the reactant

and product sides.

® ®
PhsP H o o PhsP o
_ S H _
OQ<H +  PhsP—CH, 012/* + PhsP—CHj (4.1)
12B © 12

10 3

A negative free energy for this proces5(4.1) implies that catiod0 is more acidic at it§-
position than the methyl group in cati@8. The reaction free energy is quantitatively ralate

to the K, differences betweet0 and12 as given in eqn. (4.2).

AG(4.1) = 2.30RT [pK«(10p) - pKa(12)] (4.2)

The reaction free energ&G(4.1) has been determined using a combination omgéry
optimization at MPW1K/6-31+G(d) level, single pordliculation at MP2(FC)/G3MP2large
level in the gas phase, and additional consideraifcsolvation free energies in DMSO using
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the PCM/UAHF/RHF/6-31G(d) continuum solvation mod8&ased on these results and
assuming Kx(12,DMSO0) = +22.4% 3 value of 4(108,DMSO) = +19.3 has been obtained.
A completely analogous approach can be used tess$be acidity in the-position of 10,
now Yyielding a value of ,(10a,DMSQO) = +21.8. In Table 4.1ab the resultsA@(4.1) and
pK, obtained at MP2(FC)/G3MP2large//MPW1K/6-31+G(d)elleof theory in solution and in
the gas-phase are compared with MPW1K/6-31+G(d)ogmh. The K, values obtained at
DFT level differ from MP2 by 2 I8, units. The inclusion of solvation model effects
dramatically. Both DFT and MP2 approaches show thathe gas-phase:Kp(10a) <
pK4(10) and in solution vice-versa:Kg(10a) > pKy(10B). In order to check whether
additional effort in solution modeling is necessahe cluster model calculations (inclusion
of one solvent molecule explicitly) have been perfed. The results are collected in Table
4.1c. This sophistication, however, does not leadsubstantial change as compared to

implicit solvation model.

Table 4.1a.Reaction free energieazG(4.1)) and related K, values calculated relative to
PhPCH:" (pKa(exp.) = +22.4) foB-ketophosphonium catioh0 (DMSO, 25 °C) in gas-phase
and in solution applying implicit solvation modelthe PCM/UAHF/RHF/6-31G(d) level.

MPW1K/6-31+G(d) MP2(FC)/G3MP2large//
MPW1K/6-31+G(d)

AGggs, PKa  AGegpmsa  PKa AGggg, PKa  AGespmsa  PKa

kJ mol* kJ mol* kJ mol* kJ mol*
108 +1.9 +22.7 -24.2 +18.2 +12.8 +24.6 -17.8 +19.3
100, -0.8 +22.3 2.7 +21.9 2.7 +21.9 -3.6 +21.8

Table 4.1h Reaction free energieaA®(4.1)) and relatedky, values calculated relative to
PhsPCHPh" (pK(exp.) = 17.4) foB-ketophosphonium catiat0 (DMSO, 25 °C) in gas-
phase and in solution applying implicit solvatioonael at the PCM/UAHF/RHF/6-31G(d)
level.

MPW1K/6-31+G(d) MP2(FC)/G3MP2large//
MPW1K/6-31+G(d)

AGggs, PKa  AGoespmsa  PKa AGggs, PKa  AGoespmsa  PKa

kJ mol* kJ mol* kJ mol* kJ mol*
108 +31.3 +22.9 +17.1 +20.4 +33.3 +23.2 +14.8 +20.0
10w +28.6 +22.4 +38.6 +24.2 +17.8 +20.5 +29.0 +22.5
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Table 4.1c.Reaction free energied\G(4.3)) and related Ky, values calculated relative to
PhPCH" (pKq(exp.) = +22.4) forp-ketophosphonium catiod0 (DMSO, 25 °C) using
explicit solvation model.

MP2(FC)/G3MP2large//MPW1K/6-31+G(d)

Gags, Gz98,pMs0

kJ mol* PKa kJ molt PKa
108 +6.3 +23.5 -11.5 +20.4
10, +2.7 +22.9 +3.2 +23.0

In order to base theKp estimates forlO on a second reference point, the calculations
described in egn. (4.1) have been repeated usiogpplonium catiod3 as the reference. The
acidity of13is 5.0 (K, units lower than that df2 and will thus bracket the acidity @0 from

the lower sidé*” In all technical details these calculations aentital to those involving2

as the reference and values BE{1.08,DMSO) = 20.0 and i9;(10a,DMSO) = 22.5 have been
obtained. Since it is unclear which of the two ekpental reference values is more accurate,
we will use the arithmetic mean of the calculatedugs K,(108,DMSO) = 19.7 and
pK4(10a,DMSO) = 22.2 for further discussion. Recently PWmghao Liu has experimentally
found that ;(108,DMSO) < pK4(10a,DMSO), using the reactions in Scheme 4.2. When the
ds-DMSO solution of 10 was treated with less than 1.0 equivaléBuOK, instantly
regenerated PRand MVK, but no ylidel1 was detected b{H NMR and®'P NMR. This is

compatible with rapid deprotonation3a@nd subsequent cleavage of the C-P Bdnd.

® © BF4 o .

PPh; + rgo . Ph3pi/2 ‘BuOK )Cf\jgphs ﬂﬁ' Ph3P;>@
| o0 dg-DMSO o
3 10 1

Scheme 4.2Deprotonation 010 with tBuOK.
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Scheme 4.3The K, scale.

The K, values of alkylphosphonium cations described ibl@&.1 are graphically shown in
Scheme 4.3 together with those for other constituehthe MBH reaction mixture. Values
for MBH reaction products such 8sappear not to be available in the literature, Wweatcan
use the value for isopropandl4j of pK(14,DMSO) = 30.2 as an approximate referefile.
This very high value implies that the MBH reactiproducts will not be acidic enough to
protonate enolate intermediat@sr 6. This is also true for aliphatic alcohols usedalsents

or co-solvents. Other protic co-catalysts sucph-agrophenol 15) are much more acidic with
pK4(15DMSO) = 10.8 and will thus be certain to proton@émsient intermediates such3s

6, or 11. In the presence of such a co-catalyst we carlysatsume that the equilibrium
between zwitterionic enolatand its protonated analogé is shifted far to the side of the
latter, leaving little zwitterionic enolat® behind to propagate the catalytic cycle. For
reactions run in THF or chloroform, the situatianless clear as experimental reference
values for the species shown in Scheme 4.1 apmedo rexist. Still, the question of how the
enolate intermediates in the catalytic cycle caraps protonation through protic solvents or
co-catalysts also remains here.

4.3.Benchmarking Calculations and Extension to DifferebhNucleophiles and Substrates
The presented results of thK value calculations encouraged us to extend thaystu
on a range of different nucleophiles (catalysts) anbstrates tested experimentally in MBH
reaction®®
As a first step before extending the range of sysiewe have performed
benchmarking calculations for th&pvalues in a small model systel® obtained through
addition of MeP to MVK. The adducl9 can be protonated to yield cati@i (Scheme 4.4)
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or isomerized to yli®0. As a reference system for these benchmarkingilegions we have

chosen cyanomethylammonium catiBwith its pK, value of 20.6 (DMSO}f:®
o H
MesP—&H
/ H
S 19
o H ® Z Me ®
ME3P H Me3N Me3N H
H *+ =N + =N
o} H H H
Me \ o H
17 18B MesP 18
H
o) H
Me 20

Scheme 4.4rotonation/deprotonation equilibrium for MVK/P¥adduct.

Three computational approaches have been used:

1. MPWI1K/6-31+G(d) + PCM(DMSO)/UAHF/RHF/6-31G(d). Thenost simple
approach of those applied for the BRRIWVK pK, value calculations.

2. MP2(FC)/G3MP2large//MPW1K/6-31+G(d) + PCM(DMSO)/UKHRHF/6-31G(d).
This method has been used for the MWK pK, value calculations and its quality
has to be tested by benchmarking calculations.

3. SCS-MP2(FC)/G3MP2large//MPW1K/6-31+G(d) + PCM(DMBMAHF/RHF/6-
31G(d). Close to the method 2 but with spin-compbisealed MP2(FC) single point
calculations®

4. G3(MP2)MPW1K(+) + PCM(DMSO)/UAHF/RHF/6-31G(d). Thdédenchmarking
calculation’”’

It should be emphasized that all of the tested Ggapires have the same solvation treatment
model: the implicit solvation model in the variaoit PCM(DMSO)/UAHF/RHF/6-31G(d).

The results are shown in Fig 4.1.
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Fig. 4.1Acidity of cation17 calculated at different levels of theory.

Table 4.2Acidity of cation17 calculated at different levels of theory

a p

AGogs pmsc, kJ mol* +64.8 +26.1

MPW1K/6-31+G(d) "3 g o
MPZ(FC)/G3MP2|&fg€// AGZQS,DMSC. kJ IT]OI:L +9.1 +40.8
MPW1K/6-31+G(d) K, +22.2 +27.8
SCS-MP2(FC)/G3MP2large//AGsos pmsc, kJ mol® +136 +39.2
MPW1K/6-31+G(d) K, 1 +23.0 +27.5
AGZQS,DMSC. kJ mol +14.5 +41.8

G3(MP2)MPW1K(+) oK, 1231 1979

From the data collected in Fig 4.1 and Table 4i2 dlear to see that results from method 1
(MPW1K/6-31+G(d)) are inferior as compared to theendhmarking calculations
(G3(MP2)MPW1K(+)). The three methods 2-4 are gditse to each other, thus we conclude
that application of the easiest from these threepragches (the method 2:
MP2(FC)/G3MP2large//MPW1K/6-31+G(d)) is reasonable.

After checking the applicability of our computatiecheme we could extend the
calculations to other systems of catalysts and teatles. The Scheme 4.5 presents the
processes we are interested in. As analogous tpkauralculations with the system PRbr
PMej)/MVK we have an adduct of the catalyst (“Nu”, nemphile) with the “X"-ketone —
varying the “X” we observe influence of the subsrd he reference system is the same as we
have used for PBMVK. The results are collected in Table 4.3 and sinown graphically in
Fig. 4.2. For all of the studied catalysts we dex K, () values are smaller thalkKga) as
well as it was shown for PRhFor all of these catalysts the protonated addetween the

catalyst and the Michael acceptor is a pretty waakd with bigger probability to be
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deprotonated from th@ position giving the first zwitterionic intermedeatof the MBH
catalytic cycle. The smallest difference betwees yhd and first zwitterionic intermediate
(the smallest difference betweeK ) and K;(a) values) corresponds to Pfhnd indeed it

is often observed experimentally that;P® is formed as a side product. This oxide can be
formed from the ylid, which in accordance to oulca&tions is more likely to exist as ylids
with other catalysts. The popular MBH catalyst DABGeems to be good concerning the
side reaction of ylidization, since for the addbetween DABCO and MVK the probability

of the ylid formation is found to be small.

X 12B 12
21 PKa(a) ® H
Nu
H
0] H
X
23

Scheme 4.55eneral situation of protonation/deprotonationildgypium for the adduct

between variable catalyst and substrate.

Table 4.3Acidity values of catior20 with variable catalyst and substrate.

a p
Nu X Angg;‘DMS(, kJ moll pKa Angg;‘DMS(, kJ moll pKa
PMe; Me +12.9 +24.7 -18.8 +19.1
OMe +12.0 +24.5 +2.2 +22.8
OPh +0.9 +22.6 -22.2 +18.5
PPh Me -3.6 +21.8 -17.8  +19.3
Ph +0.3 +22.5 -30.8 +17.0
OPh -3.4 +21.8 171 +19.4
H -10.3 +20.6 -32.5 +16.7
DMAP Me +61.4 +33.2 1.1 +22.2
OMe +56.2 +32.3 +16.7 +25.3
CN +16.1 +25.2 -82.2 +8.0
DABCO Me +114.7 +42.5 -17.2 +194
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pKa (DMSO)

Nu = PMes, PPhs, DMAP, DABCO

X = Me, OMe, OPh, Ph, CN, H

Fig. 4.2 Acidity values of catior21 with variable catalysts and substrates.



4.4.Conclusions

The protonation/deprotonation equilibrium betwelea first zwitterionic intermediate
of the MBH reaction catalyzed by Pf4nd with MVK as a Michael acceptor, its protonated
form and hypothetical ylid intermediate has beerudistd computationally at
MP2(FC)/G3MP2large//MPW1K/6-31+G(d) + PCM/UAHF/RHF31G(d) level of theory. It
has been found that in the presence of phenolicatalyst the equilibrium between
zwitterionic enolate and its protonated analogue tbabe shifted far to the side of the latter,
leaving little zwitterionic enolate behind to prgpadée the catalytic cycle and the ylid
formation is the least probable process (25 °C, @DYIS he results are in accordance with the
experimental evidence. The computational approazh lbeen verified by benchmarking
calculations and extended to some larger seriesystems by variation of nucleophile and
substrate. Similar to the PPRMVK case, the order of priority between protonatedn, first
zwitterionic intermediate and ylid has been found dll tested systems. The probability to
form ylids as side products is the smallest for ABand the biggest for Eh.
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5. Description of Organocatalytic Reactivity

5.1.Introduction

As it has been shown by previous and the presewliest the MBH reaction is a
difficult process from a mechanistic point of vievthe reaction is multistep and the nature of
the rate determining step is not clearly defineztause it depends on the particular system
involved. Moreover, the reaction can be driven lffecent mechanisms depending on the
conditions of the reactiéth and side reactions play a significant role for MBH process.
Thus, the calculation of the whole catalytic cydiecluding side reactions for any new
catalyst, is too complicated way. In order to moely predict and explain experimental data of
catalytic activity and selectivity, easy but infative calculations are wanted. Descriptors of
catalytic activity (selectivity) are needed. To gagt and to test such descriptors is the goal of
the presented in this chapter study.

The affinity of basic compounds towards electrboplspecies is clearly one of the
criteria of the catalytic activity in organocatal/snd it can be reflected by proton affinity
(PA) values or K, data. The problem of these easiest approachdststiie most typical
organocatalytic step of initial interaction betweestalyst and electrophilic carbon is not
included. Thus, another approach — the methyl gaftnity (MCA) has been suggested and
it has been shown to be much better descriptoheforganocatalytic activit The MCA
and PA data have been defined in the literatuth@seaction enthalpies at 298.15 K for the

transformations shown in equations 5.1a and®.1b

AH,
PA. H-NUC 28 W+ Nuc (5.1a)
AHogg ®
MCA: CHs-Nuc CHy + Nuc (5.1b)

Recent success of the MCA approdoh some organocatalytic procesSedas
encouraged the authors to apply this approach @oMbrita-Bayllis-Hillman reaction. In
addition to the application of the MCA scheme, thedel is improved by making it more
close to the experimental conditions. The use efiolecule of real Michael acceptor instead
of the model methyl cation is suggested. If the Mg acceptor is methyl vinyl ketone, then
the approach can be named methyl vinyl ketone igffiMVKA) and the name “X” ketone
affinity (XKA) if the ketone is a variable is usedKA can be determined similarly to MCA

as reaction enthalpies at 298 K or, for instancefree energies at 298 K. The results of
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additional consideration of the solvent by implistlvation model are also discussed in this

chapter.
5.2. MCA. Choice of the Systems and Methods

5.2.1. Systems
The MCA calculations are based on eqn. (5.1b),taedMCA values are computed as
the reaction enthalpies at 298.15 K and 1 atm pres#s systems to study we have selected

phosphanes — the important MBH, as well as othgairaycatalytic processes, catalysts.

5.2.2. Methods

Values have been calculated at MP2(FC)/6-31+pja898/6-31G(d) level.
Thermochemical corrections have been calculaté#b8t6-31G(d) level and combined with
MP2(FC) single point calculations to obtain entredpat 298.15 K. The choice of the method
is caused by the recent study, where it has beewrstthat this single point/geometry
combination is able to reproduce G3 MCA values inithkJ mof', being at the same time a
much cheaper approach than @3rhe MM3 parameters for the phosphonium cationehav
been developed and used for pre-optimization caficuis within TINKER prograffy.

5.2.3. Development of MM3 Force Field Parameters for Phodponium Derivatives and
a Scheme for Accurate Conformational Search

The MM3 force field fits well to phosphane systesisce it is parameterized for
phosphane type phosphorus atoms as well as faereliff hydrocarborts. Thus it lets to
describe with acceptable quality primary geometfibsy are taken afterwards for quantum
mechanical optimization) of different phosphineatggts. However, force field parameters
for phosphonium phosphorus atoms are not routinejuded in popular force field
programs. Force field parameters for alkyl phosplmoncations within MM3 paradigm have
been parameterized and tested using TINKER softilaféis part of the project was done
by Sven Osterling under supervison of the presemkvauthor and Prof. Hendrik Zipse
within the scope of research practite.

To have a basis for the force field phosphoniumampeters quantum chemical
calculations at MP2(FC)/6-31+G(d) level of theorgpvh been performed. The model
phosphonium-type molecule is quantum chemicallynoged and then the necessary angles

and bonds have been scanned (the results of vascais calculations are collected in
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Appendix 9.5). Finally, using the necessary forrautmm MM3 theory (vide infra) and the
energies obtained from the quantum chemical calouls the set of force field parameters
have been determiné!
The formulae used for the fitting of the parameteiging on the quantum chemically
calculated energies are:
1. Van-der-Waals interactions

6 r
+ -12
Evdwzw/k‘ukvz[_ 225(“1 r”j +18400°d W 5.2)

r

The parameters to be found &yeundr,. ks andk,, are factors describing relative strengths of
interactionsr,; andr,, are the Van-der-Waals radii of the interactingva&a is the distance
between the interacting atoms. In order to deteentime parameter&, andr, for the
phosphonium phosphorus atom, the distance scauola@adn between a phosphonium cation
and atom of inert gas have been performed.

2. Bond-stretching

E, = 7194k (I —|0)2[1— 255 —1,)+ 2551—72(| —|o)2} (5.3)

The parameters to be found deeandlo | is the distance between connected atoms, it is

varying during the scan calculations.

3. Angle bending
E, =0.021914,(6-6,)* 0
- 00146-6,)+5610°(8-4,)2 - 7107 (6-6,)* +910°°(0-6,)*]

(5.4)

ko und 9y are the parameters to be foufids the angle varying during the scan calculations.
There are three different variants of the parametiepending on the amount of hydrogen
atoms connected with the phosphonium phosphorus:&®(0 hydrogen atoms)o(1H) (1
hydrogen atom) ané,(2H) (2 hydrogen atoms).

4. Torsions
E,, = 05)v, (1+ cosw) + v, (1- cos2w) + v, (1+ cos3w)| (5.5)
The vs-term describes the energy for the*-spnters. The maxima and the minima repeat
every 120 °C, it means that maxima are eclipsenaiméma are staggered conformations. For

more complicated situations, when the gauche cordtions are necessary to be treated
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explicitly (e.g. in butane thanti-position is more preferable thgauche-) serves the;-term.
The vi-term is by 360 °C rotation a minimum (anti) andxmam (both conformations are

eclipsed). For the $genters the function of the-term belongs to the-term.

5. Stretch-bend, bend-bend and torsion-stretch intiersc
Ey = 251118(55[(' - |o)+ (I '_Ilo)](g - 90)
E,, =-0.02191%,,(0-6,)6-6',)

(5.6)
E,_ = 11995%5 (1 - 1,)2+ cod3w))

The stretch-bend interaction is used to allow botedstretch out when the angle between
them is reduced and to shrink when that angleaseased. Bend-bend interaction is included
in order to split apart the bending vibration fregaies involving two angles centered on the
same atom. Bond lengths have to stretch also uplgpsieg, and to describe it the torsion-

stretch interaction is applied.
The determined parameters are collected in tables 5.3.

Table 5.1 The determined Van-der-Waals-Parameter for P

Parameter Atom @ Iy ky
Vdw 112 1.850 0.381
2|n accordance with TINKER MM3 parameter list

\/
e ST
Table 5.2Parameter for Reonnected with C(Sp. 7/ \
Parameter®  Type Atom° ks lo
CP Bond 1112 4.0595 1.8042
Parameter®  Type Atom”P ko 0o 0o (1H) 0o (2H)
CPC Angle 11121 0.675 109.471
HCP Angle 51112 0.659 105.383 106.488 108.529
CCP Angle 11112 0.882 108.330 110.547 112.255
Parameter?® Type Atom " 1 Vo V3
HCPC torsion 511121 0.000 0.000 0.226
CCPC torsion 111121 0.191 0.000 0.352
HCCP torsion 511112 0.000 0.000 0.217
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CCCP torsion 111112 1.355 0.000 0.681

aC stands for spcarbon atom, D — for émarbon atom, P- for phosphoniurhad@om, H — for
hydrogen? In accordance with TINKER MM3 parameter list.

\
-
Table 5.3Parameter for Pconnected with C(sp 7/ \
Parameter®  Type Atom” Ks lo
DP bond 2112 3.6318 1.8057
Parameter®  Type Atom ko 0o 6o (1H) 6o (2H)
DPC angle 11122 0.613 110.219
DDP angle 22112 0.401 123.075
DPD angle 21122 0.673 108.842
DCP angle 21112 0.595 110.378 109.382 112.966
Parameter®  Type Atom” Vi Vo Vs
DDPC torsion 221121 -0.459 -0.327 1.428
DDDP torsion 222112 0.000 3.248 0.000
HDDP torsion 522112 0.000 1.976 0.000
CDDP torsion 122112 0.000 11.941 0.000
DDPD torsion 221122 0.000 0.000 1.526
DPCH torsion 511122 0.000 0.004 0.214
DPCC torsion 111122 -0.342 0.142 0.541
DDCP torsion 221112 0.465 -1.667 -0.240
HDCP torsion 521112 0.000 0.000 0.060
DCPC torsion 211121 0.000 0.000 0.475
DCPD torsion 211122 0.000 0.000 1.300
CDCP torsion 121112 1.622 0.289 0.328

aC stands for spcarbon atom, D — for émarbon atom, P- for phosphoniurhad®om, H — for
hydrogen? In accordance with TINKER MM3 parameter list.

To test the quality of the new parameter set, twadecules have been chosen, which
contain the moieties as much as possible correspgrid the situations described by the
found parameters (e.g different carbon atom3 &sp sp) connected (and not) directly to the
phosphonium phosphorus atom). The used molecuteshamwvn in Scheme 5.1.
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Scheme 5.Molecules used for testing new parameters.

For both molecules potential energy surface scane been performed. In Fig 5.1 the MM3
energies with use of new parameters are compared guantum chemical energies
(MPW1K/6-31G(d)) for every MM3-structure. It has b@ emphasized, that DFT has been
chosen due to large amount of necessary calcusttbough the new parameters have been
parametrized relying on MP2 calculations. Hypottadty, the discrepancy between MM3
calculations including new parameters with MP2 Wwélsmaller as it is with DFT. The energy
units in calculations, shown in Fig. 5.1 as wellim®ther performed scan calculations, are
changed from kJ mdito kcal mot* in accordance with the MM3 theor!

10

DFT +
or MM3 x

Energy, kcal mot
(6)]
|
&
o
|

1+ ++ -

0

Fig 5.1 MM3-Energies of the potential energy surface scath wmew parameters in
comparison with DFT-energies for the 3apolecule”A.

The MM3 and DFT energy trends for the *spolecule” A correlate good with each other.

The analogous scan for the ?apolecule”B is presented in Fig. 5.2.
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Fig 5.2 MM3-Energies of the potential energy surface scath wmew parameters in
comparison with DFT-energies for the “spolecule”B.

In the latter case the scattering picture has hdeerved. In order to check whether the
reason of the FF/QM discrepancy is only the uséhefnew parameters, the phosphonium
atom was exchanged to another atom (Si has bee), uddle the substituents have not been

changed. The obtained scan is presented in Fig. 5.3

9
DFT + T
8 I MM3 x | 7
- N +
+
7 + T +
+ + + +++
+
6 +t ]
s) + + L+ & hH -
e T o +
= b5 SN
< 4t + " r
(&) T “+ ﬁﬁ_ + + *F*— T
~ + kil + t o i{-
= 4+ ++ + + + ++ #+ + |
=2 S t ++
@ o R T T e B g
ut_] 3 %+;++|.'f¥ RS +—1f . n -+ -
A +
i;; o+ 4, 4+ + +
2 byt 12T £+ + -
+
+3 - +
S+
LY —
L
+
0

Fig 5.3 MM3-Energies of the potential energy surface scath imew parameters in
comparison with DFT-energies for “smolecule”B (Si instead of P).
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As one can conclude from the Fig. 5.3, the reagaheodiscrepancy is not only in the new
parameters. There is some general problem in MM@riEng molecules containing C@p
thus one can see the structure in Fig. 5.4, wheetdrminal hydrogen atoms of the allyl

group are wrong located.

Fig 5.4 A random structure (local minimum) of the?sgi-molecule. Noteworthy the allyl-H
atom positions are wrong.

Thus, additional work in the force field parameitian is required to describe the
phosphonium cations containing?sgarbon atoms. However, it is important to notef the
global minimum has also been correctly found by fhee field approach for the “ép
molecule”B.

In the following MCA and XKA calculations the TINER program in combination
with the MM3 force field, including the new phospitam parameters, and for some selected
systems the MM3* force field as implemented in MAGRODEL 9.7 have been uséd”

The accurate search of the conformational spacteixible systems (large amount of
structures generated by force field calculatioakps$ a lot of CPU time. In order to make the
calculations cheaper without considerable losscotieacy, the following scheme was used
(in graphical manner shown in Fig. 5.5):

1. The force field conformational search. (“FF strue&i in Fig. 5.5).

2. Single point calculations for all FF-derived stwrets at DFT level in the variant of
B98/6-31(d) level for MCA calculations, MPW1K/6-31d} for MVKA calculations
or MPW1K/6-31+G(d) for XKA calculations.

3. Comparison of the obtained relative energy valuesl aliscarding unstable
conformations (everything that is ~30 kJ thdéss stable than the global minimum
can be neglected).

4. Quantum chemical (DFT) optimization of selected bkta conformations and

comparison of the optimized structures energies" Btructures” in Fig. 5.1). DFT is
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used in the variant of B98/6-31(d) for MCA calcigas, MPW1K/6-31G(d) for
MVKA calculations or MPW1K/6-31+G(d) for XKA calcations.

5. MP2(FC)/6-31+G(2d,p) single point calculations fbe most stable conformations
after DFT optimization (again everything that is0~4& mol' less stable than global
minimum can be neglected).

6. The conformations that have MP2(FC)/6-31+G(2d,tgtinee energies in a range of
~15 kJ mol (“result” in Fig. 5.5) should be taken for the Bmitann averaging

procedure.
AE, kJ/mol (DF“I") AE, kJ/mol (DF'[) AE, kJ/mol (MF:Z)
4 h
__  DFT 30 — — — T30 - 30
single point DFT =
- > optimization — MP2
— 15 — —°p 15 — singlepoint15 ] —_—— — —
— - — e
_— — -t —— — S — — —_— ) — = prm—
FF structures DFT structures Result

Fig. 5.5Scheme of an accurate conformational search (blaglected conformers, red —
important conformers).

5.3.  MCA Values for Phosphanes

5.3.1. Phosphanes With Unbranched and Branched Acyclic AR Substituents and

Cyclic Substituents

MCA calculations for a sample of phosphanes withranched and branched acyclic
and cyclic substituents have been performed. Tkealtse are collected in Table 5.4 and
graphically shown in Fig. 5.9.

Cristoph Lindner (PhD student of Prof. Hendrik g&p has carefully analysed the
calculated data (from Boris Maryasin and Christtyoidner) and some general regularities
have been foun!

» The effects of the substituents are largely adelitifor phosphanes with the general
formula PR with n = 0-3, there is an “impressively go8'correlation between

MCA values and the value of n (Fig. 5.6). The MCAlue of trisubstituted

phosphanes PRan be estimated from the MCA values of BRlend PMe using

egn (5.2).
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MCA(PMes..R,) = MCA(PMe) + nx (MCA(PMeR) — MCA(PMe)) (5.7)

640 - v
m Et
& nPr ol
630 v nBu
= nPen v
o
E *
- n
= 620 |
S
s f "
610 -
| PMe3p pZ
PMe R PMeR, PR,
600 T . = T b T X T
0 1 2 3

number of substituents

Fig. 5.6 MCA values of trialkylphosphanes with linear allsylbstituents.

* The slope of the linear correlation MOW. n depends on the length of the alkyl
substituent. Egn. (5.3) expresses the exponertiatacter of this dependence for

unbranched acyclic substituents (Fig. 5.7), eqn4)(5 analogously for cyclic

substituents.
MCA(Me2P(CHy)H, kJ moll) =618.8 — 26.% 0.56' (5.8)
MCA(MeP(CH)(CH)ns1), kJ mol') = 625.3 — 35.% 0.51" (5.9)
620 —
615 4 . .
S 610
<
(@]
=
605 <
PMe Et PMe,(nBu)
PMe, PMe.(nPr) PMe._(nPen)
600 . T T T — |
0 2 4 6

nin Me,P(CH,) H
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Fig. 5.7 MCA values of monosubstituted phosphanes of gérfersmula MeP(CH,)H
(n=1-5, in kd/mol).

* A general egn. (5.10) can be built for all the egss. This equation connects the
MCA values with the size parameters of the alkgups attached to the phosphorus

atom.
MCA[kJ mol*] = 604.2 + 6.1b + 3.7c + 2.0d +1.0e + X (5.10)

In the egn. (5.10) the parameters a, b, c, d amageethe numbers of methyl and
methylene groups if-, y-, 6- ande-positions and X represents a varying correctiariofa
depending on the class of compound. Representdiotmeo correlation of MCA values
obtained at MP2(FC)/6-31+G(2d,p)//B98/6-31G(d) levth those found using egn. 5.10 are
shown in Fig. 5.8.

660 -

*

® unbranched *
— branched
O .

& cyclic
E 640 y o
2 .
oy 2
S .
5 e
=3 TS *
> 620 o
< [ 4
O o _*
= e

[
600 v T v T v 1

600 620 640 660
MCA (MP2-5) [kJ/mol]

Fig. 5.8 Correlation of MCA values calculated with eqgn. (®.Jwith those obtained by
MP2(FC)/6-31+G(2d,p)//B98/6-31G(d) method.
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Fig. 5.9 Structures of trisubstituted phosphanes with acyahd cyclic alkyl substituents,
ordered by their respective MCA values (in kJ Mol
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Table 5.4 Methyl Cation Affinity (MCA) values for a varietpf phosphanes calculated

according to egn. (5.1b) at MP2(FC)/6-31+G(2d,[986-31G(d) level (in kJ md).?

System MCA System MCA
[kJ mol™] [kJ mol]

P(CH:tBu); (23)° +603.3 PMe (1) +604.2
PMe(CHtBu), (22) ° +606.9 PmgcPr) (26) +607.2
PMey(CH,tBu) (21) ° +607.9 PMgPh @4) © +608.5
PMeEt (2) +610.5 PMe¢Pr), (27) ° +611.8
PMey(iBu) (15) +611.9 PMe(iPr) (12) +613.5
PMex(nPr) () +614.3 PMeEt(3) ° +616.1
PMey(nBu) (8) +616. PMg(cBu) (29) +616.7
PMex(nPen) (1) ° +617.3 PPh(25) " +618.4
PMe(Bu), (16) +618.5 PMg(tBu) (18) +619.4
PMex(cPen) 82) +620.4 P¢Pr); (28) ° +621.8
PMex(cHex) (35) +621.9 PEf(4)° +622.5
PMenPr), (6) ° +624.1 PMePr), (13) +624.8
PMex(cHep) B8) ° +624.9 PiBu)s (17) ° +625.7
PMenBu), (9) ° +627.8 PMe¢Bu), (30) ° +628.7
P(OPr) (7) +633.6 PMe@Bu), (19) +633.9
PMe(Bu), (19) +635.1 PiPr)s (14) +635.4
PMe(Pen) (33) +637.1 P¢Bu)s (31) ° +638.5
P(nBu)s; (10) ° +639.5 PMegHex), (36) ° +641.0
P(Bu)s (2C) ° +648.3 P¢Pen) (34) +650.8
P(cHex); (37) ° +655.7

Abbreviations: Pen stands for pentyl, Hex for heidgp for heptyl®Calculated by Cristoph Lindner
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5.3.2. Cyclophane-substituted and Cyclic Phosphanes

Organocatalysts with a cyclophane motif are poadigtiinteresting due to their
intrinsic planar chirality. However, examples ofckuorganocatalysts are relatively réte.
MCA values have therefore been calculated for swibsti phosphanes in order to have
preliminary information about potential efficienoy that type molecules for organocatalytic
processes. Another class of phosphanes that has diescked via the MCA approach
concerns cyclic phosphanes. The results of MCA utalions of cyclophane-substituted

systems are shown graphically in Fig. 5.10.

MCA / kJ mol*

//P\

39R

408 / 6'7
X

Ao

//
C’j Sl\/l\ S \T 45
s
4

SN &

oY

A

590 @
- X
40SN ’ﬁ

39SN

~7T

Fig. 5.10Structures of cyclophane-substituted phospharsesed by their MCA values.

85



Table 5.5 Methyl Cation Affinity (MCA) values for a varietpf cyclophane-substituted
phosphanes calculated according to eqgn. (5.1b) BR(MC)/6-31+G(2d,p)//B98/6-31G(d)
level (in kJ mot).

System MCA System MCA

[kJ mol™] [kJ mol™]
39SN 586.0 40SN 586.6
41 591.3 42 608.5
43 614.0 44 614.3
45 616.4 40R 619.7
39S 620.8 40S 621.3
39R 642.0

The MCA values are relatively low (+591.3 — +616&d mol®) for systems4l — 45as
compared to the MCA values of the series phosphaw#s cyclic and acyclic alkyl
substituents analyzed in the previous chapter (8503 650.8 kJ mdi). It should be
emphasized that, the bigger the MCA value is, tlggdy the efficiency of the catalyst
expected is. Interestingly, the MCA of the systetbs44 and43 are almost equal (616.4,
614.3 and 614.0 kJ miblrespectively), showing that the influence of thaaphtyl, p-xylyl
and cyclophane groups are relatively equivalentbdth systems39 and 40 one of the
cyclophane phenyl rings has a 1-(dimethylamino)ethipstituent. The distinction is that this
group and the phosphorus atom are connected teathe aromatic ring in cataly39, while

in the catalyst40 the substituents are separated by one per aromiatgc The 1-
(dimethylamino)ethyl group contains a chiral C atand since the cyclophane group induces
planar chirality, there are two possible diastererior each of the cataly3® and40. As
one can easily see from the Fig. 5.4 and TablalexatalysB9, where the substituents are
in the same ring, has quite large MCA value of 842mol* but only if the chiral C atom of
the 1-(dimethylamino)ethyl group is R-configura{@®R) and this is the biggest MCA from
all studied cyclophane family members. If the dhatom is S-configurated30S), then the
MCA value is much smaller (620.8 kJ rifpland similar to values calculated for catal§st
in R or S configuration: 619.7 kJ mo(40R) and 623.1 kJ mdl (40S. The big difference
between two diastereomers of the cataB&tcan mean that significant diastereoselectivity
could be expected. The predicted value of 642 KJ'ffts MCA means also, that this catalyst
can be effective. It has to be stated here, tt@MEA values (from Lindner and Maryasin)

have been compared by Efl with the kinetic data for several phosphane cataljn aza-
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MBH reaction. It has been shown, that for the meféctive catalysts the MCA values
amount to ~620 kJ mol

The reason for the big (and so different to itsl@gaus) MCA value for cataly@9R
is the strong stabilization in the phosphonium addhetween cataly9R and methyl cation
(Fig. 5.11).

39R 39S
r(P-N) = 3.812 A; MCA = 620.8 kJ mibl

¥
2

]
40R 40S
r(P-N) > 6 A; MCA = 619.7 kJ mdl r(P-N) = 4.938 A; MCA = 621.3 kJ mibl

Fig. 5.11Structures of the most stable conformations fouatidbetween catalysB® and40
(both diastereomers) and methyl cation. Distanedw/den phosphorus and nitrogen atoms
and MCA values in comparison.

The two factors — the neighbourhood of the sulestits;, containing phosphorus and nitrogen
atoms and the R configuration of the chiral C ateappear to be necessary and sufficient to
form the intramolecular interaction between then@ B atoms (r(R-N) = 2.926 A). Neither
the S-configurated variant of cataly@® adduct nor both diastereomers of sys#®nhave
such a stabilization feature and thus have muchlesmMCA. This is one additional example
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of the importance of inter- and intramolecular ratgions for organocatalytic processes. For
systems39 and40 methyl cation addition is also possible to theagéen atom. The ability of
a competition between the ammonium and the phosphorcation formation has been
checked. Much smaller MCA value of 586.0 kJ thidr the ammoniunvs. 620.8 kJ mét for
the phosphonium cation, formed from the cataB&tith S configuration of chiral C atom,
and 586.6/s. 621.3 kJ met — from catalys#0 have been obtained.

In Fig. 5.12 and in Table 5.6 MCA values for cygitosphanes are shown.

MCA / kJ mol?

610
/ 49
\ 600
e
] \ <j
47
590

46

Fig 5.12Structures of cyclic phosphanes, ordered by tlesipective MCA values.
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Table 5.6 Methyl Cation Affinity (MCA) values for cyclic phsphanes, calculated according
to eqn. (5.1b) at MP2(FC)/6-31+G(2d,p)//B98/6-313éwel (in kJ mal).

System MCA System MCA

[kJ mol?] [kJ mol?]
46 584.0 47 597.0
48 598.5 49 602.0
50 616.8

These systems show quite moderate MCA values atigest is 616.8 kJ midffor system50.
In Fig. 5.13 the MCA values of the cyclic phosphara@e compared to similar acyclic

systems.

620 | 616.%16.3

MCA, kJ mol*?

M cyclic

M acyclic

3 MCA=616.1

Fig. 5.13The MCA values of cyclic phosphanes as compareatyolic analogues.

The acyclic systems have larger values of MCA etingpghe case of systeB0, which has
almost the same value of the MCA as its acyclidanee. As it is should be expected the
cyclic phosphanes have strain due to the cyclectstre. Latter makes the discrepancy
between these phosphanes and the acyclic analdgurethe phosphands and13 the MCA
values difference is the largest and amounts t@ 28. mol'. In order to clarify this
difference, the geometries of the correspondingesys (both phosphanes and both adducts
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with methyl cation) can be compared. In the Tahlé the out-of-plane displacements (in
terms of dihedral anglesin accordance with the Table 5.7) are collected.

Table 5.7Pyramidalization in the systerd8/48Me and13/13Me

’ H H System o o(PRs) —a(PRsMe")
~C
\
R 48 39.9
fc2H 8.7
[93 48Me" 31.2
H
48 13 45.7
10.9
D(C;C,C3P) = a 13Me" 34.8

One can see that pyramidalization is bigger inatylic systeni3/13Me". The difference in
the dihedral angles shows, that in the case of systdBi48Me the geometrical change (on
the example ofi) is a bit smaller, than in the systd®/13Me". The acyclic systerhi3/13Me’
has no strain and therefore it is more flexibleughsmaller energetic difference between
phosphanet8 and adduc#8Me” (it is represented by the MCA value) as compacethe
system13/13M€ correlates with the geometries of the phosphanéstlae methyl cation
adducts. The systeB0 is the most unstrained among all cyclic systenestduthe cycle size,
thus there is no big difference between its MCAB(B81kJ mof) and MCA of the acyclic
system (616.3 kJ mo).

5.4. MVKA and XKA
The XKA is defined as the reaction energy for ttems$formation shown in Scheme

R
Nu + _—
(o

Scheme 5.Michael addition step of the MBH reaction.

5.2
©]

Nu
1(@
N e
R

The “X” means that the ketone is varying. If thedae is MVK, then the descriptor of
catalytic activity is called MVKA.
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5.4.1. MVKA of Recently Synthesized Bifunctional Phosphan&€atalysts
A new family of bifunctional phosphane catalyst®@® with general formula shown
in Scheme 5.3, have been recently synthesized laid éfficiency in the MBH reaction

(reaction betweep-chlorbenzaldehyde and MVK) has been te§féd.

BPC1: R = NHC(O)C(CHy)3;
@ /@ BPC2: R = NHC(O)Me;
p BPC3: R = NHC(O)Ph;
@R BPC4: R = NHC(0)CsHa(p-MeO):
BPC5: R = NHC(O)CsH4(p-CN);
BPC6: R = OH;

Scheme 5.3Bifunctional phosphane catalysts.

The conversion [%], corresponding reaction timedhfl (for some cases) the half-life time
[h] have been present&¥for this family of catalysts, that allows to rarietcatalysts by its
activity. In this chapter the comparison of the emmental kinetic data (qualitative data
(conversion and reaction time) and (if availableauwtitative (half-life time)) with the values
of MVKA will be shown. Reaction between phosphooasitaining Lewis base and MVK can
lead to the acyclic zwitterionic intermedicid (vide Scheme 5.4) or cyclic addu8. The
enthalpies at 298 K of the formation of acyclic #@rionic adducb4 will in the following be
termed “MVKA” and in the case of cyclic compl&8 “MVKA-c”.

1 ®
R R*sP
R/ AHa9g PRL, + AHa0g o
o-PR%; o X0
"MVKA-c" | "MVKA"
53 54 R

Scheme 5.4~ormation of acyclic and cyclic adducts betweengplame catalyst and Michael

acceptor.

Geometry optimization has been performed at MPVBiXIG(d) level of theory. The
thermal corrections to the enthalpiesdht 298.15 K have been calculated for all statipnar
points from unscaled vibrational frequencies olddirat the MPW1K/6-31G(d) level. In
previous chapters the importance to use MPW1K/6ily for zwitterionic intermediates
has been noted. The calculations of “MVKA” and “MX-c” presented here are based,
however, on the MPW1K/6-31G(d) geometries. Theaead this inconsistency is that the

“MVKA""MVKA-c” calculations have been performed lbere the observation made by Wei,
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Sateesh, Maryasin, Sastry and Zipse about bettenieety of the MPW1K/6-31+G(d)
level®®! Nevertheless, the adequacy of MPW1K/6-31G(d) appbn for the MVKA
calculations ofBPC family has been checked. For instance, such lsetismprovement
changes the MVKA value of tH28PCO0 only by 0.8 kJ mét. This small energy difference can
be neglected. The thermal corrections have beenbioet with single point energies
calculated at the MP2(FC)/6-31+G(2d,p)//MPW1K/6-8d)devel to yield enthalpies Jgk at
298.15 K. Table 5.8 collects the result of the MViEAd MVKA-c calculations.

Table 5.8 Experimental results of the BPC family as compavét the MVKA and MVKA-
c values of these catalysts.

Catalyst Experimental Half-life ~ MVKA ¢ MVKA-c °
©\ @ data: time and  time/min®
conversion; 1P %
P experimental i o R@Rls
R rank® O o3
54 R

BPCC(PPR) R=H 15h, 19%, + 1020 +23.1 -41.5
BPC1, R = NHC(O)C(CH)s 22h, 64%, +++ 320 -31.1 57.1
BPC2, R = NHC(O)Me 20h, 62%, +++ 400  -28.9 -59.8
BPC3, R = NHC(O)Ph 20h, 47%, ++ 630 -26.7 -60.7
BPC4, R = NHC(O)GHa(p-MeO)  20h, 53%, ++ i -26.0 -60.5
BPC5, R = NHC(O)GHa(p-CN)  19h, 12%. + - -31.4 -62.3
BPC6, R = OH ~0%, - - -67.0 -49.4

2The experimental data are taken from EilSince the kinetic data are rather qualitative fopoall systems the
half-life time is availiable), qualitative “experamtal rank” — the degree of catalyst efficienciniglved: the
more “+” a catalysts has, the more efficient it is.

® Unpublished results of Yinghao Liu, available ofdy four systems

°Gas-phase; MP2(FC)/6-31+G(2d,p)//MPW1K/6-31G(drthochemical corrections: MPW1K/6-31G(d).
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Fig. 5.14The MVKA scale of the BPC family.
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The results of MVKA calculations are shown in grigghform in Fig. 5.14. From Fig.
5.14 and Table 5.7 it is clear to see two veryedé@ht MVKA values: of PP)(+23.1 kJ mol
1y andBPC6 (-67.0 kJ mal), though 5 other catalysts have MVKA values arotB@kJ mol
! These two catalysts PPhnd BPC6 are also very special in view of the experimental
results. For PRPh(without co-catalyst) the conversion is very sniah, 19%) and foBPC6
no conversion is observed. Relying on the MVKA oédtions, a hypothesis can be proposed,
that the reason of inefficiency of tiBPC6 is the dramatic stabilization of the adduct with
MVK via protonation, that proceeds without barffglOmvk-Hor) = 0.996 A — the distance
between oxygen atom of the MVK moiety of the addaieti hydrogen atom from the OH
group). As a result the system is away from thalght cycle and stays in the protonated
state. In the case of PPthe zwitterionic adduct is stabilized through rogeEn bonding
between a hydrogen atom of the phenyl ring andviWi& oxygen atom with r(O-H) = 1.896
A. The situation is changed significantly if onetbé BPC catalysts with MVKA around -30
kJ mol* (Fig. 5.14) is observed. As an exampl®RC1 (one of the most efficient among the
BPC family ide Table 6.7), a strong stabilizing hydrogen bon®yf-Hnr) = 1.541 A) is
formed between the MVK moiety and the hydrogeref4\NH- fragment. The intermediate is
not completely protonated and still involved in ttetalytic cycle, but stabilized and thus
likely to be formed. The structures of the acydrducts forBPC6, PP and BPC1 are
shown in Fig. 5.15.

PhR 2 PhoR 4 B, H%
N

r(Owvk-Hon) = 0.996 A r(0-H) = 1.896 A r(@vi-Hn) = 1.541 A
r(P-Guvk) = 1.839 A r(P-Givk) = 1.843 A r(P-Givk) = 1.838 A

Fig. 5.15Structures of the acyclic adducts betw8&C6, PPh andBPC1.
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Several conclusions can be drawn from the calalils®¢KA values:

PPh can be inefficient as a catalyst (if the co-cahlg not involved) due to the
endothermic nature of the Michael addition step V> 0). It is important to note
here that the situation is very different if theaadalyst is involvedv{de chapter 3) —
then the zwitterionic intermediate is stabilized e intermolecular interaction with
the co-catalyst. Indeed, from the experiment omesege, that without co-catalyst the
catalyst PPh does not work properly (Table 5.4) and wgnitrophenol as a co-
catalyst the reaction reaches the 60% conversten 20K

In the case oBPC6 the MVKA is too negative, thus the reaction maytiag@ped in a
“super” stabilized system. The acyclic adduct betwBPC6 and MVK is stabilized
via hydrogen transfer from the OH group to the @tygf the MVK moiety. This
correlates with the experimental result, BRCG is ineffective catalyst”

Five other catalystBPC1-5 take the middle position. The zwitterionic intexdnates
are significantly stabilized via hydrogen bondirgweeen the MVK moiety and the -
NH- group of the catalyst, but they are still nampletely protonated and can
continue in the catalytic cycle. The smallest (best) values are obtained fra®C1
andBPC5. The result oBPCL1 is in accordance with the experimental evidenicees
the BPC1 has been found to be the most effective from #mailfy. TheBPC5 gave
only modest conversion in experiment, though itskWalue is almost equal to the
MVKA of the BPC1l Thus, the MVKA alone is not enough to explain {heor

performance oBPC5.

BPC3 BPC4 BPC6 BPCO

O, o¥e owe

-55 -50 -45 -40

AL o
B e s o 5
/ -GO\ \ kJ mol™
Q0 . a0 Q0
ST Ty AN

BPC5 BPC2 BPC1

R
PR, + -+ rY

Fig. 5.16The MVKA-c scale of the BPC family.
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In Fig. 5.16 the MVKA-c results are collected. Imagh as the formation of the cyclic
adduct is a side reaction, which leads the systerayafrom the catalytic cycle, the
understanding of the MVKA-c values are oppositeMUKA — the more exothermic the
reaction yide Fig. 5.16) is, the worse the catalyst is. Fig.65shows that MVKA-c is the
most negative for thBPC5, hence this catalyst is the worst catalyst fromghbint of view of
the cyclic side product formation. This fact carplein the experimentally found poor
efficiency of this catalyst. On the other hand Mi¢KA-c of the best catalysBPC1lis 5.2 kJ
mol ™’ less exothermic. This fact supports the bestieffity of this catalyst among the BPC
family. The fact of the best efficiency &PC1 has been found experimentallyide Table
5.7) and predicted by MVKA calculationvifle Fig. 5.14). The reason for the strong
stabilization of the cyclic adducts is related tgdtogen bond formation. Thus, the
intramolecular stabilizing interactions can plagwal role in the MBH process — supporting
the catalytic cycle and supporting the side praeesm the other hand. The structure of the
cyclic adduct between MVK anBPC5 is shown in Fig. 5.17. The structure correspoids t

the trigonal bipyramid, with the oxygen atom of M\fkoiety in the epical position.

NC

r(OMVK-HNH) =1.809 A
r(P-Owvk) = 1.965 A

Fig. 5.17The structure of the cyclic adduct between MVK &RLCS5.

The length of P-O distance in this structure ametmtl.965 A. This bond is quite long, since
in known structures of pentaoxyphopsphoranes tlae d¢stance generally fall in the range
1.57 — 1.77 A™ However, pentacovalent phosphoranes with longaabP-O distances

have been detected (€5 and56? Scheme 5.5). The compl&7 shows, that this distance
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can be even longer, depending on the extent ofribotibn from coordinate covalent

charactef? 3

56 57

Scheme 5.Known pentacoordinated phosphorus compounds wittabP-O distance in the
range 1.8 — 2.9 A,

Noteworthy, this is larger than single P-O bondrinor tetracoordinated phosphorus
compounds. For comparison, in the optimized at MR¥W431G(d) level structure of
P(OMe) the r(P-O) amounts to 1.628 A and in thes®®@ the distance r(P-O) = 1.468 A.
Latter reflects double P-O bond.

5.4.2. Correlation of MVKA and Experimentally Measured Kin etic Data for BPC
Catalysts
It has been shown gqualitatively that the resultM®KA calculations reflect and explain the
experimental results in many cases. Of course itldv@be an additional advantage if the
calculations correlate with the experimental data a more quantitative manner.
Unfortunately, half-life times are not available &l of the systems, but only for four of them
(Table 5.7). In the left side of Fig. 5.18 the etation between the kinetic data (le@d/t12))
and MVKA values is plotted for all four systemsdan the right side of Fig. 5.18 the PPh
point (which seems to be completely out of the @sgion line) is excluded. The correlation
coefficient for all available data amouRf = 0.76. Exclusion of the PPRlyields a better
correlation:R? = 0.96. In general the MVKA approach can succdigsflive a rough estimate
of the catalyst/substrate pair for MBH.
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Fig. 5.18Experimental kinetic dates. MVKA for BPC catalysts.

5.4.3. XKA of Triphenylphosphane and Pyridine-derived Lewis Base Catalysts Using
Three Different Michal Acceptors. Experiment and Theory in Comparison
The efficiency of the MVKA approach to characteriB®C catalysts has been
discussed. Another family of organocatalysts hasmty been studied experimentally in its
applicability to aza-MBH and MBH reactions — 4-stiosed pyridine-derived Lewis bases
(PDLB). The best results have been achieved wittaledPDLB2 (Scheme 5.5), which has
also been found to be the most effective in aaytateactions: 2

/\N/Q
N
»

N

Scheme 5.5The PDLB2 catalyst — one of the most active pyridine catalysr acylation
reactions.

Interesting results have been obtained by Liu camgaPDLB2 with PPh for the
aza-MBH reaction between N-tosylimine and threefed#int Michael acceptors: MVK
(MA1), ethyl acrylate NIA2) and 2-cyclohexenonevid3).*® The kinetic data (reaction
time, conversion and (if available) half-life timae collected in Table 5.9
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Table 5.9 Kinetic data (reaction time, conversion and (itidable) half-life time) for aza-
MBH reaction involving PPhand PDB2 as catalysts and three different Miclagekptors

(MAZ1-3).
TsHN O
ﬁL Catalyst /©)\ﬁl\
B
/©) CDCls, 1t - Rl
MA1-3
OEt ©
Catalyst ﬁo | o) b
MA1 MA2 MA3
. Q0 -
P Ah:99%ConV: * -
T - 5d:93%conV! 30h:<3%conV
tip= 38 min
/\N/Q +++ N et

5d:75%conV!

40h;99%conV

4h;99%conV:
| N t1o= 26 min
/

aExperlmental study from Yinghao LIt}

Using PPR as the catalyst, the following substrate-reagtivitder is observedAl > MA2

>> MAS3. The trend is then changed wheBLB2 is used:MA1l > MA3 > MA2. For both
catalysts the best Michael acceptorMAl. MA2 and MA3 change the positions with
catalyst variation. Noteworthy, for the caseRIILB2, MAL is more reactive than for PPh
In Table 5.8 with symbol “+” or “-” a rough graderfa substrate is given, the more “+” signs
a substrate has, the more reactive the substratespective catalyst is. Trying to explain
these observations the XKA approach has been appliee XKA calculations have been
performed in much the same way as MVKA, but the ehdés been slightly strengthened by
improving the basis set used for geometrical ardntiochemical calculations from 6-31G(d)
to 6-31+G(d) and by implicit inclusion of the sohteeffect via PCM approach (in
chloroform). The results are collected in the Tdb® where the affinities are named XKA1-
4, respectively presented as the reaction entlsaie298K, zero point corrected energies,
free energies in the gas phase and free energie®lution at 298K. In Table 5.9 the

calculated results are compared with the experiahelata.
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Table 5.10.Affinities (XKA) of PhsP andPDLB2 to different Michael acceptors.

Catalyst XKA r& OEt o
0
| e

MA1 MA2 MA3
XKAL1? Hoge, kJ mol* +23.9 +50.3 +82.7
©\ /© XKA2; Eq, kJ mot* +25.7 +51.2 +83.0
P XKA3; Ggg kJ mol* +81.9 +106.8 +139.9
XKA4C;ngg,CHc|3,kJ moll +69.8 +94.1 +121.7
Experiment ++ + -
4h;99%conv;| 5d;93%conv | 30h;<3%conv
t12= 38 min
XKA1? Hage, kJ mol* +12.8 +40.5| +61.1; +60.8
~ XKA2; Eq, kJ mot* +14.5 +41.2| +61.2; +60.3
N XKA3; Gaog kJ mol* +70.3 +95.2| +114.7;+113.1
AN N~ XKA4C;G295,CHc|3,kJ mol* +64.6 +86.7| +100.9;+99.6
» Experiment +++ + ++
N 4h;99%conv;| 5d;75%conv | 40h;99%conv
t12= 26 min

1n general fo XKA: MP2(FC)/6-31+G(2d,p)//MPW1K/@3G(d); thermochemical corrections: MPW1K/6-
31+G(d)

® For XKA calculations OMe group instead of OEt been used

¢ PCM calculation: RHF/6-31G(d) using UAHF radii a@#iCl; as the solvent to model

4 Experimental study from Yinghao Liu. Conditionst RCHCL, 10 mol% Lewis base; with symbol “+” or “-" a
rough grade for a substrate is given, the moresigis a substrate has, the more reactive the atdsr
respective catalyst is. The grade is giving relyanghe experimental kinetic data.

®Complex ofPDLB2 and cyclohexenone can exist in two diastereomari@nts.

In the case of the PBhthe calculated affinity values are in accordanaéh
experimental data, putting into the first place MYMAL), to the intermediate place — methyl
acrylate MA2), to the worst, third place — cyclohexenomMA@). The structures of the

optimized adducts are shown in Fig. 5.19.

99



MeO Q
B o°
o H
Ph,P.
®PPhy
9
e 5’
), ST y®,
9 ’ ",’/f
’f‘:?.? ") afd
Doty ¥ ,f‘ K ia”
J \
J
R(O-H) =1.921 A R(O-H) = 3.055 A R(O-H) =3.303 A
R(P-C) = 1.829 A R(P-C) = 1.868 A R(P-C) =1.892 A
q(ketone) = -0.96 & g(ketone) =-0.89 e g(ketone) =-091 e

& Distance between oxygen atom of alkoxide functind the nearest hydrogen of one of the phenyl rings
® Distance between “accepting” carbon atom of ketme “donating” P atom of catalyst.
¢ The overall charge of the “ketone” moieties in shewn adducts at the NPA/MPW1K/6-31+G(d) level.

Fig 5.19 Structures of the most stable (in term&Gkhos crcid conformations of adducts
between ketoneglA1-3 and PPk

One can see dramatic differences between the adthrcthese three ketones. In the case of
cyclohexenone the important stabilizing hydrogenébbetween one of the phenyl rings and
the ketone oxygen is absent due to structural ptiegeof cyclohexenone. The structure of the
cyclohexenone/PRladduct has been found to be similar to one ofitte#able conformations
(Z isomer) for complexes of MVKA with PRhthough in the case of MVKA formation of the
hydrogen-bond in this conformation is still possibAs one can see from the Fig 5.19 the
most stable conformation of methyl acrylate/Pi®Phterms of Gog cHcisis also the Z-isomer
(with OMe cis to CHPR:") as well as for cyclohexanone. There is only weksctrostatic
interaction with the nearest hydrogen of a phemgd.rThis conformation is found to be 1.3
and 1.5 kJ mé! more stable than the E-isomers (in the gas phesdtisomers are more
stable) with hydrogen bonds structurally similaithe MVKA/PPh adduct. As one can see
from Fig. 5.19, the overall charges (NPA/MPW1K/6+&ld)) of the “ketone” moieties for
adducts with PPhare quite significant: from -0.891 e (ethyl actglaViA2) to -0.960 e
(MVK, MA1), this illustrates a substantial charge transt@mfPPHh to the ketones.

The experimental data show that in the casPDIEB2 the reaction runs in general
faster (excepting substrate ethyl acryl&&\R), which gives almost the same results for both

catalysts), compared to PP his fact is in accordance with calculated affinialues (Table
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5.9). In contrast to BR, experiment puts the substradA3 on the second and substrate

MA2 on the third position in the reactivity row. Thikbesn't appear so clear from the

calculations of ketone affinities. The main reasonthe position change of the substrates
MA2 andMA3 for PDLB2 can be hidden not in the Michael addition, whiglomnly reflected

by these calculations, but in other steps of theMBH process. Structurally the adducts

between catalyst and substrate RDLB2 (the structures are shown in Fig. 5.20) are quite
similar to the PPhcase, though foPDLB2 the systems are much more conformationally
flexible, than for PPhdue to the unsymmetrical geometryRiDLB2.

2 ;;,
o 9
J

J
R(O-H) =1.863 A R(O-H) =1.974 A R(O-H) = 3.446%A
R(N-C) =1.511 R R(N-C) = 1.532 A R(N-C) = 1.599 A
g(ketone) =-0.54 e g(ketone) =-0.54 e g(ketond).51 e
@ Distance between oxygen atom of alkoxide funcéind the nearest hydrogen of pyridine
ring

P Distance between “accepting” carbon atom of ket “donating” N atom of catalyst

¢ The overall charge of the “ketone” moieties in #hewn adducts at the NPA/MPW1K/6-
31+G(d) level

41t is shown the structure of the diastereomer Witbonfigurated carbon atom of
cyclohexenone connected with pyridine N atom

Fig 5.2Q Structures of the most stable (in term&Ghog crcid conformations of adducts
between ketoneglA1-3 andPDLB?2.
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The interactions between the nearest hydrogen @mmPDLB2 this hydrogen is one of the
pyridine ring hydrogens) and ketone are similadyPPh very important. FOPDLB2 these
interactions can be stronger as compared to; BBbause the distance between ketone and
catalyst (distance between “accepting” carbon atdnketone and “donating” phosphorus
(PPh) or nitrogen PDLB2) atom of catalyst) is getting substantially snrafte the PDLB2
as it is shown in Fig. 5.19 and Fig. 5.20. Thugemeral, forPDLB2 the magnitude of the
interaction between ketone and catalyst is expetbethe bigger than for PBhand it
correlates with the bigger affinity &#DLB2 to all studied substrates as compared tozPPh
which is in accordance with experimental evidentéigger efficiency ofPDLB2. As it is
shown in Fig. 5.20, the overall charges (NPA/MPWA-R1+G(d)) of the “ketone” moieties
for adducts withPDLB2 are moderate: from -0.509 e (2-cyclohexenM#&3) to -0.544 e
(MVK (MA1)). These values are significantly smaller as camgb@o the adduct with PRh
showing that charge-transfer from catalyst to ketonthe case dPDLB2 is less significant
than it is found for PR This difference between nitrogen and phosphoased zwitterionic
species is in accordance with a recent study whive; and NMeg complexes with
methylvinylketone have been analyZ&d.

Fig. 5.21 shows the dependence of XKA4d4zci3, kd/mol) on the studied substrate.
The line of PPh is in accordance with the experiment showing thtMK is the best
substrate, the second one is ethyl acrylate and/tist one is the 2-cyclohexenone. The line
of PDLB2 shows a higher activity (XKA4 value is smalleriverds MVK and significantly
much higher activity towards 2-cyclohexenone as maned to PPH These results of the
calculations are also in complete accordance wiffeemental evidence. One can see from
the Fig. 5.21 that foPDLB2 the difference between substrai®s2 andMA3 is smaller:

AXKA4(PDLB2,MA3-MA2) = XKA4(PDLB2,MA3) — XKA4(PDLB2,MA2) = 100.9 -
85.2 = 15.7 (kJ ma)

as compared to the difference between subgsttaie andMA2:

AXKA4(PDLB2,MA2-MA1) = XKA4(PDLB2,MA2) — XKA4(PDLB2,MA1) = 85.2 - 64.6
=20.6 (kJ mot),

while for PPRh the trend is inversedAXKA4(PPhy,MA3-MA2) = 27.6 kJ mot and
AXKA4(PPh,MA2-MA1) = 24.3 kJ mot. This is illustrated on the Fig. 5.11 by the coreca
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character of the function fd?DLB2 and convex — for PBhThe change of the character of
“XKA(substrate)” dependence seems to correlate tiehfact of the total loss of activity for
substrate in reaction with PP and its validity foPDLB2.

130

= PPh3
120 o == PDLB2

/ e—tr— PDLB2_dia
110 / X
100

. //

S &Y

Fig 5.21.XKA4 (Gags,crcis kJ molt) vs. Michael acceptor.

XKA4, kJ mol 1

5.5. Conclusions

» The MCA calculations have been performed for aeseaf phosphanes, including
subfamilies such as cyclophane substituted phogsharhe obtained MCA values
can be used as a guideline for optimization of phase-catalyzed organocatalytic
transformations, e.g. MBH reaction.

* A new descriptor of catalytic activity is suggestedthe MBH reaction: XKA (“*X"-
ketone affinity) — affinity of catalyst to MBH-sutrate (“X"-ketone). The XKA and
its particular case MVKA (Methyl Vinyl Ketone Affity) work well for a rough
estimate of the efficiency for selected combinaiohcatalyst/substrate.

103



5.6.
[1]
[2]
[3]

[4]
[5]

[6]

[7]
[8]

[9]

[10]
[11]
[12]

[13]

[14]

References

D. Cantillo, C. O. Kappe]. Org. Chem201Q 75, 8615-8626.

Y. Wei, PhD thesis, Ludwig-Maximilians-Univet&t Minchen (Minchenp008

a) Y. Wei, G. N. Sastry, H. Zipsd, Am. Chem. Soc. 2008 130, 3473; b) Y. Wei, T.
Singer, H. Mayr, G. N. Sastry, H. Zipsk,Comput. Chem. 2008 29, 291-297; c) Y.
Wei, B. Sateesh, B. Maryasin, G. N. Sastry, H. @ @gsComput. Chem. 2009 2617 -
2624.

J. W. Ponder, TINKER 4.2 ed2004

a) N. L. Allinger, Y. H. Yuh, J.-H. LiiJ. Am. Chem. Soc. 1989 111, 8551-8556; b) J.-
H. Lii, N. L. Allinger, J. Am. Chem. Soc. 1989 111, 8566-8575; c) J.-H. Lii, N. L.
Allinger, J. Am. Chem. Soc. 1989 111, 8576-8582; d) N. L. Allinger, H. J. Geise, W.
Pyckhout, L. A. Paquette, J. C. GalluctiAm. Chem. Soc. 1989 111, 1106-1114; e)
N. L. Allinger, F. Li, L. Yan,J. Comput. Chem. 199Q 11, 848-867; f) N. L. Allinger,
F. Li, L. Yan, J. C. TaiJ. Comput. Chem 199Q 11, 868-895; g) J.-H. Lii, N. L.
Allinger, J. Phys. Org. Chem 1994 7, 591-609; h) J.-H. Lii, N. L. Allinger]. Comput.
Chem 1998 19, 1001-1016.

S. Oesterling, Forschungspraktikum thesis, Ligdiaximilians-Universitat Miinchen
(Muinchen),2009

MacroModel 9.7 ed., Schrédinger, LLC, New YoBK09

C. Lindner, B. Maryasin, F. Richter, H. Zipsk,Phys. Org. Chem 201Q 23, 1036-
1042.

J. F. Schneider, F. C. Falk, R. Frohlich, Jrades,Eur. J. Org. Chem. 201Q 2265-
2269.

Y. Liu, PhD thesis, Ludwig-Maximilians-Univatat Minchen (Minchen011

K. C. Kumara Swamy, N. Satish Kumacc. Chem. Res. 2005 39, 324-333.

a) S. Kumaraswamy, C. Muthiah, K. C. KumaraaBw, J. Am. Chem. Soc. 200Q
122, 964-965; b) S. Naya, M. Nittd, Chem. Soc., Perkin Trans. 2 2002 1017-1023.
A. Chandrasekaran, N. V. Timosheva, R. O. DRyR. Holmes]norg. Chem. 2003
42, 3285-3292.

a) I. Held, S. Xu, H. Zipse§ynthesis 2007, 1185-1196; b) I. Held, E. Larionov, C.
Bozler, W. F., H. Zipse®ynthesis 2009 2267-2277.

104



6. The Frustratedness of Lewis acid - Lewis Base Pairs

6.1. Introduction

It has recently been found that sterically hindetewis acid - Lewis base pairs
("frustrated Lewis pairs", FLP) can activate smadfunctionalized molecules such agik a
kinetically competent manner, thus opening a neenae into hydrogenation catalyStsAn
example is shown in Scheme 6.1, where Lewis a@composed of RBu); (1) and B(GFs)3

(2) splits dihydrogen heterolytically to form phospium cation3 and borohydridd.*® 2

t-Bu,  Ar tBu @ o Ar
t-Bu—P--BCAr + H; — tBu-P—H + H-BZAr
t-Bu Ar t-Bu Ar
(6.1)
Ar = C6F5
1.2 3 4

Scheme 6.1Activation of dihydrogen Kthrough reaction with frustrated Lewis pa#.

The surprising ability of these transition metadrsystems to activate small molecules has
been traced back to steric strain present in theid.acid - Lewis base complexes, whose
release on reaction with, for examplep; Hreatly improves the otherwise unfavourable
dissociation to Hand H. In a qualitative sense the strain present inetlsésrically hindered
complexes is a consequence of not allowing the $@eidic and Lewis basic centers to come
into full contact. For the systematic developmeihew catalytically active FLP systems it
would seem desirable to define the degree of 'fatestiness” in a quantitative manner. The
first step in building a strategy for the quantion of the degree of Lewis pair frustration is
the identification of a theoretical methodology fbe accurate treatment of Lewis pairs.
Generalization of the reaction shown in Schemet®.4ubstituted phosphinesand
boranesb leads to the reaction (A) shown in Scheme 6.2. fidsetion energy for this
transformatiorE,, can be compared to that for the same processicdmpletely unbiased
systemced composed of the smallest possible phosphing (BHand BH (d). The degree of
frustratedness of Lewis paaeb may be calculated from the difference in the rieact
energies of the biased and the unbiased systemisubh an approach would neglect the
electronic influence of the substituents &d R on the Lewis basicity of PR and Lewis
acidity of B(R)s. The electronic influence of Ron borane acidity can be assessed by
comparing the reaction energy, for model reaction (C) with that of the unbiaseterence

system (B). Equally, the effect of Rn phosphane basicity can be expressed as tleeetitle
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between reaction enerdy,g for model reaction (D) with that of the unbiasesference
reaction (B).

Rl RZ | Ea  Rlo o R?
RUpP-B-R2| + H, —= RL-P-H + H-B-R? A)
RI  R? R R?

asb aH bH
H o H ] Ea Ho o H
H-P--B-H +  Hy — H-P—H + H-B-H (B)
H  H H H

ced cH dH
H\ R2 ] ECb H\@ @/RZZ
H-P--B-R2| *+ H, —> H-P-H + H-BZR ©)
H/ \R2 H R2

ceb cH bH
R H Eaa  RY o H
RLUp--B-H | *+ H, —= R-P-H + H-BTH (D)
RC H R H

a-d aH dH

Scheme 6.2Reference reactions for the quantitative definivbtifrustration energyEgp.

With these definitions the frustration enefgy p can quantitatively be expressed as given in
eqgn. (6.2).

Erp = Eca + (Ecb - Eca) + (Ead - Ecd) - Eab = Ecb + Ead - Eca - Ean (6.2)

Closer inspection of the systems involved in thiewation of the reaction energies in eqn.
(6.2) reveals that several energy terms will camtehe evaluation oEg p (that of E(H>),
Ean Eony Ecv, @andEgn). Further analysis shows that the definition efpEgiven in egn. (6.2)

is exactly identical to the reaction energy for &€xehange reaction between two Lewis pairs
asb andced as shown in Scheme 6.3.

RY JR? H, H Erp H, JR? RY H
R-P-B-R?| + | H-P-B-H | —— | H-P-B-R?| 4+ | RLP-BT-H (E)
R! R? H H H R? R! H
asb ced c*b asd

Scheme 6.3Exchange reaction between Lewis panis andced.
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In contrast to the reference reactiog ¢ (D) shown in Scheme 6.2 involving heterolytic
splitting of H,, exchange reactiorEj] makes no reference to a specific substrate aictiva
reaction and is thus a much more general definibbthe frustration energydg in Lewis

pair ash.

6.2. Results and Discussion
Initial studies have been performed for selectedllssystems, for which experimental

or high-level theoretical data are available (Sch&#).

H3P_BH3 Me3P_BH3 H3P_BM83 Megp_BMe3 H3P_BF3 Me3P_BF3

Scheme 6.6mall Lewis base — Lewis acid pairs.

6.2.1. Geometry Optimization

In order to identify a reliable approach for getntp@ptimization we have compared
seven methods (Table 6.1). Five of them are wiblf#T and two -ab initio in the variant of
MP2 with and without FC approximation. First objeetis the determination of a relatively
cheap approach, which could be applicable fartbherdal-life FLP systems. Therefore we
have consciously limited us to use as possible Isbaalis sets. Thus we have checked 6-
31G(d) and 6-31+G(d) with different DFT functiona@sd aug-cc-pVDZ with MP2. Fig. 6.1
presents a cumulative picture of the geometry dpéition results, showing mean absolute
deviation relative to experimental values (MAD =3fexp — fcad) In bond lengthr for
several sets of P-B bonds. Table 6.1 collectsalhdl values together with complexation

enthalpies found at the respective level of theory.
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Table 6.1.Enthalpies £Hags kJ mol') of formation reactions of Lewis pairs from phosgs and boranes and P-B Bond length (A) at differe
levels of theory.

Method PHBH; PMesBH; PH;BMe; PMeBMe; PH,BF;° PMe;BF;

AH r(B-P) AH r(B-P) AH r(B-P) AH  r(B-P) AH r(B-P) AH r(B-P) AH r(B-P)
1)B3LYP/6-31G(d) 759  1.960  -1226 1.934 193 213 -143 2024 NM 20 50 3.166 448 2.097
2)B98/6-31G(d) -85.3  1.966  -142.8 1.940 7.1 2114 395 2027 NM ~20  -8.1 3.137 -49.2 2.109
3)MPW1K/6-31G(d) 972 1936  -159.9 1.913 24 204 -537 198 NM ~20  -7.7 3.040 61.9 2.060
4)MPW1K/6-31+G(d) 979 1937  -159.9 1.914 40 430 -533 1988 -81 2292  -7.8 2.883 -70.5 2.055
5)MP2(FC)/aug-cc-pVDZ 856  1.964  -152.7 1.934 622.2.054  -946  1.984 -88 2262 -121  3.041 -80.5 042.

6)MP2(FULL)/aug-cc-pVDZ -89.6 1.958 -157.7 1929 7@ 2.043 -101.6 1.977 -115 2.237 -13.9 3.000 984. 2.034

7)B97-D/6-31G(d) -78.5 1.967 -141.3 1.938 5.2 2.106 -57.1 1.993 NM  ~2.0 NMP ~3.0 -51.7 2.099
8)G3MPW1K(+) +2.4 2.292 -9.9 2.883
Expt. - 1.93F -334.4" 1.908 - - -171.49 - - 1.924% - - -190.%" -
-79.0%
Calc. -84.00c  1.9487  -166.28  1.9248 458 20788 -50.089 2.0148 -41.4%9 21849 -1 3078 -169.4' 2.0557
-110.181¢ 19398 .159.310c 1 917 -8.0% 349482 .69 g% 2 04619
2.041° -12.742 322442

-12.4™ 3.089"F
2For this system at MP2(FC)/aug-cc-pVDZ, MP2(FC)faugpVDZ and MPW1K/6-31+G(d) levels two minima doeated (at around 2 A and the second one at argédpdall
the methods have been tried to locate both miniinlae methods fails, then it stays in the table Kiid minimum) in the\H cell and in the adjacen{B-P) cell the minimum
type (~2.08 or ~3.0A) is pointed.
> at B97-D/6-31+G(d) level the minimum r(B-P) = 3728 found.
¢ ZPE corrected.
9The calculated data are lacking the informationuabioermal corrections.
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Fig. 6.1 Mean absolute deviation relative to experimentdles (A) of the calculated P-B bond
length (for systems: PjBH3, PMeBH3; and PHBF3).

All systems in Scheme 6.4 are found tog symmetric by all methods selected here, with
the only exception of PMBMes showingCs; symmetry after optimization with MP2(FC)/aug-cc-
pVDZ and MP2(FULL)/aug-cc-pVDZ) due to the incraagiof dihedral angle(C’PBC”) (Fig.
6.2) value from 60.0Gg,) to 68.0 C3). Frenkinget al. have studied the geometries and bond
dissociation energies of the main group complexgB-RX; (X = H, Me, Cl) using gradient-
corrected functional theory at the BP86/TZ2P 18ueThe calculations of Frenking al. are in
accordance with our DFT results and sug@agfor PMeBMes.

DFT MP2
@) o
C'%H‘gx CHs 3

60 | 682

Fig. 6.2.The PMgBMe; conformations presented by Newman projections.
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For the geometry of PMBMes; we have performed additional calculations at MPJ(le®el of
theory using different basis sets: 6-31G(d), 6-2@(and 6-311++G(3df,2p) and with one of the
DFT functionals using aug-cc-pVDZ basis set (B98fao-pVDZ). All these calculations yield a
minimum withCs, geometry, which we subsequently assume to beattieat structure.

It is clear to see from Fig. 6.1 that the best (B®ah MAD) results are obtained at
MPW1K/6-31+G(d) and both MP2 levels of theory. Tdteer DFT approaches (B3LYP/6-31G(d),
B98/6-31G(d), MPW1K/6-31G(d) and B97-D/6-31G(d))e aclearly inferior. From the DFT
functionals using the 6-31G(d) basis set, the best is MPW1K. The big improvement in the
guality of the geometry optimization results cop@sds to addition of the diffuse function to the
basis set. The geometry, which is changed the drastatically with the switch to 6-31+G(d) basis
set, corresponds to the EBIF3; Lewis pair. It is obvious after comparison withe texperimental
result, that the 6-31G(d) basis set underestimated$-B interaction in the BBF; molecule. To
evaluate the effect of the further basis set corapibn on the length of P-B length in the 4BH;
complex, we performed geometry optimization at MRWE311++G(d,p) level, that led to P-B
length equal 2.267 Avide Table 6.2). Change to the much more complicatesisbaet 6-
311++G(d,p) does not improve the result signifibarthough the cost of the calculation is strongly

increased.

Table 6.2.The influence of basis set on the P-B bond lendjhi{ PH:BFs.

Method rcaiP-B)T exe(P-B), A
MPW1K/6-31G(d) 1.119
MPW1K6-31+G(d) 0.371
MPW1K/6-311++G(d,p) 0.346

In order to rationalize the large changes obsefoethe B-P distance in Lewis pair BBF;
as a function of basis set, a relaxed potentiarggnecan was performed for this system at
MPW1K/6-31+G(d) level fromi(P-B) = 2.0 A to 3.5 A (Fig 6.3). From Fig. 6.3 otan clearly see
two minima which are energetically almost equgP-B) = 2.29 A — the global minimum an(P-
B) = 2.88 A — the second one, which is only 0.161dl"* less stable. The transition state between
the minima corresponds tqP-B) = 2.56 A and locates 0.51 kJ mdhigher than the global

minimum.
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Fig. 6.3Potential energy curve for the interaction of;R¥th BF; computed at MPW1K/6-
31+G(d) level.

Literature analysis has shown that either one erotiher minimum was constantly ignored
by computational studiés.® 12 |n 1988 Hirota, Miyata and Shibata have studied;B¥
complex byab initio SCF MO theory, applying the 3-21G basis'€eRnly the first minimum has
been located aP-B) = 2.185 A with -41.4 kJ molformation energy (thermal corrections are not
discussed). In 1991 Ahlrichs, Bar, Haser and Saltideve reinvestigated the gBF; by SCF and
MP2 involving TZP basis sét' and, on the contrary, have found only a weak cemplith a P-B
distance of 3.495 A (SCF) and 3.220 A (MP2). Theesponding formation energies (no thermal
corrections) have been -8.0 and -12.7 k3 mbi 1998 Anane, Boutalib, Nebot-Gil and F. Tomas
have applied G2(MP2) scheme to thesBF} systent” Thus for the geometries the MP2(FULL)/6-
31G(d) level has been used. And again only a weakptex at r(P-B) = 3.089 A has been found.
The ZPE corrected formation energy at G2(MP2) lerebunts to -12.4 kJ mtl Finally, in 2008
Ford has analyzed the BBf; system by MP2(FC)/6-311++G(d,p) calculatiérisThe author has
located only the complex a(P-B) = 3.075 A with -1.8 kJ mdlenthalpy of formation. However,
the experimental data published in 1975 by Odomad{asky and Durig point vice versa only to
the first complex withr(P-B) = 1.921 A (found via observed moments of inertia). And ih al
mentioned computational studies, the authors coenfiegir observations with this experimental
value, and the discrepancy was unclear. This diatrey has encouraged us to go forward with
additional energys. geometry scan-calculations and to apglhyinitio theory in the variant of
MP2(FC)/6-311++G(d,p). This method has been useithenmost novel published computational
study of the PEBF; molecule made by Fof! The resulting plot is shown in Fig. 6.4
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Fig. 6.4Potential energy curves for the interaction ogMith BF; computed at MP2(FC)/6-
311++G(d,p) level.

Both minima have again been found at this levet] #tnmough structurally the minima are close to
the DFT optimized geometries (2.3 A and 3.08 Agythre significantly different energetically and,
on the contrary to the DFT calculations, the seamimimum is 4.41 kJ mdi more stable than the
first one. Ther(B-P) distance (3.08 A) of the global minimum isa@iocordance with the result of
Ford*" The transition state is very close to the firshimium withr(B-P) = 2.38 A. In order to
clarify the electronic structure of the both minima have performed NBO analysis at MPW1K/6-
31+G(d) level. Table 6.2 collects the important ecolar orbitals and natural orbitals together with
geometrical parameters. In the first minimum a sighaB bond is formed by the % orbital of
phosphorus and 8 of boron atom. Corresponding natural orbital ciomsts the HOMO (MO 25
with energy of -0.370939 a.u.). The respectivebamtding orbital contributes in unoccupied MO 29
(+0.041331 a.u.). The formation of the sigma bowdresponds to significant change of the
geometries for both phosphane and trifluoroboranéties turning into the adduct from isolated
molecules — the planar molecule of trifluorobor@apyramidalized by 35.22%i0e Table 6.2). The
second complex is formed by 64.1 kJ thetrong donor-acceptor interaction between donating
lone pair orbital localized on phosphorus’(&h which constitutes the HOMO (MO 25 with energy
of -0.343258 a.u.), with accepting antibondingdgital localized on boron. No covalent P-B bond
present for this minimum. Existence of almost pprrerbital on the boron atom is in accordance

with a nearly planar of trifluoroborane moiety.
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Table 6.2Formation of chemical bonding betweensRifd BFE in both possible minima.

r(P-B) =2.292 A
OOP(P)*= 78.7°; OOP(B) = 35.22°

r(P-B) = 2.883 A
OOP(P) = 83.6° OOP(B) = 12.4°

01 - MO 29
E=0.041331 a.u.
o 4 +0.564RY*(P)
-0.384RY*(P)
0.1 - -0.368BD*(P-B)
+0.332RY*(B)
0.2 - +0,258RY*(B)
0.3 -
= o 370939 a.u.

-0.4 - ﬂ — o 816BD(P-B)
-0.241LP(F)
-0.241LP(F)
-0.241LP(F)

Sigma (P-B) bond: 0.9092P(sp) + 0.4165B(sp%)

0.1 - MO 32
E = 0.069504 a.u.
0 - +0.498RY*(P)
-0.364RY*(P)
0.1 - -0.347RY*B
+0.320LP*(B)
-0.2 1 -0.273RY*(B)
0.3 -
MO 25
-0.4 - E =-0.343258 a.u.
-0.868LP(P)

+0.254BD(P-H)
+0.254BD(P-H)
+0.254BD(P-H)

o= -

..~

Donor/Acceptor complex: P (3p) + B (p)— 64.1 kJ mot

2Qut-of-plane angle for P (phosphorus) or B (boroojeties



The system has been enlarged by changing the Hi@shboto C-P and check whether both minima
still can be found, and the PMB{CFs)3; complex has been examined by analogous scan-aadsul
For that system only one, strongly bound complextieen determined — the result of the scanning

is shown in Fig.6.5

500.00

400.00 A

300.00 \ CFq
= \\\\P___B\<CF3
z 200.00 y iy
€  100.00 -
2
z 0.00
S -10000 }

-200.00 A

-300.00 A

-400.00 1.98; -267.93

r(B-P),A

Fig. 6.5Potential energy curve for the interaction of BM&h B(CF;); computed at MPW1K/6-
31+G(d) level.

Obviously this interesting property to exhibit madiean one minimum on the potential
energy surface depends on the system and doeppedraas a general character of the Lewis pairs.
Though for phosphorus/boron Lewis pairs the litermatdata seem to be scarce, a similar situation
with two minima has been recently published foragen/boron frustrated Lewis pairs, where
MO05-2X/6-311++G(d,p)//M05-2X/6-31G(d) theory has ebe applie’¥? and for small
nitrogen/boron Lewis pair GEN-BF; using MP2, B3LYP and BWP91 methods with basis sets
ranging from STO-3G to aug-cc-pvdlﬂ These studies in combination with the present work
show clearly the necessity to have a reliable apgrmf the geometry optimization for Lewis pair
and FLP computations. The approach must be ableetd also complicated cases of multiple
minima on the potential energy surfaces. This eéhalenge taking into account the importance to
have not only reliable but also cheap method slatidy large systems.

The MPW1K/6-31+G(d) geometry optimization approasinggested here seems to be
satisfactory for phosphorus/boron Lewis pairs. ds lshown low MAD from experimental data
almost equal to MP2. Moreover, it can equally to2M&cate both possible minima in thgRBR;

system.
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6.2.2. Energies

Unfortunately literature data about experimentatheasured formation energies of the
complexes in study are scarce (as well as only dgamples of experimental geometries). The
known energies and geometries are collected togetitb calculations in Table 6.1. From the
calculations we present in Table 6.1 the MP2(FU&alYy-cc-pVDZ is the highest hierarchy
approach, thus it seems to be reasonable to distugh more detail. In Fig. 6.6 the

MP2(FULL)/aug-cc-pvVDZ formation enthalpies vs. Pdstances for 6 studied systems are

presented.
0 - PH3BF5_2.2A
20 - °
-40 -
PH3BH; PH;BMes PH3BF;_3.0A
E -80 N
= -100 - PMe;BF;
T
< -120 PMesBMe;
-140 -
-160 - PMe;BH;
'180 T T T T T 1
1.9 2.1 2.3 2.5 2.7 2.9 3.1

r,A
Fig. 6.6 Enthalpies of formation reactions vs. P-B length db systems in Table 6.1 obtained at
MP2(FULL)/aug-cc-pVDZ.

One can see that the formation energies and ler@fti3-B bonds coincide and the absolute
enthalpy values are increasing, while the distafmx®me shorter. On the whole, complexes of
PMe; are stronger bonded as compared tg.PHhe latter seems to correlate with the fact of
electron donation effect of the methyl groups. Tewsves in Fig. 6.6 show two families of the
Lewis pairs. One of them is formed by PMand another - by PHIn each of the family formation
energies and the distances are in good accorddtmeever, the question about energies as
compared to distances for the borane complexedfisutt and not always understandable, thus
Frenkinget al. have studied borane-phosphane complexessBfRXY; (X = H, F, Cl; Y = F, Cl,
Me, CN) byab initio calculations at MP2/6-311+G(2d)//MP2/6-31G(d) &iel at BP86/TZP and

it has been found, that for comparison of theseesys “there is no correlation between bond length
and bond strength”. It has been suggested (hypodlig), that the reason is hybridization of the
donor lone-pair orbital. “A higher %s character @sila sphybridized donor-orbital more compact

which leads to shorter bonds, but at the same tivaeorbital becomes lower in enerd¥ It is
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necessary to emphasize, that all results showhisnchapter are lack of BSSE corrections. The
calculations of Lewis pairs and FLP taking into@aat BSSE effect are on-going.

Grimme et al.' have performed quite extensive benchmarking catiicuds for PMeBF;
system to find out an example of well describedtiea energy of Lewis pair formation. Results of
this study are compared with our methods screesagcollected together in Fig. 6.6 and Table 6.3
(1-4 methods). The reaction energies (for our ¢atmns we show both — relative enthalpies and

relative total energies) are calculated for reac{®3) shown in Scheme 6.4.

Fe__F F
\P/ + ? . |:>P"“'B—F] (63)
Scheme 6.4Reaction of formation Lewis pair from trimethyigsphine and trifluoroborane.

In addition to our results and results of Grimebal. we have also added to the Fig. 6.6 and Table
6.3 experimental complexation enthalpy of reac{@i). In the literature one can find two different

values of experimentally measured (gas phase onatny) complexation enthalpy of the reaction

(6.3) — one of them, that we use, is -79 kJhfodm Browr®, and another one equal to -190.2 kJ

mol* comes from Mente and Mill§. The latter is totally out of the computationaluks area and

in previous study by Frenkirg al. has been already mentioned to be probably misfaken
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Table 6.3Reaction (6.3) energies obtained at different eeéltheory (presented using total
energies and enthalpies at 298K).

Method Ao Alzse
kJ mor* kJ mol*
1 B97-D/def2-QzVPP//B97-DITZVPP(TZVBY -56.1 0.0
2 MP2/CBS [for CBS: cc-pVTZ--cc-pVQZ]//BI7-DITZVPPZVP) -64.9 0.0
3 SCS-MP2/CBS [for CBS: cc-pVTZ--cc-pVQZ]//B97-D/IVRPP(TZVPYY  -56.9 0.0
4 CCSD(T)/CBS [for CBS: cc-pVTZ--cc-pVQZ])//BI7-DINPP(TZVPIY  -61.1 0.0
5 B3LYP/6-31G(d) -49.2  -44.8
6 B98/6-31G(d) 53.8  -49.2
7  MPW1K/6-31G(d) -66.3  -61.9
8 MPW1K/6-31+G(d) 749  -705
9 B97-D/6-31G(d) 56.4  -51.7
10 B2K-PLYP/G3MP2large//MPW1K/6-31+g(dy -65.0 -60.6
11 B2-PLYP-FLP(c=0.65)/G3MP2large//MPW1K/6-31+G{d) -75.2  -70.8
12 MP2(FC)/aug-cc-pvVDZ -85.2 -80.5
13 MP2(FULL)/aug-cc-pVDZ -89.8  -84.9
14 MP2(FC)/6-31+G(2d,p)//MPW1K/6-31G(d) 711 -66.7
15 MP2(FC)/6-31+G(2d,p)//MPW1K/6-31+G(d) 719  -67.4
16 MP2(FC)/6-31+G(2d,p)//B98/6-31G(d) 700  -65.5
17 MP2(FC)/6-31+G(2d,p)//B97-D/6-31G(d) 715  -66.9
18 MP2(FC)/G3MP2large//MPW1K/6-31+G(d) 69.0 -64.6
19 MP2(FC)/G3large//MPW1K/6-31+G(d) 69.1  -64.6
20 G3B3 69.4  -65.0
21 G3MPWIK(+} -70.0  -65.6
22 Experimenf! -79.0

4B2K-PLYP with bigger contribution of correlation engy from second-order perturbation energy
calculation (c = 0.65 instead of original ¢ = 0.42)

Both benchmarking approaches G3B3 and G3MPW1K(v¢ galues closer to the experimental
datd®, than methods applied by Grimreeal ') Results of MP2/aug-cc-pVDZ (with and without

118



FC approximation) are inferior. Probably the reasomdden in already mentioned (on the example
of PMegBMes;) mistakes of these approaches for geometry opditoiz. From DFT approaches the
MPW1K/6-31+G(d) gives a surprisingly good resultcasnpared to experiment, all other tested
DFT variants fail. Latter coincides with their atids in geometry optimization of studied small
Lewis pairs. Results close to benchmarking appresete obtained with B2K-PLY® and B2K-
PLYP-FLP (B2K-PLYP with enlarged contribution of roelation energy derived from second-
order perturbation energy calculation ¢ = 0.65)esobs using geometries from MPWI1K/6-
31+G(d). Very similar values to benchmarking caltioins are shown by
MP2(FC)/G3MP2large//MPW1K/6-31+G(d) or MP2(FC)/G8le//MPW1K/6-31+G(d). These two
approaches we consider to be the best for seveasbns:

1. The geometry optimization approach is shown tcheebeest.

2. The energy value obtained for model transformatsin good (and the best among all
tested approaches) agreement with benchmarkingiké3dchemes as well as with
experimental data.

3. Producing results close to values from benchmarkagproaches for the model

transformation, these methods are substantiallgpmére

As the next step the frustration energies fortreas (6.4) and (6.5) (Scheme 6.5) have been
calculated using the set of the methods we usedrdyeéxcepting energies obtained from DFT

approaches of geometry optimization.

\ / H, M| Ered ) g / \ M

—p-----B— | + |H=P-----B-H| ——— |H-P-----B— | + | —P-----B—H (6.4)
/ \ H H H \ / H

\ 7 H\ /H EFLP(Z) H\ /F \ 7

—P-----B=F| + |H-P-----B-H|——— |H-P-----B=F | + | —P-----B=H (6.5)
/ F H H H F / H

Scheme 6.5Exchange reaction between Lewis paifs (where R = Me and R=Me or R = F)
andced.

Fig.6.4 and Table 6.4 collect the results of fratstn energy calculations. It is clear to see, thvat
methods MP2(FC)/G3MP2large//MPW1K/6-31+G(d) and NKR2/G3MP2large//MPW1K/6-
31+G(d) are again in the closest agreement withchrearking approach G3MPW1K(+).
Noteworthy there is a discrepancy between G3B3 GABMIPW1K in estimation oEr p(2). This
energy corresponds to the reaction (6.5), wherdPth@F; system is involved, which has been in

detail discussed due to its particular properthdoe two minima on the potential energy surface.
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We knowingly took for thi€Eg p(2) calculation the first minimum (~2.3 A) sincebiétter correlates
with the experiment. Since in G3B3 the B3LYP/6-3dcgeometries are used, and this level of
theory is not able to describe the first minimurhe tdiscrepancy presents. The fact of this
discrepancy shows us again how it is important take reasonable geometries for calculations of
Lewis pairs frustration energieBhe methods based on MPW1K/6-31+G(d) geometrieslarays
able to locate both minima. For the GAMPW1K(+) lethee Er p(2) is also calculated for the
second minima (~2.9 A) and it is also shown in Big. 6.8. TheEr.p(2) related to the second
minimum is indeed close to the G3B3 value, pointimg reason of discrepancy between G3B3 and
G3MPW1K(+).

At the benchmarking approach of GAMPW1K(+) tep(1) andEg p(2) (first minimum)
amount to -2.0 and -2.9 kJ riotespectively. These small magnitudes show quéintts that

there is no substantial frustratedness in the sithied systems, as it was expected.
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Fig. 6.8. Frustration energie€r p(1) and Er p(2) for reactions (6.4) and (6.5) respectively

(presented as enthalpies at 298K) obtained atrdiffdevels of theory.
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Table 6.4. Frustration energiegr p(1) and Erp(2) for reactions (6.4) and (6.5) respectively
(presented as enthalpies at 298K) obtained atrdiitdevels of theory.

Method Erip(1) Erp(2)
1 MP2(FC)/aug-cc-pVDZ 4.9 4.6
2 MP2(FULL)/aug-cc-pVDZ 5.9 5.3
3 MP2(FC)/6-31+G(2d,p)//B98/6-31G(d) -1.6 -10.4
4 MP2(FC)/6-31+G(2d,p)//IMPW1K/6-31G(d) -1.9 -10.3
5 MP2(FC)/6-31+G(2d,p)//IMPW1K/6-31+G(d) 2.1 -1.7
6 MP2(FC)/6-31+G(2d,p)//B97-D/6-31G(d) -1.0 -13.4
7 B2K-PLYP/G3MP2large//MPW1K/6-31+g(d) -5.9 2.7
8 G3B3 -1.6 -16.1
9 G3MPW1K(+) -2.0 2.9
10 B2-PLYP-FLP(c=0.65)//MPW1K/6-31+G(d) 2.1 1.4
11 MP2(FC)/G3MP2large//MPW1K/6-31+G(d) -0.6 -2.8
12 MP2(FC)/G3large//MPW1K/6-31+G(d) -0.6 -2.8

6.3. Conclusions

A computational approach for the treatment of Lepasr systems is suggested. The approach is
selected with the goal to use it in further studieslarge frustrated Lewis pair systems, with
consideration of delicate geometrical propertied ®ivis pairs, the necessity to give high quality
thermochemical predictions and limitation to be pomationally affordable cheap. The
MP2(FC)/G3MP2large//MPW1K/6-31+G(d) level of the@mgems to satisfy all requirements. The
studies of FLP systems can now be extended to Ersfems. For a theoretical description of FLP
systems we suggest calculation of the “frustratgmergy” as energy of the exchange reaction
between the FLP PHRB(R?); and unbiased reference systemsBH relying on the proposed

level of theory.
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7. Theoretical Studies of the Acylation Reaction Catgized by
DMAP With Participation of Aryl Derivatives

7.1.Introduction.
A fundamental mechanistic study of the DMAP-cataly acylation reaction of

alcohols has been published by the Zipse dtbufhe reaction to study has been chosen the
acetylation oftert-butanol by acetic anhydride in the presence of BMAwo hypothetically
competing mechanisms have been compared: nucleo@mnitl the general base catalysis

pathways. Both pathways are shown in Fig. 7.1
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Fig.7.1 Gas-phase enthalpy profilaH.gg) for the competing nucleophilic and base catalysis
mechanisms in the DMAP-catalyzed reaction of aceinhydride withtert-butanol as

calculated at the B3LYP/6-311+G(d,p)//B3LYP/6-31@lel of theory.
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The nucleophilic catalytic cycle includes formatiohan acetylpyridinium cation of DMAP
and then its reaction with the alcohol (the rateedeining step). The general base catalysis
goes via transition stat For the studied case tet-butanol and acetic anhydride the latter
mechanism has been found to be much less favouttadotethe nucleophilic catalytic cycle.
Another system has been also applied for analoglulations — it is reaction between
racemic 1-(1-naphtyl)ethanol with isobutyric anhgdr catalyzed by chiral derivative of
DMAP.? The aims of this study were an investigation ofreioselectivities of chiral
DMAP-catalysts and checking whether previously stgd mechanism stay relevant with
changing of the system. The conclusions about nmstmawere similar to the preceding
study. However, the first step of the acetylpyndm cation formation in the nucleophilic
catalytic cycle has been found to have slightlgéaractivation energy as compared to the
second step. The nucleophilic pathway still hasneeind preferable. It has been recently
found for desymmetrization of cyclioeso-anhydrides by chiral amino alcohols that the base-
catalyzed pathway, on the contrary, becomes pigitess compared to nucleophifit Other
examples of comparison nucleophilis. base-catalysis, where the last one can be a
favourable, have been also shd#Thus, depending on the system, one or the ottty

is preferable, and within the nucleophilic pathwiag transition states can exchange the rate-
determining nature.

In this chapter of the present work we show resaft@ computational study for
benzyl alcohol and benzoic acid anhydride in thespnce of DMAP. To the best of our
knowledge the aryl derivatives from the side ofaaglation agent have not yet been applied
in mechanistic studies. We have compared bothytatgdathways with background reaction
(no catalyst is involved) and studied the influemfelonor and acceptor substituents in the
aromatic ring of the reacting alcohol. In ordebtconsistent with the previous stuffiese
have chosen to use the same level of theory: B3&8R1+G(d,p)//B3LYP/6-31G(d)//OPLS-
AA.

7.2. The Background Reaction

In contrast to the previous studies in the fiefdthee catalyzed acylation reactions
mechanismt*? the background (uncatalyzed) reaction is also showthe present work.
Surprisingly, there are only few theoretical stgditor the uncatalyzed esterification
reaction’® Kruger has studied acylation of methanol by acetibydride at the MP2/6-
31+G(d,p) level’? It has been suggested that the reaction proceenisgh a six-membered
ring transition state. Aminolysis of succinic anhge has been studied theoretically (MP2/6-
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311++G(d,p)//B3LYP/6-311++G(d,p) and CCSD(T)/6-3tl{4#B3LYP/6-311++G(d,p)) by
Leszczynskiet al.®™® The authors have compared a concerted mechanism stépwise
pathways. The concerted pathway has been foune tordferable. In the present work the
concerted pathway is involved in the calculatioavihg in mind that the stepwise is possible
but less preferable.

The background reaction pathway is plotted in Fig.by using the relative enthalpies
at 298K (the enthalpies are collected in Table.ANl¢ have chosen enthalpies and not free

energies in order to be consistent with the previtudies in this ard4?

Table 7.1 Relative enthalpies (kJ mb)l for stationary points (best conformations, X = H)
located on the potential energy surface at B3LYRU6+G(d,p)//B3LYP/6-31G(d) level.
AHa9s(gas phase)
Background reaction (uncatalyzed)

3+4 0.0
5 -16.5
6 +67.9
7 -78.4
8+9 -65.7

100 +

80 ~

AH,qg, kJ molt
AN NOA
o o o o o

| | | 1 1

o
o
I

-80 -

-100 -

Fig. 7.2Gas-phase enthalpy profilaH,9g) for the uncatalyzed acylation of benzyl alcohol
with benzoic anhydride as calculated at the B3LY®L&+G(d,p)//B3LYP/6-31G(d) level of
theory.
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The system forms a reactant complex and then, sie-membered-ring transition state, goes
finally to the product complex. The barrier relativo the reactant complex is found to be 84.4

kJ mol™.

7.3.Nucleophilic Catalysisvs. Base Catalysis

In order to check whether in the case of our sydtee reaction mechanism is similar
to that in the previously studied systems, calooeat include both modes of catalysis. The
results are shown in Fig. 7.3 using relative emiiesl at 298 K (the enthalpies are collected in
Table 7.2).

Table 7.2Relative enthalpies (kJ mib)l for stationary points (best conformations) lodabe
the potential energy surface at B3LYP/6-311+G(¢B3JLYP/6-31G(d) level.
AHjgs(gas phase)

Nucleophilic catalysis

3+4+10 0.0
11 -42.2
12 +33.7
13 +7.5
14 +20.1
15 -114.0
8+9+10 -65.7
Base catalysis (concerted)

3+4+10 0.0
11 -42.2
16 +38.7
15 -114.0
8+9+ 10 -65.7
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Fig. 7.3Gas phase enthalpy profil&Hgs) for the competing nucleophilic and base catalysis
mechanisms in the DMAP-catalyzed reaction of benaohydride with benzyl alcohol as
calculated at the B3LYP/6-311+G(d,p)//B3LYP/6-31E@lel of theory. Enthalpies
represent the case of X = H.

The nucleophilic pathway starts from reactant caxpll and via TS12 yields the
intermediatel3, a loose complex between acetylpyridinium catiodMAP and a complex
of benzoate and benzyl alcohol. This loose comffier continues through T8l to form the
stable product comple¥b. If the base catalysis pathway is chosen, themehetant complex
11 goes through T&6 and finally falls into the same product compléx As before the most
important conclusions can be immediately drawn ftbenresults shown in Fig. 7.3:
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* The difference between nucleophilic and base csitalyathways is not significant -
the nucleophilic catalysis is found to be only 5md* more preferable.

* The first step of the nucleophilic catalysis pathwsathe rate-determining step instead
of the last step. This is in contrast to the reactof tert-butanol with acetic
anhydridé! but similar to the reaction of 1-(1-naphtyl)etharwith isobutyric
anhydride?

7.4.The Influence of Donor and Acceptor Substituents irthe Aromatic Ring of the

Alcohol

We have studied the influence of the substitutiop-position of the alcohol aromatic
ring. In order to avoid expensive transition stapgimizations and assuming unsubstantial
changes of the geometries varying the substituemet, suggest the following “cheap”
computational scheme:

1. Substitution of -H to -R (here -NOor -CHg) in the agreed position of important
stationary points (the best conformations of T®&sctants and products). We have
used two of the best conformations. If the stabilirder was changed in the
B3LYP/6-311+G(d,p)//B3LYP/6-31G(d) single-point calations as compared with
the B3LYP/6-31G(d) geometry optimization, then wavé used two of the best
conformations after single-point as well as two tbé best after the geometry
optimization.

2. Optimization with constrains (we freeze the disemndn the reacting part of the
transition states. The frozen bonds are shown dhgour in Fig 7.2 and 7.3).

3. Single point calculations at the B3LYP/6-311+G(4R3LYP/6-31G(d) level.

In Fig. 7.4 we show the changes in the total enbayyiers for the background reaction, the

first and second transition states of the nucldaplpathway, and for the base-catalyzed

pathway, respectively. The relative total energiesalso collected in Table 7.3.
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Fig. 7.4Reaction barriers for uncatalyzed and DMAP-catdlyacylation op-substituted
benzyl alcohol by benzoic anhydride.

Table 7.3Relative total energies (kJ milfor stationary points (best conformations) lodate
on the potential energy surface at B3LYP/6-311+@(B3LYP/6-31G(d) level with X = H.
For X = CH3 and NO2 energies of products, reactantstransition states are shown.

X=H AE (gas phase) X = CHj; AE (gas phase) X =NO, AE (gas phase)

Background reaction (uncatalyzed)

3+4 0.0 3c+4 0.0 3n+4 0.0
5 -22.7

6 +69.1 6¢C +68.2 6n +73.8
7 -88.6

8+9 -68.3 8c+9 -69.3 8n+9 -62.6
Nucleophilic catalysis

3+4+10 00 3c+4+10 00 3n+4+10 0.0
11 -54.8

12 +23.1 12c +23.9 12n +14.3
13 -6.5

14 +21.5 1l4c +23.0 14n +11.8
15 -128.2

8+9+10 -68.3 8c+9+10 -69.3 8n+9+10 -62.6
Base catalysis (concerted)

3+4+10 00 3c+4+10 00 3n+4+10 0.0
11 -54.8

16 +35.3 16¢C +36.3 16n +30.7
15 -128.2

8+9+10 -68.3 8c+9+10 -69.3 8n+9+10 -62.6

Moving from donor substituent to acceptor substitsen the benzyl alcohol reactant, the

background reaction barrier is increasing, whilectn barriers for all catalyzed pathways
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systematically decrease. For all three alcoholsittiéeophilic catalysis mechanism is slightly
more preferable than the base-catalyzed and witl@mucleophilic pathway the first step is
the rate-determining. Trying to explain the effetthe substituent plotted in Fig. 7.4 we have
calculated the overall charges (NPA/B3LYP/6-311+@) don the alcohol moiety in the
transition state of the background reaction antherate-determining transition state of the
nucleophilic catalysis reaction.

Table 7.4 The overall charge (e) on the alcohol moiety lie transition states of the
background and catalyzed reactions calculated af/BBR.YP/6-311+G(d,p)//B3LYP/6-
31G(d) level of theory.

Alcohol Background reaction Nucleophilic Nucleophilic
TS 16 catalysis TS12 catalysis TS24
Ph ~n
X >G )Eph = Ve
g H-0 L N o
1411 N | Iy
%\i‘vL,\}?O \ -
. \ {;" // Y
X Phﬁ(\) O %2087
H- O Ph
o)
X =
X
X
CHjs +0.204 -0.010 -0.025
H +0.201 -0.024 -0.022
NO, +0.188 -0.019 -0.048

In the case of the background reaction change efotlerall charge on the alcohol moiety
coincides with the change of the reaction. Theibais getting smaller, while the overall
charge is increasing. For the case of first tréotsistate in the nucleophilic pathway the
magnitude of the overall charge on alcohol stagseckto zero (~20 times smaller than for the
background reaction case), and there is no straegdependence between the charge and the
barrier. In the transition state of the backgrovealction, the alcohol is in close contact with
the anhydride. It donates concerting the hydrogeh accepts the benzoic group, though in
the 12 the alcohol role leads to the hydrogen bond foienatdue to this its overall charge is
close to zero. In the second transition state @fitincleophilic pathwag4 the alcohol overall
charge is bigger, than in tH2 but substantially smaller as compared to backgtoeaction
TS 16, though the role of the alcohol moiety is similatboth14 and background reaction TS

16. On the whole, the charge transfer within the laddds substantially bigger for background
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TS comparing to the catalyzed pathway. The higlverall charge of the alcohol moiety is
(the larger charge transfer inside of the transiitate is), the smaller the barrier is.

In Fig. 7.5 we show the differences between bacakuiloreaction and catalyzed
reaction barriers for three studied systems. Itlmarseen from Fig, 7.5 that the difference is
increasing with increasing of electron acceptirfgatf This can also be interpreted in the way
that catalyst works most effectively for the arommatcohol with an acceptor substituent in
the aromatic ring and least effectively if the dithent has donor character.

70

59.5

p-CH3 H p-NO2

Fig. 7.5Differences between barriers of uncatalyzed analyz¢d reactions for three studied
systems.
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7.5.Conclusions
As a whole our study continues the series of theksvin the topic of the mechanism of
DMAP derivatives catalyzed acylation reactionstiealarly we have found:

» Similar to the previously studied acylation reaciavherdert-butanol and racemic 1-
(1-napthyl)ethanol have been acylated by aliphatbydrides in the presence of
DMAP derivatives, the nucleophilic mechanism is enéavourable than the general
base mechanism for the presently studied DMAP yzddl reaction of aromatic
alcohols with benzoic acid anhydride. But in thastdr case the difference between
nucleophilic and base catalysis becomes much smalle

e There is a substantial influence of the substituerthe para-position of the alcohol
aromatic ring. For an acceptor substituent theetbfice between background and
catalyzed reaction (the “performance of cataly@”pigger than in the unsubstituted
benzyl alcohol and for donor substituent this défece is the smallest.
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General Conclusions
(1) A reliable scheme for the prediction 8P NMR chemical shifts of large phosphorus

containing molecular systems in solution has beemeldped. The suggested strategy
involved NMR shift calculations at the GIAO-MPW1K&A. 1++G(2d,2p)//MPW1K/6-31G(d)
level in combination with a dual solvation modetlirding the explicit consideration of single
solvent moleculesvide Fig. 8.1) and a continuum (PCM) solvation modek Wave found
that Boltzmann averaging over all accessible conétions in solution is essential folP
NMR shift predictions. We have explored that fon ipairs, such as those involving

phosphonium salts, the consideration of the fudtamy (inclusion of counterion) is necessary.

a9 3 9
% %
w ) 71.923
aJ\ ’J\? iiJ J J ‘HME; j“j ?
H : ’ J
9 S:OSJ«;JJA# R JJ) 3‘}‘? 9
P . 7 1
J 9 7

Fig. 8.1Energetically most favorable complexes of P&tmd OPPhwith CHCL as obtained -
at the MP2(FC)/6-31+G(2d,p)//MPW1K/6-31G(d) levétimeory.

The validity of the suggested scheme has beendtastethe MBH reaction. For the
experimentally detected phosphonium salt, formedavside reaction of MBH, théP NMR
chemical shift is predicted with experimental aeoyrof less than 1 ppm error. THE NMR
chemical shifts of the key zwitterionic intermediaif MBH as well as its isomeric ylid are
predicted. A model of co-behaviour between catalgstcatalyst, Michael acceptor and

solvent during the possible side reaction of th@sphonium intermediate formation is

suggested.
S0
5
2%
293,
2 Jﬁ *

Fig. 8.2 Structures of the most stable complexes betweesgttonium salt (side product of
MBH reaction) and chloroform.
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(2) The catalytic cycle of the MBH reaction is sedlin detail for the triphenylphosphane-
catalyzed coupling of methyl vinyl ketone wigiachlorobenzaldehyde in the presencepof

nitrophenol as a co-catalyst in tetrahydrofurane Thtalytic cycle has been compared with
possible side reactions. It has been shown that ieea probability for reaction to be trapped
in very stable intermediates due to protonatiorctycatalyst. Such dual role of co-catalyst
(assistance and disturbance) explains the expetainemidence of strong interdependence
between MBH reaction rate and concentration ofatalgst. The resulting energy diagram of

the cycle is shown in Fig. 8.3 as relative freergi@s (AG,gs tHp VS. reaction coordinate
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Fig. 8.3 The reaction free energy profileAGaesthp calculated at the MP2(FC)/6-
31+G(2d,p)//IMPW1K/6-31+G(d) level of theory withditional consideration of solvent at
PCM(THF)/UAHF/RHF/6-31G(d) level. All found confomtions are shown. The
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diastereomeric pathways are shown in black col&8)(and in red colour (RR). In blue
colour the side reactions of protonation and yatian are shown.

(3) The protonation/deprotonation equilibrium betwehe first key intermediate of the MBH
catalytic cycle, the phosphonium species formedftbis intermediate and an ylid formed
from the phosphonium intermediate has been stuidietktail. On the K, scale shown in
Scheme 8.1 the phosphonium intermediate of the MBEKction is compared witlp-
nitrophenol (polular MBH reaction co-catalyst), psopanol (system similar to the MBH
reaction product), reference systems for tg galculations and DMSO (solvent used for the
pK, calculations). The results explain experimentasepbations of side products, whose
formation interferes with the MBH processes. Thiewdations of acidity properties have been
extended to a series of catalysts and substramsirgly potential of the catalyst/substrate
combination to be “good”, giving more catalytic tyentermediate and less side products, or

“pbad” if the situation is reversed.

OH
' @ Ph @ Y |C|)

2 15 \ 13 12

[ I [ I I I I I I I [ I
0 10 20 . 30 40

pK, (DMSO)

Scheme 8.1The K, scale.

(4) We have applied the methyl cation affinity aggarth (MCA) as a descriptor of catalytic
activity for a series of phosphanes, including opblane-substituted phosphanes and
cyclophosphanes. The obtained MCA values can be ase guideline for the optimization
of phosphane-catalyzed organocatalytic transfoonati e.g. the MBH reaction. A new
descriptor of catalytic activity is suggested foBMI reactions: XKA (“X"-Ketone Affinity) is
the affinity of a catalyst to the MBH-substrate {*Ketone). The XKA and its particular case
MVKA (Methyl Vinyl Ketone Affinity) work well for arough estimate of the efficiency for
chosen catalyst/substrate combinations. The F#.cBllects in the graphical manner the
MVKA values for one of the studied family of catsly (so called bifunctional phosphane
catalysts BPC).
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Fig. 8.4The MVKA scale of the BPC family.

(5) A computational approach for the treatment efvls pair systems is suggested. The
proposed MP2(FC)/G3MP2large//IMPW1K/6-31+G(d) apploa accurately reflects
geometries and energies of the Lewis pairs everdomplicated cases with multiple minima
on the potential energy surfaces (for the;BiH system two minima have been located, as it
is shown in Fig. 8.5). At the same time this metimdomputationally economical enough to
be applicable even to large real-life systems abthated Lewis pairs. For a theoretical
description of FLP systems we suggest the calauaif “frustration energy” as the energy of
the exchange reaction between the FLP'RERR?); and unbiased reference system;Bi

relying on proposed level of theory.
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Fig. 8.5Potential energy curves for the interaction ogMith BF; computed at MP2(FC)/6-
311++G(d,p) level.
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(6) In continuation of the series theoretical stgdin catalyzed esterification processes
performed by the Zipse group, we have studied tM&ABP-catalyzed acylation of aromatic
alcohols by benzoic anhydride. In contrast to presistudies we apply an aromatic acylation
agent and compare not only the catalyzed pathwéiseach other, but also with uncatalyzed
background reaction. The situation of competinglenghilic and base-catalyzed pathways
has been discussed. The effect of the substitutigrara-position of aromatic alcohol has
been studied. The catalyzed reaction profile ferdhse of unsubstituted alcohol is shown in
Fig. 8.6.
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Fig. 8.6 Gas phase enthalpy profilaH-,gg) for the competing nucleophilic and base catalysis
mechanisms in the DMAP-catalyzed reaction of benawihydride with benzyl alcohol as
calculated at the B3LYP/6-311+G(d,p)//B3LYP/6-31§5(tkvel of theory. Enthalpies
represent case of X = H.

139



9. Appendix

9.1. General Details

All calculated data (shielding values, total enesgiree energies, enthalpies etc) are collected
here. The quantum chemical calculations have begformed with Gaussian0%.The force

field calculations have been performed with TINKERnd MACROMODEL?

1 J. W. PonderTINKER; 4.2 ed., 2004.

2 Schrédinger, LLC.MacroModd 9.7, 2009.

3 Gaussian 03, Revision D.01, M. J. Frisch, G. WcksH. B. Schlegel, G. E. Scuseria, M. A.
Robb, J. R. Cheeseman, J. A. Montgomery, Jr., €v&f, K. N. Kudin, J. C. Burant, J. M.
Millam, S. S. lyengar, J. Tomasi, V. Barone, B. Macoci, M. Cossi, G. Scalmani, N. Rega,
G. A. Petersson, H. Nakatsuji, M. Hada, M. EharaTHyota, R. Fukuda, J. Hasegawa, M.
Ishida, T. Nakajima, Y. Honda, O. Kitao, H. Nakdl, Klene, X. Li, J. E. Knox, H. P.
Hratchian, J. B. Cross, V. Bakken, C. Adamo, Jaddto, R. Gomperts, R. E. Stratmann, O.
Yazyev, A. J. Austin, R. Cammi, C. Pomelli, J. Weh@erski, P. Y. Ayala, K. Morokuma, G.
A. Voth, P. Salvador, J. J. Dannenberg, V. G. Zakski, S. Dapprich, A. D. Daniels, M. C.
Strain, O. Farkas, D. K. Malick, A. D. Rabuck, Kaghavachari, J. B. Foresman, J. V. Ortiz,
Q. Cui, A. G. Baboul, S. Clifford, J. Cioslowski, B. Stefanov, G. Liu, A. Liashenko, P.
Piskorz, I. Komaromi, R. L. Martin, D. J. Fox, Tekh, M. A. Al-Laham, C. Y. Peng, A.
Nanayakkara, M. Challacombe, P. M. W. Gill, B. Jetm W. Chen, M. W. Wong, C.
Gonzalez, and J. A. Pople, Gaussian, Inc., WallircgCT, 2004.

9.2. Calculated Data for Chapter 2: Shielding Valus, Total Energies, Free Energies

16

Level of theory Shielding, ppm
MPW1K/6-311+G(d,p) 346.9819
B98/6-311+G(d,p) 323.3616
B3LYP/6-311+G(d,p) 305.7122
HF/6-311+G(d,p) 379.9194
MP2/6-311+G(d,p) 362.4713
MPW1K/6-311++G(2d,2p) 337.0432
MPW1K/IGLOIII 342.6872
MPW1K/3-21G 504.5147
MPW1K/6-31G(d) 403.1655
MPW1K/6-311++G(2d,2p) + PCM(CHGUAHF) 337.3980
MPW1K/6-311++G(2d,2p) + PCM(CHGUAKS) 337.4117
MPW1K/6-311++G(2d,2p) + PCM s, UAHF) 337.3727
MPW1K/6-311++G(2d,2p) + PCM s, UAKS) 337.3857
MPW1K/IGLOIII + PCM(CHCEL,UAHF) 343.0746
MPW1K/IGLOIIl + PCM(CHCEL,UAKS) 343.0750
MPW1K/IGLOIII + PCM(CsHg,UAHF) 343.0124
MPW1K/IGLOIII + PCM(CsHg, UAKS) 343.0147
1*CHCl; 1

Level of theory Shielding, ppm
MPW1K/6-311++G(2d,2p) 336.8437
MPW1K/IGLOIII 342.6131
MPW1K/6-311++G(2d,2p) + PCM(CHgEUAHF) 336.7176
MPW1K/6-311++G(2d,2p) + PCM(CHGUAKS) 336.6920
MPW1K/IGLOIII + PCM(CHCEL,UAHF) 342.6838
MPW1K/IGLOIIl + PCM(CHCEL,UAKS) 342.6780
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1*CHCl 3 2

Level of theory Shielding, ppm
MPW1K/6-311++G(2d,2p) 334.7652
MPW1K/IGLOIII

MPW1K/6-311++G(2d,2p) + PCM(CHGUAHF) 334.6193
MPW1K/6-311++G(2d,2p) + PCM(CHGUAKS) 334.6221

MPW1K/IGLOIIl + PCM(CHCEL,UAHF)
MPW1K/IGLOIIl + PCM(CHCI,UAKS)

MPW1K/6- MP2(FC)/6-31+G(2d,p)/MPW1K/6-31G(d) +

311++G(2d,2p) + PCM/UAHF/MPW1K/6-311++G(2d,2p)

PCM/UAHF/MPW1K/6-

311++G(2d,2p)

Shielding, ppm Bt »G" 208, ga »G" 208,cHel:
1*CHCI 3 1 336.7176 -2451.298781 -2451.055107 -2451.043044
1*CHCI; 2 334.6193 -2451.295285 -2451.052558 -2451.040463
<> = 336.5897 ppm
1*CgHg_1
Level of theory Shielding, ppm
MPW1K/6-311++G(2d,2p) 335.7529
MPW1K/IGLOIII 341.6665
MPW1K/6-311++G(2d,2p) + PCMEls, UAHF) 335.7325
MPW1K/6-311++G(2d,2p) + PCMEls, UAKS) 335.7386
MPW1K/IGLOIIl + PCM(CGsHg, UAHF) 341.7266
MPW1K/IGLOIIl + PCM(CGsHg,UAKS) 341.7323
1*CgHe_2
Level of theory Shielding, ppm
MPW1K/6-311++G(2d,2p) 333.6551
MPW1K/IGLOIII
MPW1K/6-311++G(2d,2p) + PCM{Els,UAHF) 333.7080

MPW1K/6-311++G(2d,2p) + PCM{ls,UAKS)
MPW1K/IGLOIII + PCM(CsHs, UAHF)
MPW1K/IGLOIII + PCM(CsHs, UAKS)

MPW1K/6- MP2(FC)/6-31+G(2d,p)/MPW1K/6-31G(d) +

311++G(2d,2p) + PCM/UAHF/MPW1K/6-311++G(2d,2p)

PCM/UAHF/MPW1K/6-

311++G(2d,2p)

Shielding, ppm kit nG" 298, ga »G" 208 cHci:
1*CeHg_1 335.7325 -1265.382840 -1265.055205 -1265.046041
1*CeHg_2 333.7080 -1265.383835 -1265.056668 -1265.045672
<> = 334.9158 ppm
2.1G
Level of theory Shielding, ppm
MPW1K/6-311+G(d,p) 319.7633
B98/6-311+G(d,p) 307.4676
B3LYP/6-311+G(d,p) 292.8302
HF/6-311+G(d,p) 351.0237
MP2(FC)/6-311+G(d,p) 336.2062
MPW1K/6-311+G(2d,p) 308.0225
MPW1K/6-311+G(2df,2pd) 307.1925
MPW1K/3-21G 481.4436
MPW1K/6-31G(d) 371.5699
MPW1K/6-311++G(2d,2p) 308.0144
MPW1K/6-311++G(2d,2p) + PCM(CHGUAHF) 306.4356
MPW1K/6-311++G(2d,2p) + PCM(CHGUAKS) 306.2551
MPW1K/6-311++G(2d,2p) + PCM(¢Els,UAHF) 307.0724
MPW1K/6-311++G(2d,2p) + PCM({Els,UAKS) 306.9890
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MPW1K/IGLOIII 312.4864

MPW1K/IGLOIII + PCM(CHCEL,UAHF) 308.9998
MPW1K/IGLOIII + PCM(CHCEL,UAKS) 310.7379
MPW1K/IGLOIIl + PCM(CGsHg, UAHF) 311.5517
MPW1K/IGLOIIl + PCM(CGsHg,UAKS) 311.4672
22G
Level of theory Shielding, ppm
MPW1K/6-311+G(d,p) 320.9482
B98/6-311+G(d,p) 308.9801
B3LYP/6-311+G(d,p) 294.3596
HF/6-311+G(d,p) 352.6781
MP2(FC)/6-311+G(d,p) 337.2729
MPW1K/6-311++G(2d,2p) 308.4744
MPW1K/IGLOIII 312.9412
MPW1K/3-21G 484.0238
MPW1K/6-31G(d) 372.7677
MPW1K/6-311++G(2d,2p) 308.4744
MPW1K/6-311++G(2d,2p) + PCM(CHgUAHF) 305.3405
MPW1K/6-311++G(2d,2p) + PCM(CHEUAKS) 306.9241
MPW1K/6-311++G(2d,2p) + PCM(¢Els,UAHF) 307.6548
MPW1K/6-311++G(2d,2p) + PCM({Els,UAKS) 307.5553
MPW1K/IGLOIII 312.9412
MPW1K/IGLOIIl + PCM(CHCI3,UAHF) 311.5801
MPW1K/IGLOIIl + PCM(CHCI3,UAKS) 311.4219
MPW1K/IGLOIII + PCM(CsHg,UAHF) 312.1449
MPW1K/IGLOIII + PCM(CgHg, UAKS) 312.0409

MPW1K/6-311++G(2d,2p)//IMPW1K/6-31G(d) MP2(FC)/6-3%(2d,p)/MPW1K/6-

31G(d)

Chemical shift, ppm (relative to Ph Eiot G 208, ga
21 24.3 -1108.914974 -1108.673297
2 2 23.9 -1108.915735 -1108.673065
<6>=24.1 ppm

MPW1K/6-311++G(2d,2p) + MP2(FC)/6-31+G(2d,p)/MPW1K/6-31G(d) +

PCM/UAHF/MPW1K/6- PCM/UAHF/MPW1K/6-311++G(2d,2p)

311++G(2d,2p)

Chemical shift, ppm (relative toE, »G" 298, gas »G" 208 cHCI3

PPh)
21 26.3 -1108.914974 -1108.673297 -1108.672978
2 2 27.4 -1108.915735 -1108.673065 -1108.672204
<6> = 26.6 ppm

MPW1K/6-311++G(2d,2p) + MP2(FC)/6-31+G(2d,p)/MPW1K/6-31G(d) +

PCM/UAHF/MPW1K/6- PCM/UAHF/MPW1K/6-311++G(2d,2p)

311++G(2d,2p)

Chemical shift, ppm (relative toE »G" 208, gas »G" 208,C6H6

PPh)
21 26.2 -1108.914974 -1108.673297 -1108.671161
2 2 27.3 -1108.915735 -1108.673065 -1108.670563
<6> = 26.6 ppm
2*CHCI 3
Level of theory Shielding, ppm
MPW1K/6-311++G(2d,2p) 302.9821
MPW1K/IGLOIII 306.9763
MPW1K/6-311++G(2d,2p) + PCM(CHgUAHF) 302.2425
MPW1K/6-311++G(2d,2p) + PCM(CHEUAKS) 302.2417
MPW1K/IGLOIIl + PCM(CHCE,UAHF) 306.2497
MPW1K/IGLOIIl + PCM(CHCEL,UAKS) 306.2487
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2*CeHg

Level of theory Shielding, ppm
MPW1K/6-311++G(2d,2p) 305.4242
MPW1K/IGLOIII 309.7354
MPW1K/6-311++G(2d,2p) + PCM s, UAHF) 304.8235
MPW1K/IGLOIII + PCM(CsHg, UAHF) 309.1385

3

Level of theory Shielding, ppm
MPW1K/6-311+G(d,p) 588.6318
MPW1K/6-311++G(2d,2p) 586.2645
MPW1K/IGLO-III 592.0708
HF/6-311++G(2d,2p) 595.2526
B98/6-311++G(2d,2p) 577.3875
B3LYP/6-311++G(2d,2p) 568.2426
MP2/6-311++G(2d,2p) 611.7305

4

Level of theory Shielding, ppm
MPW1K/6-311++G(2d,2p) 194.0557
MPW1K/IGLO-III 207.9761

5

Level of theory Shielding, ppm
MPW1K/6-311++G(2d,2p) 73.7237
MPW1K/IGLO-III 80.7244

6

Level of theory Shielding, ppm
MPW1K/6-311++G(2d,2p) 397.9419
MPW1K/6-311+G(d,p) 409.5647
MPW1K/IGLO-III 401.9422
HF/6-311++G(2d,2p) 435.2273
B98/6-311++G(2d,2p) 384.0079
B3LYP/6-311++G(2d,2p) 366.9421
MP2/6-311++G(2d,2p) 427.8159

71

Level of theory Shielding, ppm
MPW1K/6-311++G(2d,2p) 317.6473

72

Level of theory Shielding, ppm
MPW1K/6-311++G(2d,2p) 316.7730

73

Level of theory Shielding, ppm
MPW1K/6-311++G(2d,2p) 315.6641

7 4

Level of theory Shielding, ppm
MPW1K/6-311++G(2d,2p) 318.1632

75

Level of theory Shielding, ppm
MPW1K/6-311++G(2d,2p) 315.8336

76

Level of theory Shielding, ppm
MPW1K/6-311++G(2d,2p) 322.2977
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77

Level of theory

Shielding, ppm

MPW1K/6-311++G(2d,2p)

311.6041

MPW1K/6-311++G(2d,2p)//MPW1K/6-31G(d)

MP2(FC)/6-8a(2d,p)//MPW1K/6-31G(d)

Chemical shift, ppm Chemical shift, ppm Eq »G" 208, gas
(relative to PH) (relative to PP§)

71 25172 14.7 -695.337277 -695.082770
73 3.3915 15.6 -695.336113 -695.080627
75 4.5004 16.7 -695.334107 -695.080404
7.2 2.0013 14.2 -695.335158 -695.080115
7_4 4.3309 16.5 -695.334409 -695.080070
77 -2.1332 10.0 -695.332921 -695.076711
76 8.5604 20.7 -695.331065 -695.076146
<8>=14.9 ppm (relative to PPh3)
<6> = 2.8 ppm (relative to PH3)
8 1
Level of theory Shielding, ppm
MPW1K/6-311++G(2d,2p) 164.2884
8 2
Level of theory Shielding, ppm
MPW1K/6-311++G(2d,2p) 167.6754
8 3
Level of theory Shielding, ppm
MPW1K/6-311++G(2d,2p) 191.2445
8 4
Level of theory Shielding, ppm
MPW1K/6-311++G(2d,2p) 145.5871
85
Level of theory Shielding, ppm
MPW1K/6-311++G(2d,2p) 199.1895

MPW1K/6-311++G(2d,2p)//MPW1K/6-31G(d) MP2(FC)/6-33(2d,p)/MPW1K/6-31G(d)

Chemical shift, ppm (relative to Ph G 208, ga
81 168.1 -685.411875 -685.316081
8 2 164.7 -685.413133 -685.315107
8 3 141.1 -685.410670 -685.312847
8 4 186.8 -685.408176 -685.310219
85 133.2 -685.404419 -685.303744
<8> = 166.6 ppm (relative to PBh
8 1*CHCI3 1
Level of theory Shielding, ppm
MPW1K/6-311++G(2d,2p) + PCM(CHCI3,UAHF) 165.5506
8 2*CHCI; 1
Level of theory Shielding, ppm
MPW1K/6-311++G(2d,2p) + PCM(CHCI3,UAHF) 166.3742
8 4*CHCI3 1
Level of theory Shielding, ppm
MPW1K/6-311++G(2d,2p) + PCM(CHCI3,UAHF) 146.8236
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8 1*CHCl, 2

Level of theory Shielding, ppm
MPW1K/6-311++G(2d,2p) + PCM(CHCI3,UAHF) 169.6337

8 3*CHCI; 1

Level of theory Shielding, ppm
MPW1K/6-311++G(2d,2p) + PCM(CHCI3,UAHF) 190.3348
8_3*CHCl;_2

Level of theory Shielding, ppm
MPW1K/6-311++G(2d,2p) + PCM(CHCI3,UAHF) 193.5683
8_4*CHCl;_2

Level of theory Shielding, ppm
MPW1K/6-311++G(2d,2p) + PCM(CHCI3,UAHF) 152.2356

8 5*CHCI;_ 2

Level of theory Shielding, ppm
MPW1K/6-311++G(2d,2p) + PCM(CHCI3,UAHF) 201.0740

MPW1K/6-
311++G(2d,2p)
PCM/UAHF/MPW1K/6-
311++G(2d,2p)

MP2(FC)/6-31+G(2d,p)//MPW1K/6-31G(d)
+ PCM/UAHF/MPW1K/6-311++G(2d,2p)

Chemical shift, ppm Eq
(relative to PP¥)

"
nG 298,CHCI3

8 1*CHChk_1 166.3391 -2102.905420 -2102.802752 -2102.795629
8 2*CHCh_1 165.5155 -2102.905303 -2102.800769 -2102.793199
8 4*CHCh_1 185.0661 -2102.902432 -2102.800623 -2102.793149
8 1*CHCk_2 162.256 -2102.898157 -2102.797380 -2102.791404
8 3*CHChk_1 141.5549 -2102.899183 -2102.796847 -2102.790839
8 _3*CHCk_2 138.3214 -2102.896857 -2102.793321 -2102.787855
8 _4*CHChL_2 179.6541 -2102.894943 -2102.791641 -2102.785203
8 _5*CHCL_2 130.8157 -2102.890032 -2102.785269 -2102.781364
<6>=167.3 ppm

9

Level of theory Shielding, ppm
MPW1K/6-311++G(2d,2p) 307.0808
MPW1K/6-311++G(2d,2p) + PCM(CHGUAHF) 302.8686
MPW1K/6-311++G(2d,2p) + PCM(CHGUAKS) 302.4897
MPW1K/6-311++G(2d,2p) + PCM s, UAHF) 304.5230
MPW1K/6-311++G(2d,2p) + PCM s, UAKS) 304.3111

MPW1K/IGLOIII 309.7277

MPW1K/IGLOIIl + PCM(CHCEL,UAHF) 305.6400

MPW1K/IGLOIIl + PCM(CHCEL,UAKS) 305.3037

MPW1K/IGLOIII + PCM(CsHg,UAHF) 307.2554

MPW1K/IGLOIII + PCM(CsHg,UAKS) 307.0572

9*CeHe

Level of theory Shielding, ppm
MPW1K/6-311++G(2d,2p) 304.6040

MPW1K/IGLOIII 307.3231
MPW1K/6-311++G(2d,2p) + PCM e, UAHF) 302.9428
MPW1K/6-311++G(2d,2p) + PCM s, UAKS) 302.8898

MPW1K/IGLOIIl + PCM(CsHg, UAHF) 305.7132

MPW1K/IGLOIIl + PCM(CGsHg, UAKS) 305.6632
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9*CHCl 4

Level of theory Shielding, ppm
MPW1K/6-311++G(2d,2p) 298.4922
MPW1K/IGLOIII 301.2428
MPW1K/6-311++G(2d,2p) + PCM(CHGUAHF) 295.6368
MPW1K/IGLOIIl + PCM(CHCEL,UAHF) 298.4888
101G
Level of theory Shielding, ppm
MPW1K/6-311++G(2d,2p) 313.1888
MPW1K/6-311++G(2d,2p) + PCM(CHGUAHF) 312.8775
MPW1K/6-311++G(2d,2p) + PCM(CHEUAKS) 312.8453
MPW1K/6-311++G(2d,2p) + PCMEls, UAHF) 312.9986
MPW1K/6-311++G(2d,2p) + PCM{Els,UAKS) 312.9823
MPW1K/IGLOIII 322.5535
MPW1K/IGLOIIl + PCM(CHCEL,UAHF) 322.2479
MPW1K/IGLOIII + PCM(CHCEL,UAKS) 322.2172
MPW1K/IGLOIII + PCM(CsHg,UAHF) 322.3696
MPW1K/IGLOIII + PCM(CgHg,UAKS) 322.3541
10 2G
Level of theory Shielding, ppm
MPW1K/6-311++G(2d,2p) 319.4004
MPW1K/6-311++G(2d,2p) + PCM(CHGUAHF) 318.3833
MPW1K/6-311++G(2d,2p) + PCM(CHGUAKS) 318.3086
MPW1K/6-311++G(2d,2p) + PCMEls, UAHF) 318.7836
MPW1K/6-311++G(2d,2p) + PCM{Els,UAKS) 318.7424
MPW1K/IGLOIII 328.7141
MPW1K/IGLOIIl + PCM(CHCEL,UAHF) 327.7280
MPW1K/IGLOIII + PCM(CHCEL,UAKS) 327.6565
MPW1K/IGLOIII + PCM(CsHg,UAHF) 328.1158
MPW1K/IGLOIII + PCM(CgHg,UAKS) 328.0757
10 3G
Level of theory Shielding, ppm
MPW1K/6-311++G(2d,2p) 316.8600
MPW1K/6-311++G(2d,2p) + PCM(CHGUAHF) 315.3937
MPW1K/6-311++G(2d,2p) + PCM(CHEUAKS) 315.9187
MPW1K/6-311++G(2d,2p) + PCM s, UAHF) 316.3318
MPW1K/6-311++G(2d,2p) + PCMEls, UAKS) 316.2902
MPW1K/IGLOIII 326.5091
MPW1K/IGLOIIl + PCM(CHCEL,UAHF) 325.6488
MPW1K/IGLOIII + PCM(CHCEL,UAKS) 325.5763
MPW1K/IGLOIII + PCM(CsHg,UAHF) 325.9871
MPW1K/IGLOIII + PCM(CsHg,UAKS) 325.9485
MPW1K/6-311++G(2d,2p)//IMPW1K/6-31G(d) MP2(FC)/6-33(2d,p)/MPW1K/6-31G(d)
Chemical  shift, ppm Chemical shift, ppm Ey 2G" 208, gas
(relative to PH) (relative to PP¥)
10 1 6.9757 19.1544 -760.547654 -760.444018
10 2 0.7641 12.9428 -760.546429 -760.443496
10 3 3.3045 15.4832 -760.544752 -760.442762

<8> = 16.7 ppm (relative to PRh
<8> = 4.5 ppm (relative to P

10 _3*CgHe

Level of theory Shielding, ppm
MPW1K/6-311++G(2d,2p) 317.3162
MPW1K/IGLOIII 326.7555
MPW1K/6-311++G(2d,2p) + PCM s, UAHF) 316.9913
MPW1K/6-311++G(2d,2p) + PCM s, UAKS) 316.9829
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MPW1K/IGLOIII + PCM(CsHg,UAHF) 326.4295
MPW1K/IGLOIII + PCM(CsHg, UAKS) 326.4222
10_1*CgHs

Level of theory Shielding, ppm
MPW1K/6-311++G(2d,2p) 313.2352
MPW1K/IGLOIII 322.4000
MPW1K/6-311++G(2d,2p) + PCMEls, UAHF) 313.1300
MPW1K/6-311++G(2d,2p) + PCMEls, UAKS) 313.1220
MPW1K/IGLOIIl + PCM(CGsHg,UAKS) 322.2874
10_2*CsHe

Level of theory Shielding, ppm
MPW1K/6-311++G(2d,2p) 319.3150
MPW1K/IGLOIII 328.4058
MPW1K/6-311++G(2d,2p) + PCM{Els,UAHF) 318.8362
MPW1K/6-311++G(2d,2p) + PCM({Els,UAKS) 318.8070
MPW1K/IGLOIII + PCM(CsHg,UAHF) 327.9443
MPW1K/IGLOIII + PCM(CgHg,UAKS) 327.9139

MPW1K/6-311++G(2d,2p) + MP2(FC)/6-31+G(2d,p)//MPW1K/6-31G(d) +

PCM/UAHF/MPW1K/6-311++G(2d,2p) PCM/UAHF/MPW1K/6-311++G(2d,2p)

Chemical shift, ppm (relative to PPh3) wtE »G" 208, ga »G" 208.C6Ht
10_3*CgHe 13.2 -992.116994 -991.928039 -991.925569
10_1*CgHe 171  -992.1211642 -991.929749 -991.925478
10_2*CeHe 11.4 -992.1200939 -991.927889 -991.924367
<8> = 14.6 ppm (relative to PRh
10_1*CHCl;
Level of theory Shielding, ppm
MPW1K/6-311++G(2d,2p) 315.0754
MPW1K/IGLOIII 324.3176
MPW1K/6-311++G(2d,2p) + PCM(CHGUAHF) 314.8869
MPW1K/6-311++G(2d,2p) + PCM(CHEUAKS) 314.8881
MPW1K/IGLOIII + PCM(CHCEL,UAHF) 324.1264
MPW1K/IGLOIIl + PCM(CHCEL,UAKS) 324.1285
10 _2*CHCl;
Level of theory Shielding, ppm
MPW1K/6-311++G(2d,2p) 320.3781
MPW1K/IGLOIII 329.6535
MPW1K/6-311++G(2d,2p) + PCM(CHGUAHF) 319.7309
MPW1K/6-311++G(2d,2p) + PCM(CHGUAKS) 319.7176
MPW1K/IGLOIIl + PCM(CHCEL,UAHF) 329.0210
MPW1K/IGLOIIl + PCM(CHCE,UAKS) 329.0062
10_3*CHCl;
Level of theory Shielding, ppm
MPW1K/6-311++G(2d,2p) 316.8740
MPW1K/IGLOIII 326.4599
MPW1K/6-311++G(2d,2p) + PCM(CHGUAHF) 316.3608
MPW1K/6-311++G(2d,2p) + PCM(CHEUAKS) 316.3450
MPW1K/IGLOIIl + PCM(CHCEL,UAHF) 325.9458
MPW1K/IGLOIIl + PCM(CHCEL,UAKS) 325.9300

MPW1K/6-311++G(2d,2p)
PCM/UAHF/MPW1K/6-311++G(2d,2p)

+ MP2(FC)/6-31+G(2d,p)//MPW1K/6-31G(d) +

PCM/UAHF/MPW1K/6-311++G(2d,2p)

Chemical shift, ppm (relative to PPh3)

tot E

13 13
»G* 208, ga »G" 208,CcoH

17.0
12.2
155

10_1*CHCl;
10_2*CHCl,
10_3*CHCl;

-2178.038722
-2178.037242
-2178.035824

-2177.932073 -2177.925826
-2177.929764 -2177.924680
-2177.928884 -2177.923609
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<6>=15.9 ppm (relative to PRh

11

Level of theory Shielding, ppm
MPW1K/6-311++G(2d,2p) 556.6147

12

Level of theory Shielding, ppm
MPW1K/6-311++G(2d,2p) 447.6852

13

Level of theory Shielding, ppm
MPW1K/6-311++G(2d,2p) 448.1596

14

Level of theory Shielding, ppm
MPW1K/6-311++G(2d,2p) 306.9167
MPW1K/IGLOIII 307.9990

15

Level of theory Shielding, ppm
MPW1K/6-311++G(2d,2p) 458.8171

16

Level of theory Shielding, ppm
MPW1K/6-311++G(2d,2p) 904.4006

17

Level of theory Shielding, ppm
MPW1K/6-311++G(2d,2p) -46.2557

18 cation

Level of theory Shielding, ppm
MPW1K/6-311++G(2d,2p) 304.9854
MPW1K/IGLOIII 308.2132
MPW1K/6-311++G(2d,2p) + PCM(CHGUAHF) 304.5109
MPW1K/IGLOIIl + PCM(CHCEL,UAHF) 307.8174

18 cation*CHCI;

Level of theory Shielding, ppm
MPW1K/6-311++G(2d,2p) 304.7771
MPW1K/IGLOIII 308.0217
MPW1K/6-311++G(2d,2p) + PCM(CHGUAHF) 304.5229
MPW1K/IGLOIIl + PCM(CHCEL,UAHF) 307.7840

18 ionic_associate 1

Level of theory Shielding, ppm
MPW1K/6-311++G(2d,2p); for | atom: MPW1K/6-311G(dl,p 313.0141

MPW1K/6-311++G(2d,2p) + PCM(CHGUAHF); for | atom: MPW1K/6-311G(d,p) 313.0282

18 ionic_associate 2

Level of theory Shielding, ppm

MPW1K/6-311++G(2d,2p); for | atom: MPW1K/6-311G(l,p 319.9455
MPW1K/6-311++G(2d,2p) + PCM(CHGUAHF); for | atom: MPW1K/6-311G(d,p) 319.8243

MPW1K/6-311++G(2d,2p) [+ MP2(FC)/6-31+G(2d,p)/MPW1K/6-31G(d)

PCM/UAHF/MPW1K/6- PCM/UAHF/MPW1K/6-311++G(2d,2p)
311++G(2d,2p)]

Chemical shift, ppm (relative toEy »G" 208, gas +G* 208.cHCI3
PPh)
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Gas-phase Solution model 1

18_ionic_associate_1 19.3 19.7  -7990.575319 -792d@®  -7990.311295
18_ionic_associate_2 12.4 129  -7990.574105 -79263  -7990.310829
’the theory shown in square brackets relates tdisolmodel 1 and not to gas-phase calculations

<6> =15.5 ppm (gas-phase)
<8>=17.1 ppm (solution modell 1)

18 ionic_associate 1*CHGI 1

Level of theory Shielding, ppm
MPW1K/6-311++G(2d,2p) + PCM(CHCI3,UAHF); for | ato MPW1K/6-311G(d,p) 305.4268

18 ionic_associate 2*CHGI 1

Level of theory Shielding, ppm
MPW1K/6-311++G(2d,2p) + PCM(CHCI3,UAHF) 315.5837

18 ionic_associate 1*CHGI 2

Level of theory Shielding, ppm
MPW1K/6-311++G(2d,2p) + PCM(CHCI3,UAHF); for | atomlPW1K/6-311G(d,p) 307.6611

18 ionic_associate 1*CHGI 3

Level of theory Shielding, ppm
MPW1K/6-311++G(2d,2p) + PCM(CHCI3,UAHF); for | atomlPW1K/6-311G(d,p) 312.1285

18 ionic_associate 2*CHG| 3

Level of theory Shielding, ppm
MPW1K/6-311++G(2d,2p) + PCM(CHCI3,UAHF); for | atomIPW1K/6-311G(d,p) 316.3598

18 ionic_associate 1*CHGl 4

Level of theory Shielding, ppm
MPW1K/6-311++G(2d,2p) + PCM(CHCI3,UAHF); for | atomIPW1K/6-311G(d,p) 305.9459

18 ionic_associate 2*CHGJ 2

Level of theory Shielding, ppm
MPW1K/6-311++G(2d,2p) + PCM(CHCI3,UAHF); for | atomIPW1K/6-311G(d,p) 318.0986

MPW1K/6- MP2(FC)/6-31+G(2d,p)/MPW1K/6-31G(d)  +
311++G(2d,2p) + PCM/UAHF/MPW1K/6-311++G(2d,2p)
PCM/UAHF/MPW1K/6-

311++G(2d,2p)

Chemical shift, ppm Eq
(relative to PPh3)

w «
nG 298, gas nG 298,CHCI3

18 ionic_associate 1*CHEIL 26.5 -9408.065275 -9407.786178 -9407.783676
18 ionic_associate 2*CHEI1L 16.3 -9408.063140 -9407.786532 -9407.782994
18 ionic_associate 1*CHECR 24.2 -9408.062679  -9407.782659 -9407.780252
18 ionic_associate 1*CHEI3 19.8 -9408.061179 -9407.780773 -9407.778876
18 ionic_associate_2*CHEI3 15.5 -9408.059436  -9407.780425 -9407.777876
18 ionic_associate_1*CHgL4 25.9 -9408.057140 -9407.778408 -9407.777404
18 ionic_associate 2*CHELI2 13.8 -9408.051094  -9407.774153  -9407.774424
<6>=23.1 ppm

19

Level of theory Shielding, ppm
MPW1K/6-311++G(2d,2p) 156.9698

19*CHCI; 1

Level of theory Shielding, ppm
MPW1K/6-311++G(2d,2p) + PCM(CHGUAHF) 158.1013

19*CHCI; 2

Level of theory Shielding, ppm
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MPW1K/6-311++G(2d,2p) + PCM(CHEGUAHF) 159.4190
19*CHCI;_3

Level of theory Shielding, ppm
MPW1K/6-311++G(2d,2p) + PCM(CHGUAHF) 154.7541
19*CHCI;_4

Level of theory Shielding, ppm
MPW1K/6-311++G(2d,2p) + PCM(CHGUAHF) 159.5320

MPW1K/6-311++G(2d,2p)
PCM/UAHF/MPW1K/6-
311++G(2d,2p)

+ MP2(FC)/6-31+G(2d,p)/MPW1K/6-31G(d)
PCM/UAHF/MPW1K/6-311++G(2d,2p)

Chemical shift, ppm (relative to PPh3) E

nG" 208, ga

«
uG 298,CHCIt

19*CHCly_1 173.8 -7129.755150 -7129.689742 -7129.682571
19*CHCl;_2 172.5 -7129.754516 -7129.688209 -7129.681245
19*CHCIl;_3 177.1 -7129.754901 -7129.689460 -7129.680807
19*CHCl;_4 172.4 -7129.752551 -7129.688714 -7129.680395
<6>=173.8 ppm

201

Level of theory Shielding, ppm
MPW1K/6-311++G(2d,2p) 171.9077
MPW1K/6-311++G(2d,2p) + PCM(CHEUAHF) 169.3983

20 2

Level of theory Shielding, ppm
MPW1K/6-311++G(2d,2p) 152.5953
MPW1K/6-311++G(2d,2p) + PCM(CHEGUAHF) 150.5037

MPW1K/6-311++G(2d,2p)

[+ MP2(FC)/6-31+G(2d,p)/MPW1K/6-31G(d)
PCM/UAHF/MPW1K/6-311++G(2d,2pJ] PCM/UAHF/MPW1K/6-311++G(2d,2p)

Chemical shift, ppm (relative to P§h Eiot »G" 208, gas +G" 208.cHCI3
Gas-phase Solution model 1
20 1 163.3 -702.374270 -702.271149 -702.279882
20_2 182.2 -702.369998 -702.267031 -702.275763

’the theory shown in square brackets relates tdisnlmodel 1 and not to gas-phase calculations

<8> = 160.7 ppm (gas-phase)
<8> = 163.5 ppm (solution model 1)

20_1*CHCl,

Level of theory Shielding, ppm

MPW1K/6-311++G(2d,2p) + PCM(CHGUAHF) 170.1380

21 cation

Level of theory Shielding, ppm

MPW1K/6-311++G(2d,2p) 391.4385
329.7804

21 ionic_associate

Level of theory Shielding, ppm

MPW1K/6-311++G(2d,2p); 388.6395

for | atom: MPW1K/6-311G(d,p) 304.9301

21 ionic_associate*CHG 1

Level of theory Shielding, ppm

MPW1K/6-311++G(2d,2p) + PCM(CHGUAHF); for | atom: MPW1K/6-311G(d,p)  385.9969
307.2375
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21 ionic_associate*CHG 2

Level of theory Shielding, ppm
MPW1K/6-311++G(2d,2p) + PCM(CHGUAHF); for | atom: MPW1K/6-311G(d,p)  387.0484
305.5388
MPW1K/6- MP2(FC)/6-31+G(2d,p)/MPW1K/6-31G(d) +
311++G(2d,2p) + PCM/UAHF/MPW1K/6-311++G(2d,2p)
PCM/UAHF/MPW1K/6-
311++G(2d,2p)
Chemical  shift, ppm Eq »G* 298, gas »G" 208 cHels
(relative to PP§)
21 _ia*CHClg_ 1 -54.1 -9598.694016 -9598.407812 -9598.407541
24.7
21 _ia*CHClg_2 -55.2 -9598.687798 -9598.403959 -9598.404373
26.4

<§;> =-54.1 ppm
<8,> = 24.7 ppm

22 1

Level of theory Shielding, ppm
MPW1K/6-311++G(2d,2p) 265.7888
MPW1K/6-311++G(2d,2p) + PCM(CHGUAHF) 266.4206
22 2

Level of theory Shielding, ppm
MPW1K/6-311++G(2d,2p) 281.5945
MPW1K/6-311++G(2d,2p) + PCM(CHGUAHF) 281.4732
22_3

Level of theory Shielding, ppm
MPW1K/6-311++G(2d,2p) 245.3870
MPW1K/6-311++G(2d,2p) + PCM(CHGUAHF) 245.5205
22_4

Level of theory Shielding, ppm
MPW1K/6-311++G(2d,2p) 246.6964
MPW1K/6-311++G(2d,2p) + PCM(CHgGUAHF) 246.3052
22 5

Level of theory Shielding, ppm
MPW1K/6-311++G(2d,2p) 252.3767
MPW1K/6-311++G(2d,2p) + PCM(CHEUAHF) 251.9034
22_6

Level of theory Shielding, ppm
MPW1K/6-311++G(2d,2p) 247.6572
MPW1K/6-311++G(2d,2p) + PCM(CHEUAHF) 248.4291
22 7

Level of theory Shielding, ppm
MPW1K/6-311++G(2d,2p) 231.8476
MPW1K/6-311++G(2d,2p) + PCM(CHGUAHF) 232.4019
22_8

Level of theory Shielding, ppm
MPW1K/6-311++G(2d,2p) 229.9567
MPW1K/6-311++G(2d,2p) + PCM(CHGUAHF) 230.1054
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22 9

Level of theory Shielding, ppm
MPW1K/6-311++G(2d,2p) 251.9917
MPW1K/6-311++G(2d,2p) + PCM(CHEUAHF) 251.8790
22_10

Level of theory Shielding, ppm
MPW1K/6-311++G(2d,2p) 245.0854
MPW1K/6-311++G(2d,2p) + PCM(CHGUAHF) 245.2238

MPW1K/6-311++G(2d,2p)
PCM/UAHF/MPW1K/6-
311++G(2d,2p)]

[+ MP2(FC)/6-31+G(2d,p)/MPW1K/6-31G(d)
PCM/UAHF/MPW1K/6-311++G(2d,2p)

Chemical shift, ppm (relative to Ph Eiot 2G" 298, gas

«
nG 298,CHCI3

Gas-phase Solution model 1
22 1 66.6 66.3 -1000.520008 -1000.118416 -1000.110927
22 2 50.7 51.2 -1000.517667 -1000.117992 -1000.109468
22 3 87.0 87.2 -1000.516425 -1000.115793 -1000.108145
22 4 85.6 86.4 -1000.513206 -1000.113047 -1000.105224
22 5 80.0 80.8 -1000.512755 -1000.112136 -1000.104503
22 6 84.7 84.3 -1000.512573 -1000.110910 -1000.104106
22 7 100.5 100.3 -1000.512714 -1000.110846 -1000.103851
22 8 102.4 102.6 -1000.512417 -1000.111790 -1000.103823
22 9 80.4 80.8 -1000.511937 -1000.111630 -1000.102404
22 10 87.3 87.5 -1000.508684 -1000.106245 -1000.099648

’the theory shown in square brackets relates tdisnlmodel 1 and not to gas-phase calculations

<8>=61.5 ppm (gas-phase)
<8> = 64.7 ppm (solution model 1)

22 _1*CHCI3_ 1

Level of theory Shielding, ppm
MPW1K/6-311++G(2d,2p) + PCM(CHEUAHF) 269.5152
22_1*CHCIy 2

Level of theory Shielding, ppm
MPW1K/6-311++G(2d,2p) + PCM(CHGUAHF) 265.9469
22_2*CHCI3 1

Level of theory Shielding, ppm
MPW1K/6-311++G(2d,2p) + PCM(CHGUAHF) 279.7620
22_2*CHCIy 2

Level of theory Shielding, ppm
MPW1K/6-311++G(2d,2p) + PCM(CHGUAHF) 281.0781
22_3*CHCI3 1

Level of theory Shielding, ppm
MPW1K/6-311++G(2d,2p) + PCM(CHGUAHF) 249.2158
22_7*CHCI3 2

Level of theory Shielding, ppm
MPW1K/6-311++G(2d,2p) + PCM(CHCI3,UAHF) 233.1692
22_3*CHCI3 2

Level of theory Shielding, ppm
MPW1K/6-311++G(2d,2p) + PCM(CHEUAHF) 246.7699
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22 4*CHCl,_ 1

Level of theory Shielding, ppm
MPW1K/6-311++G(2d,2p) + PCM(CHCI3,UAHF) 248.4409
22 _9*CHCI3 1
Level of theory Shielding, ppm
MPW1K/6-311++G(2d,2p) + PCM(CHCI3,UAHF) 255.3035
22_6*CHCI3_ 1
Level of theory Shielding, ppm
MPW1K/6-311++G(2d,2p) + PCM(CHCI3,UAHF) 253.6456
22_7*CHCI3_ 1
Level of theory Shielding, ppm
MPW1K/6-311++G(2d,2p) + PCM(CHCI3,UAHF) 237.4259
22_5*CHCI3_1
Level of theory Shielding, ppm
MPW1K/6-311++G(2d,2p) + PCM(CHCI3,UAHF) 253.7436
22_5*CHCI3 2
Level of theory Shielding, ppm
MPW1K/6-311++G(2d,2p) + PCM(CHCI3,UAHF) 252.9543
22_8*CHCI3_ 1
Level of theory Shielding, ppm
MPW1K/6-311++G(2d,2p) + PCM(CHCI3,UAHF) 236.5452
22_4*CHCIy 2
Level of theory Shielding, ppm
MPW1K/6-311++G(2d,2p) + PCM(CHCI3,UAHF) 247.8256
22_6*CHCI3 2
Level of theory Shielding, ppm
MPW1K/6-311++G(2d,2p) + PCM(CHCI3,UAHF) 247.5471
22_9*CHCIy 2
Level of theory Shielding, ppm
MPW1K/6-311++G(2d,2p) + PCM(CHCI3,UAHF) 253.1536
22_8*CHCIy 2
Level of theory Shielding, ppm
MPW1K/6-311++G(2d,2p) + PCM(CHCI3,UAHF) 230.8414
22 _10*CHCI3_1
Level of theory Shielding, ppm
MPW1K/6-311++G(2d,2p) + PCM(CHCI3,UAHF) 248.8534
22_10*CHClg_2
MPW1K/6-311++G(2d,2p) + PCM(CHCI3,UAHF) 245.5574
MPW1K/6- MP2(FC)/6-31+G(2d,p)//MPW1K/6-31G(d)
311++G(2d,2p) + PCM/UAHF/MPW1K/6-311++G(2d,2p)
PCM/UAHF/MPW1K/6-
311++G(2d,2p)
Chemical shift, ppm Ey »G" 208 cHels

(relative to PP§)

22_1*CHCI3_1 +62.4
22 1*CHCI3_2 +65.9

-2418.012453
-2418.011455

-2417.605115
-2417.603255

-2417.588063
-2417.586714



22_2*CHCI3_1 +52.1 -2418.011107 -2417.603583 -2417.585496
22_2*CHCI3_2 +50.8 -2418.006454 -2417.600627 -2417.584356
22_3*CHCI3_1 +82.7 -2418.010381 -2417.601381 -2417.583835
22_7*CHCI3_2 +98.7 -2418.007090 -2417.599424 -2417.583280
22_3*CHCI3_2 +85.1 -2418.004473 -2417.598363 -2417.582682
22_4*CHCI3_1 +83.4 -2418.006987 -2417.598943 -2417.581206
22_9*CHCI3_1 +76.6 -2418.005694 -2417.598336 -2417.580631
22_6*CHCI3_1 +78.2 -2418.006641 -2417.597699 -2417.580599
22_7*CHCI3_1 +94.5 -2418.006008 -2417.597546 -2417.580399
22 _5*CHCI3_1 +78.1 -2418.006719 -2417.598061 -2417.580133
22_5*CHCI3_2 +78.9 -2418.001595 -2417.595216 -2417.579918
22_8*CHCI3_1 +95.3 -2418.006382 -2417.597685 -2417.579869
22_4*CHCI3_2 +84.1 -2418.001342 -2417.595296 -2417.579790
22_6*CHCI3_2 +84.3 -2418.002483 -2417.594869 -2417.579092
22_9*CHCI3_2 +78.7 -2418.000962 -2417.594742 -2417.578966
22_8*CHCI3_2 +101.0 -2418.000476 -2417.593966 -2417.578030
22_10*CHCI3_1 +83.0 -2418.002900 -2417.592096 -2417.575697
22_10*CHCI3 2 +86.3 -2417.998250 -2417.589613 -2417.573932
<6>=62.8 ppm

MPW1K/6- MP2(FC)/6-31+G(2d,p)//MPW1K/6-31G(d) +

311++G(2d,2p) + PCM/UAHF/MPW1K/6-311++G(2d,2p)

PCM/UAHF/MPW1K/6-

311++G(2d,2p)

Chemical  shift, ppm Eq #G" 298, gas »G" 208,cHCI3

(relative to PP§)
23*CHCI3_1 234 -2681.904802 -2681.573102 -2681.564004
23*CHCI3_2 19.3 -2681.905643 -2681.570377 -2681.562681
23*CHCI3_3 1.9 -2681.896295 -2681.562347 -2681.556866
23*CHCI3 4 -7.1 -2681.89152 -2681.557191 -2681.552697
25*CHCI3_1 25.0 -2681.908211 -2681.574543 -2681.559005
25*CHCI3_2 27.8 -2681.905468 -2681.572147 -2681.558298
25*CHCI3_3 27.9 -2681.904232 -2681.571595 -2681.557141
25*CHCI3_4 23.1 -2681.901681 -2681.571295 -2681.556347
25*CHCI3_5 24.7 -2681.904530 -2681.570387 -2681.555710
25*CHCI3_6 25.1 -2681.903721 -2681.570711 -2681.555700
25*CHCI3_7 25.0 -2681.901241 -2681.570337 -2681.555660
25*CHCI3_8 21.1 -2681.899313 -2681.567559 -2681.554921
25*CHCI3_9 234 -2681.894490 -2681.564595 -2681.554348
25*CHCI3_10 23.7 -2681.896045 -2681.565111 -2681.554211
25*CHCI3_11 22.3 -2681.896353 -2681.564101 -2681.550619
25*CHCI3_12 20.5 -2681.892574 -2681.561828 -2681.549605
24*CHCI3_1 28.0 -2682.350967 -2682.004392 -2682.027946
24*CHCI3_2 32.6 -2682.349738 -2682.003189 -2682.026902
24*CHCI3_3 28.0 -2682.348483 -2682.004226 -2682.026265
24*CHCI3 4 29.5 -2682.340607 -2681.998288 -2682.025889
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MPW1K/6-311++G(2d,2p)
PCM/UAHF/MPW1K/6-
311++G(2d,2p)

+ MP2(FC)/6-31+G(2d,p)//IMPW1K/6-31G(d)  +
PCM/UAHF/MPW1K/6-311++G(2d,2p)

Chemical shift, ppm (relative to P§h

Eiot

nG" 208, ga

«
nG 298,CHCIt

24*ArO*CHCI3_1
24*ArO*CHCI3_2
24*ArO*CHCI3_3
24*ArO*CHCI3_4
24*ArO*CHCI3_5
24*ArO*CHCI3_6
24*ArO*CHCI3_7
24*ArO*CHCI3_8
24*ArO*CHCI3_9
24*ArO*CHCI3_10
24*ArO*CHCI3_11
24*ArO*CHCI3_12
24*ArO*CHCI3_13
24*ArO*CHCI3_14
24*ArO*CHCI3_15
24*ArO*CHCI3_16
24*ArO*CHCI3_17
24*ArO*CHCI3_18
24*ArO*CHCI3_19
24*ArO*CHCI3_20
24*ArO*CHCI3_21
24*ArO*CHCI3_22
24*ArO*CHCI3_23
24*ArO*CHCI3_24

31.3915
22.7087
18.423
22.4782
21.0232
26.9253
33.9335
30.253
-35.0522
22.3094
29.9289
26.2319
26.4131
-68.8475
21.0137
-63.3754
-49.3724
27.1949
-38.8093
-41.3591
-65.3327
-40.5328
32.7952
32.0927

-3192.678599
-3192.670886

-3192.67204
-3192.670493
-3192.665688
-3192.670591
-3192.662721
-3192.668728
-3192.672189
-3192.663438
-3192.663664
-3192.669796
-3192.660097

-3192.66627
-3192.655187
-3192.665937
-3192.663535
-3192.658977
-3192.656937
-3192.656076
-3192.661775
-3192.660825
-3192.647088
-3192.645574

-3192.239505
-3192.236324
-3192.234901
-3192.235328
-3192.233148
-3192.236568
-3192.232324
-3192.231606
-3192.234253
-3192.230808
-3192.229630
-3192.232716
-3192.226807
-3192.231177
-3192.223636
-3192.230089
-3192.226437
-3192.223906
-3192.223565
-3192.223992
-3192.226016
-3192.224896
-3192.218017
-3192.215242

-3192.224589
-3192.223942
-3192.223172
-3192.223089
-3192.221356
-3192.220982
-3192.220356
-3192.218810
-3192.217871
-3192.217788
-3192.217598
-3192.217370
-3192.214457
-3192.214397
-3192.214186
-3192.213595
-3192.212524
-3192.211556
-3192.211390
-3192.211067
-3192.211036
-3192.211000
-3192.209969
-3192.209298

MPW1K/6-311++G(2d,2p) +
PCM/UAHF/MPW1K/6-
311++G(2d,2p)

MP2(FC)/6-31+G(2d,p)//IMPW1K/6-31G(d)  +
PCM/UAHF/MPW1K/6-311++G(2d,2p)

Chemical shift, ppm (relative to Ph

Eiot

»G" 208, ga

“
nG 298,CHCIZ

23*ArOH*CHCI3_1
23*ArOH*CHCI3_2
23*ArOH*CHCI3_3
23*ArOH*CHCI3_4
23*ArOH*CHCI3_5
23*ArOH*CHCI3_6
23*ArOH*CHCI3_7

-13.5311
10.058
18.0117
26.838
24.848
24.0445
24.2368

-3192.674249
-3192.669981
-3192.661357
-3192.658330
-3192.658376
-3192.656156
-3192.652908

-3192.239322
-3192.235725
-3192.229095
-3192.225378
-3192.224501
-3192.224677
-3192.220668

-3192.218701
-3192.216139
-3192.212299
-3192.210797
-3192.210589
-3192.209649
-3192.208429

MPW1K/6-311++G(2d,2p) +
PCM/UAHF/MPW1K/6-
311++G(2d,2p)

MP2(FC)/6-31+G(2d,p)//IMPW1K/6-31G(d)  +
PCM/UAHF/MPW1K/6-311++G(2d,2p)

Chemical shift, ppm (relative to Ph

Eiot

»G" 208, ga

«
nG 298,CHCIt

-3192.648867
-3192.649169
-3192.646273
-3192.643498
-3192.641135
-3192.643229

-3192.220635
-3192.218985
-3192.215909
-3192.214295
-3192.211408
-3192.212375

-3192.201989
-3192.198699
-3192.197869
-3192.196462
-3192.194405
-3192.193539

25*ArOH*CHCI3_1 34.4015
25*ArOH*CHCI3_2 33.264
25*ArOH*CHCI3_3 31.9712
25*ArOH*CHCI3_4 33.0719
25*ArOH*CHCI3_5 31.3903
25*ArOH*CHCI3_6 33.8006
MPW1K/6-311++G(2d,2p) T

PCM/UAHF/MPW1K/6-311++G(2d,2p)

MP2(FC)/6-31+G(2d,p)//IMPW1K/6-31G(d)  +
PCM/UAHF/MPW1K/6-311++G(2d,2p)

Chemical shift, ppm (relative to P§h

Eiot

»G"“ 208 ga

“
uG 298,CHCI:

33*CHCI3_1
33*CHCI3_2

-53.6556
-37.0376

-2681.921210
-2681.932767

-2681.584704
-2681.594346

-2681.569645
-2681.578904

155



9.3. Calculated Data for Chapter 3

Table 9.3.1 Total energies, enthalpies and free energieddee) for all stationary points

MP2(FC)/6-
- + -
g"lFlV(‘;’(l(;’G MP2(FC)/6-31+G(2d,p)/IMPW1K/6-31+G(d) ngg%WMPWlK/G
PCM/UAHF/RHF/6-31G(d)
Etot, gas Etot, ga nH“ 298, ga nG“ 298, ga nG“ 298, THF
1 1036131942 -1033.805540 -1033.506480  -1033681 -1033.565437
21 231167720  -230.606397  -230.507158  -230.542589 -230.544677
2> 231167421  -230.605751  -230.506640  -230.542340 -230.544030
4 805.080259  -803.679703  -803.567660  -803.608594 803.611081
7 511.809352  -510.714225 -510.594103  -510.635796 510.643207
8 1 11036.265298 -1034.311952 -1034.096506  -10282%5 -1034.153201
8 2 11036.267134 -1034.312233 -1034.096555  -10328%5 -1034.152470
8 3 11036.263295 -1034.309681 -1034.094262  -10B26% -1034.152031
8_4 11036.260186 -1034.306915 -1034.091649  -10362% -1034.150050
85 11036.258234 -1034.305992 -1034.090769  -10380% -1034.149042
86 11036.259973 -1034.307365 -1034.092138  -108043 -1034.149023
8 7 11036.259496 -1034.307123 -1034.091894  -108432 -1034.148610
88 11036.257430 -1034.304837 -1034.089521  -10353% -1034.147941
Int_1 2584215430 -2578.852128 -2578.214936  -ZEEA76 -2578.327065
IntL_2 2584215840 -2578.847329 -2578.210017  -ZE(BI88 -2578.324927
TS11 2584200085 -2578.843830 -2578.207439  -23BG43 -2578.314114
TS1 2 2584205215 -2578.847801 -2578.211146  -258888 -2578.313965
TS13 2584.204044 -2578.843332 -2578.206755  -25P828 -2578.313885
TS1 4 2584199729 -2578.835118 -2578.198364  -23BB33 -2578.307348
Inr2_1 2584217741 -2578.875320 -2578.237694  -ZEUS5 2578.342617
Inr2_2 258421828 -2578.871384 -2578.233928  -ZE5DA4 -2578.340968
Inr2_3 2584218526 -2578.870152 -2578.233081  -ZE®50 -2578.338221
Inr2_4 2584223903 -2578.861221 -2578.223713  -ZBURI82 -2578.334216
Inr2_5 2584219785 -2578.858677 -2578.221032  -ZBEH16 -2578.333975
Inr2_6 2584220008 -2578.855318 -2578.217803  -ZBPEH02 -2578.332395
Inr2_7 2584211804 -2578.847834 -2578.209828  -ZRABOA -2578.319836
Inr2_8 2584213379 -2578.851163 -2578.213178  -ZXE@14 -2578.318185
TS2 RR_1 -2584.202082 -2578.859229 -2578.221933  -2578.341338 -2578.330294
TS2 1 2584.109683 -2578.858096 -2578.220798  -25Ba65 -2578.329286
TS2 2 2584.203694 -2578.855060 -2578.218313  -287815 -2578.325722
TS2 3 2584109412 -2578.857068 -2578.220201  -257853 -2578.325526
TS2 4 258410381 -2578.849147 -2578.212390  -251834 2578.325158
1525 2584.202468 -2578.856862 -2578.219953  -25B817 -2578.322788
TS2_RR2  -2584.203608 -2578.853334 -2578.216373 8287525 -2578.322593
TS2_RR3  -2584.204188 -2578.85341 -2578.216498 238823 -2578.322312
TS2_RR4  -2584.197028 -2578.849769 -2578.212814 8.252168 -2578.321538
TS2 6 2584100273 -2578.843586 -2578.206993  -237845 -2578.321504
TS2_RR5  -2584.195098 -2578.853388 -2578.216839  8:287607 -2578.319201
Int3_RR_1  -2584.239317 -2578.897009 -2578.256597 578872649 -2578.361064
Int3_1 2584.238027 -2578.886575 -2578.246426  -ZoHHA3 -2578.357730
Int3_RR_2  -2584.235002 -2578.884997 -2578.244555 578863691 -2578.357030
Int3_2 2584.237483 -2578.883907 -2578.243639  -ZEAEB15 -2578.355520
Int3_RR_3 -2584.235185 -2578.883188 -2578.243154 578860648 -2578.353540
Int3_3 2584227839 -2578.881450 -2578.241314  -ZHEO07 -2578.353031
Int3_4 2584200377 -2578.854930 -2578.216293  -ZRER25 -2578.327783
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Int3_ 5
Int3_RR_4
Int3_RR_5

TS3 1
TS3 2
TS3_RR_1
TS3_RR_2
TS3 3

Int4_1
Int4_2
Int4_3
Int4_4
Int4_5
Int4_RR_1

TS4 1
TS4 2
TS4 3
TS4 4
TS4 5
TS4 6
TS4 7

Int5_1
Int5_2
Int5_3
Int5_4
Int5_5
Int5_6
Int5_7

-2584.198700
-2584.199033
-2584.194794

-2584.209886
-2584.207893
-2584.201068
-2584.198690
-2584.196622

-2584.230413
-2584.230746
-2584.232674
-2584.221897
-2584.210045
-2584.203334

-2584.207687
-2584.213606
-2584.20968
-2584.205659
-2584.204769
-2584.196704
-2584.192501

-2584.230383
-2584.226937
-2584.218809
-2584.221443
-2584.223634
-2584.220010
-2584.220932

-2584.224672
-2584.214979
-2584.208080
-2584.225338

-2584.198207
-2584.199932

-2578.854752
-2578.851587
-2578.841896

-2578.870766
-2578.867938
-2578.862617
-2578.863181
-2578.854615

-2578.887042
-2578.886054
-2578.883119
-2578.876185
-2578.867134
-2578.859764

-2578.863762
-2578.863408
-2578.854178
-2578.857806
-2578.855807
-2578.847007
-2578.842918

-2578.869606
-2578.868684
-2578.866453
-2578.866792
-2578.866095
-2578.868101
-2578.856837

-2578.875602
-2578.866558
-2578.866518
-2578.872588

-2578.845497
-2578.850006

-2578.216771
-2578.213015
-2578.203488

-2578.236147
-2578.232987
-2578.228150
-2578.228338
-2578.219936

-2578.247213
-2578.246290
-2578.243221
-2578.237275
-2578.227419
-2578.220294

-2578.225395
-2578.224915
-2578.215619
-2578.220668
-2578.217652
-2578.208643
-2578.204797

-2578.230065
-2578.229423
-2578.227392
-2578.227608
-2578.227058
-2578.228992
-2578.217724

-2578.237166
-2578.228694
-2578.228454
-2578.234278

-2578.209675
-2578.213676

-2358B168
578331474
5782824703

-352331
-338397
78-385468
78284709
-33P466

- 23588159
-Z35A820
-2358138
-Z5AD04
-ZBAB92
5782338215

-338226
-33B303
-2578.337255
-2578.341598
-330530
-329892
-2578.326293

-5 14
-2 71
-8 54
- 258156
-85 28
-Z35M04
-5 54

852055
8856694
82358307
82358419

82530980
83421

-2578.327735
-2578.322756
-2578.318918

-2578.340158
-2578.334879
-2578.333787
-2578.331068
-2578.327478

-2578.354244
-2578.349033
-2578.348765
-2578.344131
-2578.329641
-2578.326040

-2578.327812
-2578.326735
2578.324491
2578.322267
-2578.321250
-2578.313346
2578.311266

-2578.340607
-2578.336415
-2578.336026
-2578.335082
-2578.334760
-2578.333686
-2578.332754

-2578.345274
-2578.344934
-2578.341610
-2578.341288

-2578.322179
-2578.321230
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9.4. Calculated Data for Chapter 4

Table 9.4.1

mPW1K/6- MP2(FC)/G3MP2Large/mPW1K/6- MP2(FC)/G3MP2Large/mPW1K/6-

31+G(d) 31+G(d) 31+G(d);

PCM/UAHF/RHF/6-31G(d)

Etot »G"298. ga »G" 208, DMSC
31 -1267.285186 -1265.040105 -1264.713986 -12623Q
32 -1267.283911 -1265.040051 -1264.714916 -126531
33 -1267.267871 -1265.025808 -1264.702245 -126674
3 4 -1267.266261 -1265.023474 -1264.700180 -12@051
10 1 -1267.742604 -1265.487585 -1265.151836 -196545
10 2 -1267.743910 -1265.492557 -1265.153153 -128338
10_3 -1267.742655 -1265.487773 -1265.151155 -1298521
10 4 -1267.741550 -1265.490008 -1265.151181 -19@915
11 1 -1267.282487 -1265.041058 -1264.718256 -126504
11 2 -1267.284987 -1265.045608 -1264.721128 -126459
11 3 -1267.279783 -1265.042477 -1264.719432 -126273
11 4 -1267.283702 -1265.042730 -1264.718835 -128852
11 5 -1267.282746 -1265.040994 -1264.717595 -126832
11 6 -1267.278959 -1265.037474 -1264.715508 -126810
12 1 -1075.841650 -1073.908482 -1073.631537 -1043%0
12B 1 -1075.379886 -1073.460403 -1073.198647 -19F3.10
12B 2 -1075.379391 -1073.459373 -1073.196258 -1935%81
13 1 -1306.836570 -1304.454521 -1304.100290 -138448
13B_1 -1306.386905 -1304.015186 -1303.675068 -B3UB84
13B 2 -1306.383352 -1304.011318 -1303.670585 -BBI387
3*DMSO -1820.449146 -1817.480720 -1817.083034 -1®A7394
11*DMSO -1820.440582 -1817.481688 -1817.084430 FABA1779
10*DMSO -1820.913203 -1817.940245 -1817.531076 71585343
12B*DMSO -1628.53667 -1625.895606 -1625.564188 51524580
12*DMSO -1629.014316 -1626.356616 -1626.009847 61636919
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Table 9.4.2

@ H
Nu H
H
o) H
X
21
PCM(DMSO)
. mPW1K/6-31+G(d) /UAHF/RHF MP2(FC)/G3MP2large//mPW1K/6-31+G(d)
Nu X Species /6-31G(d)

Eora.uU. “G” corr., a.u. G solv., a.u. E.a.u. “G” 298(gas)@.U. " 298(DMs0).&.U.
Op.int_1 -692.238432 0.173039 -0.010404882 -6913886 -690.913348 -690.923753
llide 1 -692.227323 0.170212 -0.002310426 -691.0261 -690.905890 -690.908201
llide 2 -692.233400 0.171997 0.001290652 -691.08351 -690.911518 -690.910227
Me llide 3 -692.232637 0.171024 0.000892302 -691.08259 -690.911571 -690.910679
lide 4 -692.235027 0.17282 0.000637359 -691.085718 -690.912898 -690.912261
Proton_1 -692.685413 0.186611 -0.058716678 -69BG23 -691.336695 -691.395411
Proton_2 -692.681813 0.184654 -0.061967208 -697538 -691.334099 -691.396066
Proton_3 -692.689251 0.188218 -0.057983715 -697826 -691.338571 -691.396554
Op.int_1 -767.429628 0.177766 -0.014324639 -768800 -766.023098 -766.037423
Op.int_2 -767.435797 0.17648 -0.010564222 -766.3651 -766.028675 -766.039240
llide 1 -767.428206 0.176021 -0.001386255 -766.2028 -766.026816 -766.028202
OMe llide 2 -767.440400 0.177448 0.001226916 -766.22407 -766.036624 -766.035397
PMe; Proton_1 -767.881646 0.193443 -0.060230405 -7661834 -766.450573 -766.510804
Proton_2 -767.891485 0.191764 -0.057282621 -7666%3 -766.461304 -766.518587
Proton_3 -767.895044 0.193093 -0.05651779 -766 5563 -766.463241 -766.519759
Op.int_1 -959.129029 0.224913 -0.010309278 -9578@88 -957.303573 -957.313883
Op.int_2 -959.125082 0.225384 -0.012412562 -957.337 -957.301791 -957.314203
Op.int_3 -959.128035 0.223261 -0.011472458 -O548337 -957.304164 -957.315637
llide 1 -959.120021 0.223835 -4.78019E-05 -957.8247 -957.300896 -957.300943
OPh II@de_2 -959.128550 0.225718 0.002023614 -957.53232 -957.306606 -957.304583
llide 3 -959.128356 0.224826 0.001210982 -957.58257 -957.307750 -957.306539
Proton_1 -959.576171 0.241968 -0.054956261 -95B4638 -957.726875 -957.781831
Proton_2 -959.578620 0.24049 -0.056135375 -9578700 -957.729592 -957.785728
Proton_3 -959.578552 0.23974 -0.055991969 -957 3698 -957.730095 -957.786087
Proton_4 -959.582195 0.241366 -0.054780988 -953833 -957.731997 -957.786778




Op.int_1 -1458.976757 0.375679 -0.005465352 -148kh34 -1455.988865 -1455.994330

Ph llide_1 -1458.972379 0.373966 0.005592823 -145@382 -1455.988063 -1455.982470
Proton_1 -1459.434460 0.3877 -0.038799216 -1456230 -1456.422925 -1456.461724
Proton_2 -1459.436264 0.391163 -0.036711866 -145633 -1456.425760 -1456.462472

Op.int_1 -1534.171864 0.377987 -0.005592823 -153685 -1531.105598 -1531.111191
Op.int_2 -1534.171588 0.375837 -0.005895569 -1531B41 -1531.105534 -1531.111430

Op.int_3 -1534.171257 0.37592 -0.006692267 -153188 -1531.105739 -1531.112431

llide_1 -1534.168667 0.37599 0.004270304 -1531.4834 -1531.107488 -1531.103218

PPh OPh llide_2 -1534.176353 0.376714 0.005624691 -15318838 -1531.112138 -1531.106513
llide_3 -1534.176397 0.37599 0.005879635 -1531.8688 -1531.112896 -1531.107017
Proton_1 -1534.628387 0.391219 -0.037460763 -1322°F0 -1531.541051 -1531.578512
Proton_2 -1534.635402 0.390982 -0.038177791 -138226 -1531.545244 -1531.583422
Proton_3 -1534.635015 0.391924 -0.038592074 -15386398 -1531.546769 -1531.585361
Op.int_1 -1227.970410 0.299452 -0.009002693 -1228581 -1225.514179 -1225.523182

H llide_1 -1227.965101 0.297462 0.002724709 -12233842 -1225.514852 -1225.512127
Proton_1 -1228.421899 0.313644 -0.044248634 -132230 -1225.945586 -1225.989834
Proton_2 -1228.421104 0.310744 -0.045746427 -135629 -1225.944945 -1225.990692

Op.int_1 -613.312424 0.222678 -0.018770216 -615271 -611.948846 -611.967616

llide_1 -613.287124 0.219595 -0.006293918 -612.6355 -611.935967 -611.942261

Me llide_2 -613.284489 0.218264 -0.007074683 -612.5548 -611.936591 -611.943666
llide_3 -613.289530 0.220371 -0.005815899 -612.9986 -611.938328 -611.944144

Proton_1 -613.771401 0.235612 -0.061457321 -6126G21 -612.385391 -612.446848

Op.int_1 -688.503919 0.227069 -0.022769643 -6850A86 -687.059431 -687.082200

Op.int_2 -688.509662 0.226074 -0.019184499 -6870961 -687.065022 -687.084207

OMe Il?de_l -688.478006 0.22304 -0.010341146 -687.29251 -687.049479 -687.059820
DMAP llide_2 -688.491692 0.222762 -0.006134578 -687.2856 -687.062858 -687.068992
Proton_1 -688.963395 0.240971 -0.064771587 -68B3B7 -687.496863 -687.561634

Proton_2 -688.977819 0.241247 -0.060086999 -6815b1 -687.509910 -687.569997

Op.int_1 -666.212064 0.192632 -0.024171832 -669.837 -664.844550 -664.868722

llide_1 -666.166388 0.188737 -0.005624691 -665.6@19 -664.813227 -664.818852

CN llide_2 -666.166012 0.188027 -0.00610271 -665.00221 -664.814184 -664.820287
llide_3 -666.175923 0.19055 -0.009528514 -665.06228 -664.821736 -664.831264

Proton_1 -666.636607 0.205472 -0.068340796 -6633b4 -665.248865 -665.317206

Proton_2 -666.632430 0.20418 -0.071639127 -6652A493 -665.245147 -665.316787

Op.int_1 -576.4167272 0.25026 -0.022737775 -573327 -575.077084 -575.099822

llide_1 -576.3656588 0.247132 -0.01978999 -575.3957 -575.028607 -575.048397

DABCO Me llide_2 -576.3719287 0.248341 -0.015041667 -579282 -575.034600 -575.049642
llide_3 -576.3676314 0.247327 -0.019136698 -5792%8 -575.030699 -575.049835

Proton_1 -576.8515078 0.26355 -0.076881403 -5737%2 -575.488824 -575.565706



Proton_2 -576.8540916 0.263753 -0.078124253 -5B20% -575.491455 -575.569579
Proton_3 -576.8519773 0.260958 -0.081709396 57255 -575.491296 -575.573005
Table 9.4.3Reference acids
N M Cltl) H
Me;N e
® O ® ® 3o ® VA
PhsP—CH, + H === PhsP—CHjs =N + H == =N
H H
12B 12 18B 18
PCM(DMSO)
. mPW1K/6-31+G(d) /UAHF/RHF MP2(FC)/G3MP2large//mPW1K/6-31+G(d)
Species
/6-31G(d)
Eior a.U. “G” corr., a.u. G solv., a.u. Bt a.u. “G” 208(gas)@. U. “G” 298(bMs0),A.-U.
12B -1075.379886 0.261756 0.003537341 -1073.460403 -1073.198647 -1073.195110
12 -1075.841650 0.276945 -0.043212926 -1073.908482 -1073.631537 -1073.674750
18B -305.869391 0.122057 -0.016109243 -305.297479 305.175422 -305.191531
18 -306.291904 0.136256 -0.080976434 -305.715793 05.539537 -305.660513




Table 9.4.4Additional calculations to perform G3(MP2)mPW1K&gheme and SCS-MP2 calculations

® H

MezP

20

QCISD(T,FC)/6-

MP2(FC)/6-31G(d)//mPW1K/6-

Species 31G(d)//mPW1K/6-31+G(d) 31+G(d) G3(MP2)mPWIK(*)
Etot, a.u. Etot, a.u. “Geg(gas), a.u. “G29¢(DMSO), a.u.
19 1 -690.672732 -690.540926 -691.045154 -691.0%555
20 1 -690.674752 -690.540696 -691.045628 -691.08473
20 2 -690.677150 -690.543778 -691.046270 -691.08563
20 3 -690.674623 -690.540462 -691.045678 -691.081438
20 4 -690.667217 -690.533193 -691.039914 -691.041222
17 1 -691.132451 -690.995848 -691.473297 -691.58201
17 2 -691.127573 -690.990953 -691.470719 -691.53268
17 3 -691.136907 -691.000159 -691.475318 -691.53330
18B -305.020670 -304.926716 -305.269376 -305.285486
18 -305.454621 -305.357796 -305.676362 -305.757338
SCS-MP2 calculations
Species HF/G3MP2large// mPW1K/6- SCS-MP2(FC)/G3MP2large//mPW1K/6-31+G(d)
31+G(d) Etot, a.u. “G” 298(gas)&-U. “‘G” 298(bMs0),a-U.
19 1 -689.501677 -691.076716 -690.903677 -690.92408
20 1 -689.503938 -691.075452 -690.904428 -690.99353
20 2 -689.505464 -691.078285 -690.905465 -690.90482
20 3 -689.503774 -691.076090 -690.904093 -690.99280
20 4 -689.499205 -691.069593 -690.899381 -690.9D169
17 1 -689.963590 -691.521051 -691.334440 -691.3P315
17 2 -689.960523 -691.516906 -691.332252 -691.39422
17 3 -689.965963 -691.524263 -691.336045 -691.39402
18B -304.055527 -305.286738 -305.164681 -305.180790
18 -304.488095 -305.710792 -305.574536 -305.655512




9.5. Calculated Data for Chapter 5
9.5.1. Energies of Scan Calculations Performed During DeVepment of MM3 Force
Field Parameters For Phosphonium derivatives
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Fig. 9.5.1Energy comparison between MP2 and MM3 parametarscan calculation (Ne
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9.5.2. Phosphanes With Unbranched and Branched Acyclic A Substituents and
Cyclic Substituents

Table 9.5.1 Total Energies and Enthalpies (in Hartree) asutated at the B98/6-31G(d) and
MP2(FC)/6-31+G(2d,p)//B98/6-31G(d) level of thedoy all systems. If more than one
conformer exist at 298.15 K, the single valuesamfheconformer are denoted as well as the
Boltzmann-averaged values fogdglat MP2(FC)/6-31+G(2d,p)//B98/6-31G(d) level of
theory. Only conformers are included with a Boltomaveighting of at least 1 % up to a
maximum to ten conformers per system.

B98/6-31G(d) MP2(FC)/6-31+G(2d,p)//

B98/6-31G(d)

System Etot Hooe Etot Hooe
CH;" -39.462922 -39.427481 -39.352370 -39.316929
1 -460.069844
11 -460.996371 -460.875351 -460.190864 -460.069844
1-Me* -499.616902
1-Me+_1 -500.690725 -500.527994 -499.779633 -499.616902
2 -499.229506
21 -500.291789 -500.140620 -499.380925 -499.229756
22 -500.290437 -500.139265 -499.379363 -499.228192
2-Me* -538.778959
2-Me"_1 -539.988433 -539.795575 -538.971818 -538.778959
3 -538.389368
31 -539.587192 -539.405864 -538.570888 -538.389560
32 -539.587129 -539.405732 -538.570864 -538.389467
33 -539.586011 -539.404407 -538.569936 -538.388332
34 -539.585712 -539.404324 -538.569356 -538.387969
35 -539.585741 -539.404392 -538.569142 -538.387794
3-Me* -577.940957
3-Me+_1 -579.286127 -579.063048 -578.164383 -577.941304
3-Me+_2 -579.285951 -579.062897 -578.163903 -577.940849
3-Me+_3 -579.285941 -579.062757 -578.163895 -577.940711
3-Me" 4 -579.284342 -579.061078 -578.162030 -577.938767
4 -577.548752
41 -578.882317 -578.670863 -577.760698 -577.549243
4 2 -578.882307 -578.670812 -577.760706 -577.549211
4 3 -578.881414 -578.669729 -577.760384 -577.548699
4 4 -578.881118 -578.669561 -577.759884 -577.548327
45 -578.880980 -578.669528 -577.759134 -577.547682
4 6 -578.880980 -578.669524 -577.759129 -577.547673
4 7 -578.880891 -578.669360 -577.758980 -577.547449
4 8 -578.879750 -578.668302 -577.757930 -577.546482
4-Me* -617.102794
4-Me+_1 -618.583673 -618.330318 -617.356777 -617.103423
4-Me" 2 -618.583473 -618.329956 -617.356358 -617.102841
4-Me"_3 -618.583197 -618.329644 -617.355828 -617.102274
4-Me*_ 4 -618.583239 -618.329669 -617.355840 -617.102271
4-Me+_5 -618.581787 -618.328153 -617.354398 -617.100764
4-Me+_6 -618.581665 -618.328057 -617.354175 -617.100566
4-Me+_7 -618.581633 -618.328095 -617.354046 -617.100508
5 -538.391333
51 -539.589302 -539.408275 -538.572900 -538.391873
52 -539.588174 -539.407153 -538.572003 -538.390982
53 -539.587825 -539.406637 -538.571340 -538.390152
54 -539.587287 -539.406091 -538.571187 -538.389991
5-Me* -577.942235
5-Me+_1 -579.287376 -579.064571 -578.165220 -577.942415
5-Me" 2 -579.284837 -579.062040 -578.162866 -577.940069
6 -616.712941
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-618.182248
-618.182262
-618.181133
-618.180839
-618.181138
-618.181068
-618.181010
-618.180720
-618.179976
-618.180221

-657.883838
-657.883653
-657.883675
-657.882065
-657.881230
-657.881204
-657.881301
-657.881205
-657.881115
-657.881245

-696.775018
-696.773868
-696.773942
-696.773798
-696.773832
-696.772606
-696.773726
-696.773083
-696.772825
-696.772897

-736.479952
-736.479848
-736.479510
-736.478156
-736.477305
-736.478036
-736.477364
-736.478124
-736.477348
-736.477121

-578.886760
-578.885615
-578.885623
-578.885596
-578.884541
-578.884756
-578.885276
-578.883458
-578.884029

-618.585691
-618.584535
-618.583181
-618.582031

-696.777148
-696.777175
-696.775935

-617.941090
-617.941173
-617.940002
-617.939626
-617.940029
-617.939899
-617.939943
-617.939581
-617.938952
-617.939058

-657.600811
-657.600694
-657.600684
-657.599070
-657.598164
-657.598155
-657.598035
-657.598070
-657.598029
-657.598096

-696.473798
-696.472765
-696.472760
-696.472344
-696.472713
-696.471280
-696.472593
-696.471843
-696.471643
-696.471754

-736.136800
-736.136499
-736.136260
-736.134954
-736.133987
-736.134740
-736.134031
-736.134734
-736.133942
-736.133836

-578.675867
-578.674569
-578.674542
-578.674648
-578.673516
-578.673738
-578.674266
-578.672354
-578.672918

-618.332926
-618.331912
-618.330407
-618.329248

-696.476274
-696.476313
-696.475156

-616.955068
-616.954981
-616.954157
-616.954237
-616.954087
-616.954135
-616.953560
-616.953597
-616.953255
-616.953333

-656.551384
-656.550788
-656.550665
-656.549224
-656.548959
-656.548639
-656.548770
-656.548557
-656.548284
-656.548343

-695.337264
-695.337118
-695.336405
-695.336597
-695.335952
-695.336067
-695.335715
-695.335677
-695.335565
-695.335420

-734.937424
-734.936971
-734.936263
-734.935157
-734.934995
-734.934846
-734.934838
-734.934891
-734.934777
-734.934641

-577.764655
-577.763890
-577.763890
-577.763742
-577.763406
-577.763157
-577.763125
-577.762411
-577.762227

-617.357773
-617.357103
-617.355721
-617.355107

-695.338641
-695.338476
-695.337739

-616.713910
-616.713892
-616.713027
-616.713024
-616.712978
-616.712966
-616.712493
-616.712459
-616.712231
-616.712170
-656.267583
-656.268357
-656.267829
-656.267674
-656.266229
-656.265894
-656.265590
-656.265504
-656.265422
-656.265198
-656.265194
-695.034802
-695.036044
-695.036016
-695.035223
-695.035143
-695.034834
-695.034741
-695.034582
-695.034438
-695.034383
-695.034277
-734.593073
-734.594272
-734.593622
-734.593012
-734.591955
-734.591677
-734.591550
-734.591506
-734.591501
-734.591372
-734.591356
-577.552930
-577.553763
-577.552844
-577.552809
-577.552794
-577.552381
-577.552138
-577.552115
-577.551308
-577.551116
-617.104612
-617.105008
-617.104480
-617.102947
-617.102323
-695.036158
-695.037768
-695.037614
-695.036960
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10_3
10_4
10 5
10 6
10 7
10_8
10_9
10_10
10-Me"
10-M€"_1
10-Me™_2
10-M€e"_3
10-M€e"_4
10-M€e" 5
10-M€e"_6
10-Me"_7
10-M€e"_8
10-Me™ 9
10-Me"_10
11

11 1
11 2
11 3
11 4
11 5
11 6
11 7
11 8
11 9
11_10
11-Me"
11-M€e"_1
11-M€e" 2
11-M€e"_3
11-M€e'_ 4
11-M€e" 5
11-M€e"_ 6
11-M€e" 7
11-M€e"_ 8
11-M€e" 9
11-M€e" 10

-696.775966
-696.775941
-696.776029
-696.775991
-696.776020
-696.775863
-696.776020

-736.480291
-736.479259
-736.480161
-736.479238
-736.480128
-736.478291
-736.478155
-736.479060
-736.479071
-736.479083

-814.666280
-814.667375
-814.666120
-814.665189
-814.666141
-814.666247
-814.665089
-814.666185
-814.665077
-814.664967

-854.374538
-854.374190
-854.373488
-854.373538
-854.373439
-854.372400
-854.372327
-854.373274
-854.373179
-854.372322

-618.184164
-618.182928
-618.182977
-618.182943
-618.182953
-618.182926
-618.181892
-618.181868
-618.181974
-618.182118

-657.883498
-657.882355
-657.882355
-657.882290
-657.881308
-657.881098
-657.879875
-657.880049
-657.878901
-657.879787

-696.474952
-696.474913
-696.475133
-696.474941
-696.475044
-696.474745
-696.475026

-736.137602
-736.136327
-736.137293
-736.136291
-736.137288
-736.135371
-736.135325
-736.136198
-736.136136
-736.136105

-814.275333
-814.276445
-814.275086
-814.274055
-814.275205
-814.275380
-814.274045
-814.275235
-814.273919
-814.273871

-853.941503
-853.941393
-853.940383
-853.940333
-853.940354
-853.939482
-853.939451
-853.940189
-853.940210
-853.939355

-617.943271
-617.942055
-617.942136
-617.942011
-617.942028
-617.942005
-617.941003
-617.940899
-617.940892
-617.941320

-657.600804
-657.599641
-657.599644
-657.599642
-657.598600
-657.598463
-657.597252
-657.597323
-657.596178
-657.596989

-695.337879
-695.337859
-695.337709
-695.337855
-695.337765
-695.337901
-695.337768

-734.936545
-734.936061
-734.935912
-734.935899
-734.935737
-734.935489
-734.935320
-734.935219
-734.935236
-734.935251

-812.912789
-812.912691
-812.912277
-812.912295
-812.912010
-812.911927
-812.912063
-812.911940
-812.911925
-812.911814

-852.515266
-852.514736
-852.514723
-852.514725
-852.514587
-852.514139
-852.514043
-852.514213
-852.514058
-852.514046

-616.956247
-616.955563
-616.955465
-616.955532
-616.955398
-616.955389
-616.955143
-616.955212
-616.955258
-616.954865

-656.549780
-656.549179
-656.549175
-656.548983
-656.548807
-656.547916
-656.547512
-656.547302
-656.546937
-656.546839

-695.036865
-695.036831
-695.036813
-695.036806
-695.036790
-695.036783
-695.036774
-734.592214
-734.593857
-734.593129
-734.593045
-734.592953
-734.592896
-734.592569
-734.592489
-734.592357
-734.592301
-734.592273
-812.520264
-812.521842
-812.521761
-812.521243
-812.521161
-812.521074
-812.521059
-812.521019
-812.520990
-812.520767
-812.520718
-852.080761
-852.082231
-852.081940
-852.081618
-852.081520
-852.081501
-852.081221
-852.081167
-852.081127
-852.081088
-852.081079
-616.714334
-616.715354
-616.714690
-616.714624
-616.714599
-616.714473
-616.714468
-616.714254
-616.714243
-616.714176
-616.714067
-656.266368
-656.267086
-656.266464
-656.266463
-656.266336
-656.266099
-656.265282
-656.264889
-656.264576
-656.264214
-656.264042
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12

12 1
12 2
12-Me"
12-M€"_1
13

13 1
13 2
13 3
13-Me*
13-Me" 1
13-Me" 2
13-Me" 3
13-M€e'_4
14

14 1
14 2
14 3
14_4
14 5
14 6
14 7
14-Me*
14-M€' 1
14-Me" 2
14-M€e"_ 3
14-M€e"_4
14-M€e"_ 5
14-M€"_6
14-M€e"_7
14-M€e"_8
14-M€e"_9
15

15 1
15 2
15 3
15_4
15-Me*
15-M€"_1
15-M€"_2
16

16 1
16_2
16_3
16_4
16 5
16_6
16_7
16_8
16_9
16_10
16-Me"
16-Me"_1
16-Me™_2
16-Me™_3
16-Me"_4
16-M€e" 5
16-M€e"_6
16-Me"_7
16-Me"_8
16-Me"_ 9
16-Me"_10

-539.588244
-539.586615

-579.286326

-618.178225
-618.176618
-618.176410

-657.881357
-657.879374
-657.878696
-657.877891

-696.764415
-696.763341
-696.762638
-696.762440
-696.762039
-696.762066
-696.760293

-736.471871
-736.471122
-736.469445
-736.469539
-736.469481
-736.468954
-736.469182
-736.468365
-736.468083

-578.886465
-578.885522
-578.884510
-578.882279

-618.583929
-618.581109

-696.776563
-696.776633
-696.775424
-696.775787
-696.775611
-696.775546
-696.774817
-696.774639
-696.774720
-696.774564

-736.476703
-736.476635
-736.476555
-736.476433
-736.476517
-736.476409
-736.475762
-736.476114
-736.475926
-736.475745

-539.407327
-539.405739

-579.063815

-617.937456
-617.935883
-617.935504

-657.598580
-657.596685
-657.595912
-657.595206

-696.463812
-696.462502
-696.461873
-696.461212
-696.461116
-696.461454
-696.459351

-736.129126
-736.128196
-736.126517
-736.126489
-736.126460
-736.125966
-736.126158
-736.125385
-736.124927

-578.676024
-578.675023
-578.673982
-578.671646

-618.331600
-618.328607

-696.476650
-696.476686
-696.475499
-696.475855
-696.475659
-696.475518
-696.474825
-696.474559
-696.474593
-696.474616

-736.134674
-736.134466
-736.134548
-736.134376
-736.134645
-736.134380
-736.133699
-736.134160
-736.133960
-736.133708

-538.574773
-538.572794

-578.166742

-616.957188
-616.955395
-616.955300

-656.554033
-656.551872
-656.551172
-656.550362

-695.336484
-695.335357
-695.334389
-695.334289
-695.333609
-695.333293
-695.332179

-734.937546
-734.936952
-734.935041
-734.935065
-734.934993
-734.934333
-734.934256
-734.933808
-734.933406

-577.767603
-577.766660
-577.765756
-577.763566

-617.359130
-617.355924

-695.344690
-695.344523
-695.344040
-695.343936
-695.343800
-695.343603
-695.343164
-695.342872
-695.342910
-695.342699

-734.939499
-734.939039
-734.938738
-734.938769
-734.938568
-734.938617
-734.938612
-734.938435
-734.937814
-734.937754

-538.393636
-538.393856
-538.391918
-577.944232
-577.944232
-616.715989
-616.716419
-616.714660
-616.714394
-656.270876
-656.271256
-656.269183
-656.268388
-656.267677
-695.035243
-695.035881
-695.034518
-695.033624
-695.033061
-695.032686
-695.032681
-695.031238
-734.594174
-734.594802
-734.594025
-734.592113
-734.592016
-734.591972
-734.591345
-734.591233
-734.590828
-734.590250
-577.556719
-577.557161
-577.556161
-577.555227
-577.552934
-617.106709
-617.106801
-617.103422
-695.043972
-695.044777
-695.044576
-695.044115
-695.044004
-695.043848
-695.043576
-695.043173
-695.042792
-695.042784
-695.042750
-734.596465
-734.597470
-734.596870
-734.596731
-734.596712
-734.596695
-734.596588
-734.596549
-734.596481
-734.595848
-734.595717

180



17

17 1
17 2
17 3
17 4
17 5
17 6
17 7
17 8
17 9

17 10
17-Me"
17-Me" 1
17-Me" 2
17-M€e"_3
17-M€e"_4
17-M€e"_ 5
17-M€e"_6
17-M€e"_7
17-M€e"_8
17-M€e"_ 9
17-M€e"_10
18

18 1
18-Me"
18-Me" 1
19

19 1
19-Me"
19-M€"_1
20

20 1
20-Me*
20-Me' 1
21

21 1
21-Me'
21-Me' 1
22

22 1
22 2
22-Me"
22-Me"_1
22-Me" 2
23

23 1
23-Me'
23-Me' 1
23-Me' 2
23-Me"_3
23-Me"_4
24
24-Me"
25
25-Me"
26

26 1
26 2
26-Me"
26 M€ 1
27

27 1

-814.665707
-814.665956
-814.665462
-814.665061
-814.664644
-814.664961
-814.664958
-814.664945
-814.664124
-814.663582

-854.368709
-854.368442
-854.368456
-854.368129
-854.367735
-854.368436
-854.367974
-854.368096
-854.368033
-854.368320
-578.882974
-618.584037
-696.762757
-736.470129
-814.630252
-854.343293
-618.182550
-657.879352

-775.368653
-775.368243

-815.066397
-815.065766

-932.554859
-972.251943
-972.250674

-972.249772
-972.248294

-538.345989
-538.342312

-578.042476

-615.695093

-814.276335
-814.276581
-814.276121
-814.275638
-814.275127
-814.275466
-814.275423
-814.275457
-814.274512
-814.274153

-853.936905
-853.936798
-853.936803
-853.936341
-853.936060
-853.936690
-853.936375
-853.936345
-853.936100
-853.936514
-578.672922
-618.332107
-696.463368
-736.128730
-814.240491
-853.911353
-617.942963
-657.597861

-775.010665
-775.010022

-814.665879
-814.665403

-932.077946
-971.732487
-971.730952

-971.730229
-971.728588

-538.188633
-538.184924

-577.843397

-615.501506

-812.921906
-812.921774
-812.921337
-812.920948
-812.921029
-812.920998
-812.920993
-812.920902
-812.920558
-812.920194

-852.519824
-852.519273
-852.519235
-852.519009
-852.518840
-852.518887
-852.518634
-852.518617
-852.518735
-852.518608
-577.769460
-617.364198
-695.342492
-734.943311
-812.904321
-852.510367
-616.963858
-656.554230

-773.737751
-773.736629

-813.328364
-813.327304

-930.512811
-970.102493
-970.101315

-970.100256
-970.098738

-537.349319
-537.345605

-576.939188

-614.507499

-812.531519
-812.532534
-812.532399
-812.531997
-812.531524
-812.531513
-812.531503
-812.531458
-812.531414
-812.530947
-812.530764
-852.086758
-852.088021
-852.087629
-852.087582
-852.087221
-852.087165
-852.087140
-852.087035
-852.086866
-852.086801
-852.086802
-577.559408
-577.559408
-617.112268
-617.112268
-695.043102
-695.043102
-734.601912
-734.601912
-812.514560
-812.514560
-852.078427
-852.078427
-616.724271
-616.724271
-656.272739
-656.272739
-773.379503
-773.379763
-773.378408
-812.927595
-812.927846
-812.926940
-930.035898
-930.035898
-969.582606
-969.583038
-969.581593
-969.580713
-969.579032
-651.216064
-651.216064
1033.516812
1073.069267
-537.191893
-537.191963
-537.188217
-576.740109
-576.740109
-614.313661
-614.313912
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27 2
27 3
27-Me*
27-Me'_1
27-Me"_2
27-Me"_3
28

28 1
28 2
28 3
28-Me"
28-Me' 1
28-Me' 2
28-Me'_3
28-Me'_4
28-Me" 5
28-Me"_6
29

29 1
29 2
29 3
29 4
29-Me"
29-Me' 1
29-Me' 2
30

30 1
30 2
30 3
30 4
30 5
30 6
30 7
30 8
30 9

30 10
30-Me"
30-Me' 1
30-Me"_2
30-M€e"_3
30-M€e"_4
30-M€e"_5
30-M€e"_6
30-Me'_7
31

311
31 2
31 3
31 4
315
31 6
31 7
31 8
319
3110
31-Me"
31-Me' 1
31-Me 2
31-Me 3
31-Me_4
31-Me' 5
31-M€e"_6

-615.692343
-615.692047

-655.394224
-655.393933
-655.393096

-693.043842
-693.041564
-693.038571

-732.746080
-732.746007
-732.745680
-732.744884
-732.744521
-732.742665

-577.648530
-577.647685
-577.647391
-577.646116

-617.348441
-617.346862

-694.300547
-694.299433
-694.299517
-694.299094
-694.298681
-694.297931
-694.298167
-694.298163
-694.297543
-694.297826

-734.005503
-734.004978
-734.005286
-734.003454
-734.003879
-734.003477
-734.002346

-810.952285
-810.950983
-810.950852
-810.949659
-810.949518
-810.949138
-810.949582
-810.949181
-810.948110
-810.948024

-850.660901
-850.660825
-850.660927
-850.660715
-850.659964
-850.659263

-615.498599
-615.498273

-655.158559
-655.158173
-655.157511

-692.813807
-692.811529
-692.808464

-732.473852
-732.473804
-732.473451
-732.472684
-732.472362
-732.471431

-577.460788
-577.460060
-577.459517
-577.458234

-617.118870
-617.117303

-694.046038
-694.045029
-694.045025
-694.044469
-694.044150
-694.043425
-694.043693
-694.043566
-694.042879
-694.043058

-733.708938
-733.708285
-733.708632
-733.706876
-733.707420
-733.706863
-733.705804

-810.630998
-810.629604
-810.629411
-810.628393
-810.628142
-810.627765
-810.628069
-810.627638
-810.626634
-810.626645

-850.297246
-850.297065
-850.297213
-850.296892
-850.296287
-850.295624

-614.505189
-614.504346

-654.099690
-654.098930
-654.098127

-691.665471
-691.663637
-691.661113

-731.261227
-731.261194
-731.260386
-731.259551
-731.258799
-731.256499

-576.542706
-576.542283
-576.541616
-576.539961

-616.136226
-616.134344

-692.895067
-692.894530
-692.894137
-692.894077
-692.893776
-692.892881
-692.892735
-692.892847
-692.892741
-692.892832

-732.493156
-732.492939
-732.492784
-732.491555
-732.491316
-732.490889
-732.489462

-809.247810
-809.247147
-809.247009
-809.246334
-809.245961
-809.245826
-809.245939
-809.245818
-809.245078
-809.244832

-848.849889
-848.849980
-848.849546
-848.849535
-848.849114
-848.848703

-614.311445
-614.310572
-653.863612
-653.864024
-653.863170
-653.862542
-691.435173
-691.435436
-691.433602
-691.431006
-730.988661
-730.988999
-730.988991
-730.988156
-730.987351
-730.986640
-730.985264
-576.354625
-576.354964
-576.354658
-576.353742
-576.352079
-615.906429
-615.906656
-615.904786
-692.639671
-692.640558
-692.640127
-692.639646
-692.639452
-692.639245
-692.638374
-692.638260
-692.638250
-692.638077
-692.638064
-732.196074
-732.196592
-732.196245
-732.196130
-732.194977
-732.194857
-732.194276
-732.192920
-808.925527
-808.926523
-808.925768
-808.925568
-808.925069
-808.924585
-808.924453
-808.924427
-808.924275
-808.923602
-808.923452
-848.485656
-848.486233
-848.486220
-848.485833
-848.485712
-848.485438
-848.485065
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31-Me_7
31-Me'_8
31-Me" 9
31-Me"_10
32

321
32 2
32 3
32 4
32-Me"
32-Me' 1
33

331
33 2
33 3
33 4
335
33 6
33 7
33-Me’
33-M€e"_1
33-Me' 2
33-Me'_3
33-Me'_4
33-Me' 5
34

34 1
34 2
34 3
34 4
34 5
34 6
34 7
34 8
34 9

34 10
34-Me"
34-Me'_1
34-M€e"_2
34-M€e"_3
34-Me'_4
34-Me' 5
34-M€"_6
34-Me'_7
34-Me'_8
34-Me" 9
34-Me"_10
35

35 1
35 2
35 3
35-Me"
35-Me'_1
36

361
36_2
36_3
36_4
36 5
36_6
36_7
36_8

-850.659420
-850.658729
-850.658177
-850.658818

-616.974756
-616.972323
-616.972428
-616.969827

-656.675630

-772.951878
-772.950858
-772.949058
-772.949803
-772.950813
-772.948254
-772.946664

-812.659316
-812.657985
-812.658201
-812.657911
-812.655693

-928.926292
-928.926236
-928.925350
-928.922901
-928.924535
-928.924810
-928.924830
-928.924811
-928.924664
-928.922635

-968.639512
-968.639326
-968.638236
-968.638674
-968.638585
-968.637786
-968.634666
-968.634770
-968.635863
-968.634453

-656.279581
-656.278069
-656.276782

-695.981191

-851.561080
-851.559589
-851.559235
-851.558011
-851.556434
-851.557367
-851.556992
-851.557436

-850.295725
-850.295072
-850.294507
-850.295069

-616.756123
-616.753756
-616.753513
-616.750962

-656.415057

-772.635396
-772.634361
-772.632482
-772.633309
-772.634355
-772.631658
-772.630120

-812.300771
-812.299400
-812.299520
-812.299181
-812.296909

-928.511862
-928.511821
-928.510849
-928.508590
-928.510355
-928.510251
-928.510287
-928.510267
-928.510014
-928.508092

-968.182722
-968.182479
-968.181448
-968.181748
-968.181718
-968.180797
-968.178090
-968.177865
-068.178898
-968.177565

-656.030734
-656.029107
-656.027764

-695.690430

-851.184125
-851.182731
-851.182187
-851.181065
-851.179573
-851.180686
-851.179918
-851.180642

-848.848509
-848.847943
-848.847485
-848.847535

-615.767613
-615.765989
-615.764823
-615.762915

-655.362436

-771.343606
-771.342818
-771.342119
-771.341926
-771.340896
-771.340896
-771.340017

-810.945189
-810.943854
-810.943661
-810.943708
-810.942139

-926.919497
-926.919422
-926.918306
-926.917255
-926.917111
-926.917264
-926.917230
-926.917216
-926.917154
-926.916522

-966.526451
-966.526277
-966.525667
-966.525099
-966.524450
-966.524186
-966.522303
-966.522539
-966.522588
-966.522539

-654.968567
-654.966692
-654.966339

-694.563909

-849.745811
-849.744344
-849.743591
-849.743344
-849.741995
-849.741693
-849.742018
-849.741600

-848.484814
-848.484286
-848.483814
-848.483786
-615.548621
-615.548980
-615.547422
-615.545908
-615.544051
-655.101863
-655.101863
-771.026414
-771.027124
-771.026322
-771.025543
-771.025432
-771.024438
-771.024300
-771.023473
-810.586007
-810.586644
-810.585269
-810.584980
-810.584977
-810.583355
-926.504276
-926.505067
-926.505006
-926.503805
-926.502943
-926.502931
-926.502705
-926.502686
-926.502672
-926.502504
-926.501979
-966.069098
-966.069661
-966.069430
-966.068879
-966.068173
-966.067583
-966.067196
-966.065726
-966.065634
-966.065624
-966.065369
-654.719362
-654.719721
-654.717730
-654.717321
-694.273148
-694.273148
-849.368146
-849.368856
-849.367486
-849.366543
-849.366397
-849.365134
-849.365012
-849.364944
-849.364806
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369
36-Me"
36-Me' 1
36-Me"_2
36-Me"_3
36-Me”_4
37

37.1
37 2
37 3
37 4
37 5
37 6
37 7
37 8
37 9
37_10
37-Me’
37-Me'_1
37-M€e"_2
37-M€e"_3
37-Me"_4
37-Me 5
37-Me' 6
37-Me_7
37-Me'_8
37-M€e"_9
37-Me"_10
38

38 1
38 2
38 3
38 4
38 5
38 6
38 7
38 8
38 9
38_10
38-Me"
38-Me"_1
38-Me"_2
38-M€e"_3
38-Me'_4
PH,Me
PH,Me,"
PHMe,
PHMe,"

-851.556505

-891.270251
-891.268276
-891.267660
-891.266894

-1046.839178
-1046.837691
-1046.837156
-1046.836104
-1046.836771
-1046.836643
-1046.835104
-1046.835141
-1046.834729
-1046.836320

-1086.554290
-1086.553596
-1086.551723
-1086.551798
-1086.551906
-1086.551905
-1086.551906
-1086.551403
-1086.550794
-1086.550796

-695.565864
-695.565569
-695.565119
-695.565140
-695.563715
-695.564706
-695.564180
-695.564414
-695.564010
-695.563508

-735.268597
-735.267731
-735.267503
-735.267672
-382.386627
-422.046080
-421.690601
-431.369348

-851.179489

-890.851153
-890.849204
-890.848531
-890.847693

1046.334212
1046.332564
1046.332032
1046.331159
1046.331715
1046.331853
1046.330102
1046.329905
1046.329608
1046.331111

1086.006709
1086.006194
1086.004412
1086.004257
1086.004324
1086.004303
1086.004284
1086.003945
1086.003232
1086.003243

-695.286831
-695.286448
-695.285994
-695.285947
-695.284493
-695.285578
-695.285160
-695.285052
-695.284734
-695.284603

-734.947693
-734.946821
-734.946515
-734.946690
-382.326983
-421.944312
-421.600096
-461.236987

-849.741805

-889.348727
-889.346754
-889.345823
-889.345554

1044.521476
1044.519801
1044.519312
1044.518985
1044.518903
1044.518182
1044.518291
1044.518274
1044.517996
1044.517996

1084.130727
1084.130105
1084.128335
1084.128346
1084.128156
1084.128159
1084.128172
1084.127374
1084.127234
1084.127223

-694.150273
-694.149777
-694.149430
-694.149059
-694.148773
-694.148555
-694.147992
-694.148270
-694.147778
-694.147369

-733.746676
-733.745726
-733.745522
-733.745341
-381.789464
-421.343927
-420.988339
-460.562018

-849.364789
-888.929229
-888.929629
-888.927681
-888.926694
-888.926353
1044.015602
1044.016511
1044.014674
1044.014188
1044.014040
1044.013847
1044.013392
1044.013289
1044.013038
1044.012876
1044.012787
1083.582284
1083.583146
1083.582703
1083.581025
1083.580805
1083.580574
1083.580557
1083.580550
1083.579916
1083.579671
1083.579670
-693.870295
-693.871240
-693.870656
-693.870305
-693.869867
-693.869551
-693.869427
-693.868973
-693.868909
-693.868502
-693.868464
-733.425226
-733.425772
-733.424816
-733.424534
-733.424358
-381.729819
-421.242159
-420.897834
-460.429657
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9.5.3. Cyclophane-substituted Phosphanes

Table 9.5.2

39R 1
39R_2
39R_3
39R_4
39R_5
39R_6
39R_7
39R_8

39S 1
39S_2
39S_3
39S_4
39S_5
39S_6
39S_7
39S_8

40R_1
40R_2
40R_3
40R_4

40S_1
40S_2
40S_3
40S_4

41 1
45 1
45 2

45 3

43 1
43 2

44_1

B98/6-31G(d)

MP2(FC)/6-31+G(2d,p)//

B98/6-31G(d)

Etot

H298

Etot

H298

-1252.027087
-1252.022562
-1252.022114
-1252.020381
-1252.018877
-1252.017360
-1252.005718
-1252.005243

-1252.024828
-1252.022231
-1252.020194
-1252.020523
-1252.020274
-1252.019302
-1252.018808
-1252.012270

-1252.045199
-1252.039542
-1252.037006
-1252.032578

-1252.040646
-1252.035733
-1252.039019
-1252.034656

-1190.926607

-806.232164

-806.231360
-806.231066

1039.545644
1039.539604

-731.250368

-1251.530889
-1251.526895
-1251.526258
-1251.523976
-1251.522316
-1251.520819
-1251.509452
-1251.508887

-1251.528552
-1251.526230
-1251.523971
-1251.524494
-1251.523981
-1251.522886
-1251.522932
-1251.515854

-1251.548897
-1251.543407
-1251.540854
-1251.536349

-1251.544494
-1251.539723
-1251.542564
-1251.538717

-1190.548768

-806.005150

-806.004349
-806.004074

1039.186464
1039.180331

-731.013907

-1249.315520
-1249.311943
-1249.311392
-1249.308756
-1249.307067
-1249.306582
-1249.294125
-1249.293315

-1249.314207
-1249.311826
-1249.309504
-1249.308901
-1249.308455
-1249.307165
-1249.305855
-1249.300921

-1249.331805
-1249.325600
-1249.324624
-1249.319323

-1249.327996
-1249.325600
-1249.325809
-1249.321104

-1188.432654

-804.609743

-804.609094
-804.608748

1037.356364
1037.349044

-729.785867

-1248.819322
-1248.816276
-1248.815536
-1248.812351
-1248.810506
-1248.810041
-1248.797859
-1248.796959

-1248.817931
-1248.815825
-1248.813281
-1248.812873
-1248.812162
-1248.810749
-1248.809979
-1248.804505

-1248.835502
-1248.829466
-1248.828472
-1248.823094

-1248.831844
-1248.829590
-1248.829355
-1248.825165

-1188.054815

-804.382729

-804.382084

-804.381756

-1036.997183
-1036.989771

-729.549406
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39R_Me+ 1
39R_Me+ 2
39R_Me+ 3
39R_Me+ 4
39R_Me+ 5
39R_Me+ 6
39R_Me+ 7
39R_Me+ 8

39S_Me+ 1
39S_Me+ 2
39S_Me+ 3
39S_Me+ 4
39S_Me+ 5
39S_Me+ 6
39S_Me+ 7

39SN_Me+ 1
39SN_Me+ 2
39SN_Me+ 3
39SN_Me+ 4
39SN_Me+ 5
39SN_Me+ 6

40R_Me+ 1
40R_Me+ 2

40S_Me+_1
40S_Me+_2

40SN_Me+_1
40SN_Me+_2
40SN_Me+_3
40SN_Me+_4

-1291.734557
-1291.734558
-1291.728966
-1291.727849
-1291.725449
-1291.710568
-1291.710568
-1291.708227

-1291.728781
-1291.725532
-1291.726811
-1291.725167
-1291.724655
-1291.723348
-1291.717558

-1291.716994
-1291.708348
-1291.705083
-1291.700807
-1291.682159
-1291.680004

-1291.747962
-1291.741981

-1291.744499
-1291.744295

-1291.733531
-1291.727813
-1291.718765
-1291.714826

-1291.195702
-1291.195696
-1291.190884
-1291.189409
-1291.186512
-1291.171518
-1291.171518
-1291.169332

-1291.190260
-1291.186154
-1291.188559
-1291.186790
-1291.186160
-1291.184589
-1291.179387

-1291.176087
-1291.167545
-1291.164392
-1291.159693
-1291.140915
-1291.139054

-1291.210253
-1291.204054

-1291.206580
-1291.206393

-1291.192548
-1291.187020
-1291.177603
-1291.174208

%
Reg:®

9
2 JJJJ}"
-1288.380594

‘-\\“
B
™
Gk

-1288.919449

-1288.919441
-1288.909995
-1288.908330
-1288.905414
-1288.892786
-1288.892783
-1288.890636

-1288.909837
-1288.910647
-1288.909095
-1288.907960
-1288.906406
-1288.906193
-1288.898425

-1288.898728
-1288.892433
-1288.885615
-1288.881613
-1288.863869
-1288.861100

-1288.380579
-1288.371913
-1288.369890
-1288.366478
-1288.353736
-1288.353733
-1288.351741

-1288.371316
-1288.371269
-1288.370843
-1288.369583
-1288.367911
-1288.367434
-1288.360255

-1288.357822
-1288.351630
-1288.344924
-1288.340498
-1288.322626
-1288.320150

%%
JJ’)ﬁJ ‘5’3)‘

29 J!J JﬁJJ

-1288.926170 -1288.388461

-1288.921288

-1288.923228
-1288.922774

-1288.912870
-1288.906671
-1288.898199
-1288.893876

-1288.383361

-1288.385309
-1288.384872

-1288.371886
-1288.365878
-1288.357037
-1288.353259
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41 Me+_ 1

45 Me+ 1

43 Me+ 1

44 Me+ 1

-1230.620488

-845.932988

-1079.246809

-770.950712

-1230.201184

-845.664347

-1078.845968

-770.672225

-1228.016255

-844.202728

-1076.948806

-769.378789

-1227.596950

-1076.547966

-769.100302
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9.5.4. Cyclic Phosphanes
Table 9.5.3

B98/6-31G(d)

MP2(FC)/6-31+G(2p,d)//B98/6-31G(d)

E(ol HZQE Etot HZQE
49
-538.383378 -538.223939 -537.384337 -537.224898
49-Me+
)g ;;
J
9
-578.078258 -577.877210 -576.972147 -576.771099
@
47
o9 0
J d
-537.152608 -537.017432 -536.171106 -536.035930
47-Me+ d
9
9
-576.847722 -576.670772 -575.757304 -575.580354
46
-537.154551 -537.019731 -536.173303 -536.038483
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46-Me+

48

48-Me+

50_1

50_2

50_1-Me+

CH3+

-576.843873

-615.760012

-655.453918

-577.683936

-577.683137

-617.383371

-39.462922

-576.667442

-615.563078

-655.215172

-577.494343

-577.493444

-617.151985

-39.427481

-575.754277

-614.574756

-654.161473

-576.580136

-576.579239

-616.173516

-39.352370

A

-575.577846

-614.377822

Eit

-653.922727

-576.389546

-615.942130

9

-39.316929
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9.5.5. MVKA of Recently Synthesized Bifunctional Phosphan&atalysts

Table 9.5.4

MPW1K/6-31G(d)

MP2(FC)/6-31+G(2p,d)//MPW1K/6-31G(d

Eiot

Etot

H29£

BPCO
BPCO_MVK_1
BPCO_MVK_2
BPCO_MVKc_1
BPCO_MVKc_2
BPC1_1
BPC1_2
BPC1_3
BPC1_4
BPC1 5
BPC1_6
BPC1_MVK_1
BPC1_MVK_2
BPC1_MVK_3
BPC1_MVKc_1
BPC1_MVKc_2
BPC1_MVKc_3
BPC1_MVKc_4
BPC2_1
BPC2_2
BPC2_3
BPC2_4
BPC2 5
BPC2_MVK_1
BPC2_MVK_2
BPC2_MVK_3
BPC2_MVK_4
BPC2_MVK_5
BPC2_MVK_6
BPC2_MVK_7
BPC2_MVK_8
BPC2_MVK_9
BPC2_MVK_10
BPC2_MVK_11
BPC2_MVK_12
BPC2_MVK_13
BPC2_MVK_14
BPC2_MVK_15
BPC2_MVK_16
BPC2_MVK_17
BPC2_MVKc_1
BPC2_MVKc_2
BPC2_MVKc_3
BPC2_MVKc_4
BPC2_MVKc_5
BPC3_1
BPC3 2
BPC3_3
BPC3_4
BPC3 5
BPC3_MVK_1
BPC3_MVK_2
BPC3_MVK_3
BPC3_MVKc_1
BPC3_MVKc_2
BPC3_MVKc_3

-1036.114027
-1267.258099
-1267.256318
-1267.276995

-1267.27414
-1361.983768
-1361.983093
-1361.986658
-1361.972644
-1361.986498

-1361.97081
-1593.146131
-1593.125401
-1593.112709
-1593.151884
-1593.142835

-1593.14225
-1593.136187
-1244.065312
-1244.066917

-1244.06122
-1244.061207
-1244.058096
-1475.225494
-1475.212619
-1475.212612
-1475.202344
-1475.202477
-1475.204925
-1475.184977
-1475.181687
-1475.218044
-1475.206447
-1475.202258
-1475.199379
-1475.202483
-1475.195929
-1475.198949
-1475.203483

-1475.20050

-1475.2335
-1475.222305
-1475.221689
-1475.222305
-1475.221356
-1435.748984
-1435.751621
-1435.744103
-1435.751304
-1435.743703
-1666.912331
-1666.9006

-1666.89456
-1666.918535
-1666.903605
-1666.898913

-1035.814555
-1266.856987
-1266.855328
-1266.875316
-1266.872154
-1361.531129
-1361.530261
-1361.53389
-1361.520477
-1361.5339
-1361.518601
-1592.592497
-1592.571426
-1592.558842
-1592.596886
-1592.588074
-1592.587464
-1592.581593
-1243.70416
-1243.705722
-1243.700461
-1243.700389
-1243.697221
-1474.763687
-1474.750888
-1474.750879
-1474.740257
-1474.740031
-1474.743841
-1474.723414
-1474.720097
-1474.755754
-1474.744000
-1474.739914
-1474.737197
-1474.739957
-1474.733727
-1474.736536
-1474.740833
-1474.738118
-1474.77003
-1474.759184
-1474.758301
-1474.758845
-1474.757818
-1435.329663
-1435.332309
-1435.325301
-1435.332013
-1435.32491
-1666.392005
-1666.37997
-1666.374883
-1666.39703
-1666.382057
-1666.377472

-1033.804862
-1264.404191
-1264.404304
-1264.429498
-1264.424462
-1358.899958
-1358.898938
-1358.896227
-1358.888954
-1358.895868
-1358.886489
-1589.519060

-1589.530341
-1589.522197
-1589.521205
-1589.516613
-1241.314136
-1241.311467
-1241.310238
-1241.310259
-1241.308677
-1471.932111
-1471.922388
-1471.922347
-1471.915818
-1471.915233
-1471.913593
-1471.901214
-1471.895989
-1471.923266

-1471.945570
-1471.937555
-1471.936354
-1471.931963
-1471.930994
-1432.521852
-1432.516831
-1432.515923
-1432.515872
-1432.515307
-1663.139561
-1663.132163
-1663.128780
-1663.153699
-1663.140942
-1663.140373

-1033%
1264.003079
1264.003314

-1264.027819

1264.022476
-433819
-435806
-133859
-436887

-13324

-13328
1588.965426

-1588.975343
-1588.967436
1588.966419
-1588.962019
-952084
-930Q72
-929a.79
-929a41
-924802
1471.470304
1471.460657
1471.460614
1471.453731
1471.452787
1471.452509
1471.439651
1471.434399
1471.460976

711482100
-1471.474434
-1471.472966
-1471.468503
-1471.467456

-162331
-083319
-083221
-D98381
-088514
1662.619235
21661533
6621609103
1662.632194
-1662.619394
-1662.618932
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BPC3_MVKc_4
BPC3_MVKc_5

BPC4_1
BPC4 2
BPC4_3
BPC4_4
BPC4 5
BPC4_6
BPC4_MVK_1
BPC4_MVK_2
BPC4_MVK_3
BPC4_MVK_4

BPC4_MVKc_1
BPC4_MVKc_2
BPC4_MVKc_3
BPC4_MVKc_4
BPC4_MVKc_5
BPC4_MVKc_6

BPC5_1
BPC5_2
BPC5_3
BPC5_4
BPC5_5
BPC5_MVK_1

BPC5_MVKc_1

BPC6_1
BPC6_2

BPC6_3

BPC6_4

BPC6_MVK_1
BPC6_MVK_2
BPC6_MVK_3
BPC6_MVK_4
BPC6_MVK_5
BPC6_MVK_6
BPC6_MVK_7
BPC6_MVK_8
BPC6_MVK_9

BPC6_MVK_10
BPC6_MVKc_1
BPC6_MVKc_2
BPC6_MVKc_3
BPC6_MVKc_4
BPC6_MVKcC_5
BPC6_MVKC_6

-1666.906384
-1666.904075
-1550.235872
-1550.236117
-1550.238693
-1550.231185
-1550.230802
-1550.238467
-1781.399819
-1781.399259
-1781.387464
-1781.381509

-1781.40561
-1781.405478
-1781.391744
-1781.390668
-1781.393476
-1781.391214
-1527.952275
-1527.947385
-1527.947733
-1527.954588
-1527.954241

-1759.11781
-1759.122806
-1111.307321
-1111.308552
-1111.303574
-1111.300896
-1342.489651
-1342.448667
-1342.448564
-1342.448385
-1342.447283
-1342.447385
-1342.446127
-1342.442506
-1342.443237
-1342.441427
-1342.477093
-1342.464689
-1342.463235

-1342.46273
-1342.465132
-1342.460755

-1666.384622
-1666.382734
-1549.780106
-1549.780258
-1549.782855
-1549.775843
-1549.775469
-1549.782662
-1780.842889
-1780.842329
-1780.830362
-1780.825289
-1780.847595
-1780.847342
-1780.833901
-1780.832606
-1780.835232
-1780.833196
-1527.53262
-1527.52816
-1527.52855
-1527.53489
-1527.5346
-1758.59726
-1758.60082
-1111.002214
-1111.00331
-1110.998603
-1110.995876
-1342.082027
-1342.041973
-1342.04189
-1342.041713
-1342.040574
-1342.0407
-1342.039467
-1342.03588
-1342.036636
-1342.034814
-1342.069288
-1342.056977
-1342.055764
-1342.055381
-1342.057547
-1342.053414

-1663.139415
-1663.137268
-1546.765679
-1546.765747
-1546.760397
-1546.759602
-1546.759539
-1546.759520
-1777.383399
-1777.383213
-1777.375975
-1777.372681
-1777.397606
-1777.397562
-1777.386320
-1777.384803
-1777.383076
-1777.380894
-1524.550409
-1524.544616
-1524.544533
-1524.544730
-1524.543626
-1755.169826

-1755.183011
-1108.878307
-1108.877854
-1108.875100
-1108.871808
-1339.512691
-1339.475072
-1339.474682

-1339.474165
-1339.472674
-1339.472473

-1339.471929
-1339.470265
-1339.468467
-1339.467623
-1339.506135
-1339.497503
-1339.496542
-1339.495967
-1339.495858
-1339.492857

-1662.617653
-1662.615927
-859613
-B59888
-BB4659
-354@60
-854206
-BB3G 15
1776.826469
1776.826283
1776.818873
1776.816461
1776.839591
-1776.839426
-1776.828477
-1776.826741
-1776.824832
-1776.822876
-13P451
-123893
-123852
-125033
-123935
54164928
1754.661023
-5¥6200
-5172812
-570829
-566388
1339.105067
1339.068378
3391068008
1339.067493
1339.065965
391365788
1339.065269
3391063639
1339.061866
-1339.061010
-1339.098330
-1339.089791
-1339.089071
1339.088618
-1339.088273
-1339.085516
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9.5.6. XKA of Triphenylphosphane and Pyridine-derived Lewis Base Catalysts Using
Three Different Michael Acceptors

Table 9.5.5

MP2(FC)/6-31+G(2d,p)//MPW1K/6-31+G(d) + PCM(UAHRAF/6-31G(d)//MPW1K/6-
31+G(d)

E

GZQE

PhP

MAL_1
MA1_2

MA2_1
MA2_2
MA2_3
MA2_4

MA3_1

PhP*1_1
PhP*1_2
PhP*1_3
PhP*1_4

PhP*2_1
PhP*2_2
PhP*2_3
PhP*2_4
PhP*2_5
PhP*2_6

PhP*3_1

PDLB2_1
PDLB2_2

PDLB2*1_1
PDLB2*1_2
PDLB2*1_3
PDLB2*1_4
PDLB2*1_5
PDLB2*1_6
PDLB2*1_7
PDLB2*1_8
PDLB2*1_9
PDLB2*1_10
PDLB2*1_11
PDLB2*1_12

PDLB2*2_1
PDLB2*2_2
PDLB2*2_3
PDLB2*2_4
PDLB2*2_5
PDLB2*2_6
PDLB2*2_7
PDLB2*2_8
PDLB2*2_9
PDLB2*2_10
PDLB2*2_11
PDLB2*2_12

-1033.805540

-230.606397
-230.605751

-305.682590
-305.681653
-305.667879
-305.662507

-307.813098

1264.404815
1264.404793
1264.391293
1264.389128

1339.467080
1339.470621
1339.470264
1339.465007
1339.464749
1339.463818

1341.588874

-747.576237
-747.575744

-978.181725
-978.180971
-978.178939
-978.178764
-978.172688
-978.172993
-978.171366
-978.171491
-978.166473
-978.165121
-978.160297
-978.160229

-1053.246864
-1053.246078
-1053.244315
-1053.242605
-1053.241669
-1053.240567
-1053.244028
-1053.239942
-1053.236992
-1053.238859
-1053.237233
-1053.239224

-1033.506480

-230.507158
-230.506640

-305.576236
-305.575258
-305.561711
-305.556425

-307.674404

1264.004430
1264.004283
1263.991325
1263.988845

1339.060242
1339.063517
1339.063181
1339.057932
1339.057654
1339.056751

1341.149366

-747.180888
-747.180467

-977.683257
-977.682502
-977.680804
-977.680510
-977.674222
-977.674444
-977.672989
-977.673243
-977.669194
-977.667628
-977.662758
-977.662637

-1052.741815
-1052.741080
-1052.739584
-1052.738150
-1052.737363
-1052.736544
-1052.739206
-1052.735868
-1052.732622
-1052.733921
-1052.732746
-1052.734170

-1033.522956

-230.513803
-230.513355

-305.583669
-305.582690
-305.569199
-305.564152

-307.681301

-1264.026959
-1264.026708
-1264.014236
-1264.011828

-1339.084122
-1339.087132
-1339.086794
-1339.081352
-1339.081023
-1339.080432

-1341.172643

-747.197756
-747.197267

-977.706032
-977.705257
-977.703669
-977.703345
-977.696992
-977.697175
-977.695750
-977.695999
-977.692714
-977.691107
-977.686222
-977.686059

-1052.765715
-1052.765014
-1052.763566
-1052.762217
-1052.761551
-1052.760769
-1052.763177
-1052.760121
-1052.756820

Gaos,chHer:
-1033%681 -1033.565374
-230.8925 -230.544310
-230.8023 -230.543695
-305.8538 -305.614708
-305.6229 -305.613856
-305.80302 -305.604104
-305.9952 -305.599434
-307.1%11 -307.716708
- 17680 -1264.083154
-1IrBE 74 -1264.081814
-1874.30 -1264.076192
-1E5834 -1264.073116
-IRBR73 -1339.144377
-1339115 -1339.143901
-13RRB79 -1339.143795
-138M98 -1339.141867
-1I33RB64 -1339.140378
-1I3%B61 -1339.140191
-P26D78 -1341.235747
-74y724 -747.244328
-75683 -747.243360
-BP56636 -977.764047
-P56038 -977.763416
-B54319 -977.762510
-B52090 -977.761628
-BF7852 -977.759422
-Bx7848 -977.758812
-B¥G462 -977.757968
-BIG718 -977.757953
-BI5261 -977.756496
~PAA339 -977.756435
~B3F999 -977.754616
-B3F828 -977.754222
0521818432 -1052.826352
0521817974 -1052.825798
0521816306 -1052.825007
0521815397 -1052.824736
0521815413 -1052.824719
0521814237 -1052.824181
0521815886 -1052.823823
0521813780 -1052.823134
0521810563 -1052.823073

-1052.757868 1052.811009
-1052.756844 1052.810045
-1052.758062 1052.810853

-1052.822770
-1052.822157
-1052.821880
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PDLB2*2_13
PDLB2*2_14
PDLB2*2_15
PDLB2*2_16

PDLB2*3R_1
PDLB2*3R_2
PDLB2*3R_3
PDLB2*3R_4

PDLB2*3S_1
PDLB2*3S_2
PDLB2*3S_3
PDLB2*3S_4

-1053.237668
-1053.235755
-1053.235722
-1053.237615

-1055.368669
-1055.366930
-1055.364135
-1055.362519

-1055.368862
-1055.364162
-1055.366851
-1055.362763

-1052.732995
-1052.731511
-1052.731516
-1052.732789

-1054.832124
-1054.830536
-1054.827469
-1054.826120

-1054.832421
-1054.827528
-1054.830493
-1054.826397

-1052.756999
-1052.755671
-1052.755676
-1052.756713

-1054.855742
-1054.854215
-1054.851052
-1054.849773

-1054.856091
-1054.851184
-1054.854184
-1054.850078

1052.810278
1052.808878
1052.808873
1052.809675

1054.908215
1054.906427
1054.903211
1054.901800

1054.908757
1054.903843
1054.906424
1054.902445

-1052.821736
-1052.821340
-1052.821272
-1052.821229

-1054.922844
-1054.921375
-1054.921139
-1054.919664

-1054.923338
-1054.921500
-1054.921452
-1054.920325
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9.6. Calculated Data for Chapter 6

Table 9.6.1

B3LYP/6-31G(d)

System Etot Hzgg
PH;BH; -369.786524 -369.723822
PMe;BH; -487.765856 -487.611052
PH:BMe; -487.745307 -487.592404
PMe;BMe; -605.720325 -605.474670
PH.BF; (r(P-B)) = ~2 A NM NM
PH.BF; (r(P-B)) = ~3 A -667.697792 -667.650757
PMe;BF; -785.670391 -785.535380
PMe3 -461.098424 -460.981668
BF; -324.5532218 -324.536667
PH; -343.140281 -343.112204
PMe; -461.098424 -460.981668
BH; -26.613000 -26.582694
BMe; -144.609064 -144.487552
B98/6-31G(d)

System Etot H oe
PH;BH; -369.718551 -369.655750
PMe;BH; -487.651276 -487.496507
PH:BMe; -487.631269 -487.478375
PMe;BMe; -605.560363 -605.314973
PH.BF; (r(P-B)) = ~2 A NM NM
PH.BF; (r(P-B)) = ~3 A -667.535840 -667.488677
PMe;BF; -785.462977 -785.323189
PMe3 -460.996371 -460.875348
BF; -324.446133 -324.429085
PH; -343.084654 -343.056507
PMe; -460.996371 -460.875348
BH; -26.597091 -26.566768
BMe; -144.545972 -144.424571
MPW1K/6-31G(d)

System Etot H oe
PH;BH; -369.776645231 -369.712404
PMe;BH; -487.737032504 -487.578602
PH:BMe; -487.714502244 -487.557365
PMe;BMe; -605.671022814 -605.419220
PH.BF; (r(P-B)) = ~2 A NM

PH.BF; (r(P-B)) = ~3 A -667.589438315 -667.541147
PMe;BF; -785.547413812 -785.404112
PMe3 -461.073024 -460.948757
BF; -324.449146 -324.431791
PH; -343.135431 -343.106440
PMe; -461.073024 -460.948757
BH; -26.599714 -26.568938
BMe; -144 574531 -144.450018
MPW1K/6-31+G(d)

System Etot H oe
PH;BH; -369.778690631 -369.714608
PMe;BH; -487.741224670 -487.583194
PH:BMe; -487.719529272 -487.562842
PMe;BMe; -605.677765317 -605.426586
PH.BF; (r(P-B)) = ~2 A -667.608370150 -667.560421
PH.BF; (r(P-B)) = ~3 A -667.608309 -667.560305
PMe;BF; -785.571958037 -785.429144
PMe3 -461.076331 -460.952348
BF; -324.467095 -324.449957
PH; -343.136347 -343.107383
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PMe; -461.076331 -460.952348
BH; -26.600665 -26.569954
BMe; -144.578092 -144.453944
MP2(FC)/aug-cc-pvVDZ

System Etot Hoe
PH;BH; -369.137632 -369.074803
PMe;BH; -486.738005 -486.584109
PH;:BMe; -486.728547 -486.575984
PMe&BMe; -604.331133 -604.087161
PH;BF; (r(P-B)) =~2 A -666.525834 -666.479384
PH;BF; (r(P-B)) = ~3 A -666.527230 -666.480661
PMe&BF; -784.128944 -783.990424
PMe3 -460.189797 -460.069553
BF; -323.906698 -323.890230
PH; -342.614054 -342.585805
PMe; -460.189797 -460.069553
BH; -26.486730 -26.456379
BMe; -144.102628 -143.981589
MP2(FULL)/aug-cc-pvDZ

System Etot H oe
PH;BH; -369.150468 -369.087468
PMesBH; -486.761139 -486.607085
PH;BMe; -486.751586 -486.598772
PMe&BMe; -604.364852 -604.120624
PH;BF; (r(P-B)) = ~2 A -666.546518 -666.499922
PHBF; (r(P-B)) = ~3 A -666.547534 -666.500830
PMe&BF; -784.160213 -784.021573
PMe3 -460.208873 -460.088541
BF; -323.917155 -323.900677
PH; -342.623224 -342.594858
PMe -460.208873 -460.088541
BH; -26.488898 -26.458497
BMe; -144.114590 -143.993392
B97-D/6-31G(d)

System Etot H oe
PH;BH; -369.751301 -369.689491
PMeBHs; -487.642330 -487.491187
PH:BMe; -487.623811 -487.474472
PMeBMe; -605.515312 -605.275967
PH;BF; (r(P-B)) = ~2 A NM NM
PHBF; (r(P-B)) = ~3 A -667.515075 -667.479532
PMeBF; -785.398256 -785.261914
PMe3 -460.992961 -460.874981
BF; -324.383827 -324.367224
PH; -343.125102 -343.097206
PMe; -460.992961 -460.874981
BH; -26.592362 -26.562380
BMe; -144.497521 -144.379234
Table 9.6.1

MP2(FC)/6-31+G(2d,p)//MPW1K/6-31G(d)

System Etor nH 29¢"
PH;BMe; -369.124253 -369.060011
PMeBH; -486.745156 -486.586725
PH;BH; -486.728344 -486.571207
PMeBMe; -604.349004 -604.097202
PHBF; (r(P-B)) = ~2 A NM NM
PH:BF; (r(P-B)) = ~3 A -666.513876 -666.465585
PMeBF; -784.131666 -783.988364




PMe; -460.191191 -460.066924
BF; -323.913387 -323.896032
MP2(FC)/6-31+G(2d,p)//MPW1K/6-31+G(d)

System Etot »H 206"
PH;BMe; -369.124253 -369.060011
PMeBH; -486.745142 -486.586711
PH;BH4 -486.728393 -486.571256
PMe;BMe; -604.349009 -604.097206
PH;BF; (r(P-B)) = ~2 A -666.510958 -666.462666
PMe;BF; -784.132119 -783.988817
PMe; -460.191189 -460.067206
BF; -323.913551 -323.896413
MP2(FC)/6-31+G(2d,p)//B98/6-31G(d)

System Etot »H 206"
PH;BMe; -369.123947 -369.061146
PMeBH; -486.744586 -486.589817
PH;BH, -486.727320 -486.574426
PMe;BMe; -604.347891 -604.102501
PH.BF; (r(P-B)) = ~2 A NM NM
PH.BF; (r(P-B)) = ~3 A -666.514157 -666.466994
PMeBF; -784.131501 -783.991713
PMe; -460.190872 -460.069849
BF; -323.913963 -323.896915
MP2(FC)/6-31+G(2d,p)//B97-D/6-31G(d)

System Etot »H 206"
PH;BMe; -486.726200 -486.576861
PMesBH; -486.743317 -486.592174
PH;BH; -369.123204 -369.061394
PMe;BMe; -604.346589 -604.107244
PH.BF; (r(P-B)) = ~2 A -666.513315 -666.468771
PMeBF; -784.130774 -783.994432
PMe; -460.189776 -460.071797
BF; -323.913767 -323.897164
B2K-PLYP/G3MP2large//MPW1K/6-31+g(d)

System Etot »H 206"
PH;BMe; -487.506633 -487.349945
PMeBH; -487.526692 -487.368661
PH;BH, -369.634727 -369.570645
PMe;BMe; -605.396907 -605.145727
PH;BF; (r(P-B)) = ~2 A -667.480776 -667.432827
PMe;BF; -785.372639 -785.229825
PMe; -460.888810 -460.764827
BF; -324.459070 -324.441932
G3B3

System Ei-DE(HLC) H ,0¢-DE(HLC)
PH;BMe; -487.451698 -487.304234
PMeBH; -487.471302 -487.322035
PH;BH, -369.588053 -369.527538
PMe;BMe; -605.334963 -605.098134
PH.BF; (r(P-B)) = ~2 A -667.349191 -667.303565
PMeBF; -785.226929 -785.091918
PMe; -460.833707 -460.716951
BF; -324.366774 -324.350219
G3MPW1K(+)

System Ei-DE(HLC) H ,0¢-DE(HLC)
PH;BMe; -487.452942 -487.296256
PMesBH; -487.472665 -487.314635
PH;BH; -369.588492 -369.524414
PMe;BMe; -605.336882 -605.085707
PH;BF; (r(P-B)) = ~2 A -667.344435 -667.296486
PH;BF; (r(P-B)) = ~3 A -667.349132 -667.301164
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PMe;BF; -785.228423 -785.085612
PMe; -324.367051 -324.349913
BF; -460.834714 -460.710731
B2-PLYP-FLP(c=0.65)/G3MP2large//MPW1K/6-31+G(d)

System Etot Haoe
PH;BMe; -487.777598 -487.620910
PMe;BH; -487.797683 -487.639652
PH:;BH; -369.756484 -369.692402
PMe;BMe; -605.818522 -605.567342
PH;BF; (r(P-B)) = ~2 A -667.796788 -667.748839
PMeBF; -785.838372 -785.695558
PMe, -461.120389 -460.9964063
BF; -324.689336 -324.6721984
MP2(FC)/G3MP2large//MPW1K/6-31+G(d)

System Etot Haoe
PH;BMe; -486.880996 -486.724308
PMe;BH; -486.900462 -486.742431
PH;BH; -369.199392 -369.135310
PMe;BMe; -604.582384 -604.331204
PH.BF; (r(P-B)) = ~2 A -666.798363 -666.750414
PMe;BF; -784.499268 -784.356454
PMe, -460.325413 -460.201430
BF; -324.147569 -324.130431
MP2(FC)/G3large//MPW1K/6-31+G(d)

System Etot H oe
PH;BMe; -486.883046 -486.726358
PMe;BH; -486.902753 -486.744722
PH:;BH; -369.200273 -369.136191
PMe;BMe; -604.585829 -604.334649
PH.BF; (r(P-B)) = ~2 A -666.806339 -666.758390
PMe;BF; -784.508652 -784.365838
PMe; -460.327276 -460.203293
BF; -324.155066 -324.137928
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9.7. Calculated data for chapter 7

Table 9.7.1
stationary Bt Hoog Eiot AE;q; “Hogg’
. (B3LYP/6- (B3LYP/6- (B3LYP/6- (B3LYP/6- “AHpog
point 31G(d)) 31G(d)) st1G+Gpy  KIMOD siiciGEp (ki/mol)
B3LYP/6-31G(d)) B3LYP/6-31G(d))
4 765208202 -764.987441 765.414457 i -765.193696
346.767634  -346.626227 -346.873971 i -346.732564
9.1 420.810576  -420.686904 -420.947989 0.0 420.824317 0.0
9.2 -420.822149  -420.698179 -420.937123 28.5 42084315 29.3
8 1 691.181036  -690.941536 691.366462 0.0 691.126962 0.0
8.2 691.181714  -690.941963 691.366105 0.9 691126354 1.6
3¢ -386.085563 : -386.201349 i i -
81c  -730.499302 : -730.694220 i i -
82c  -730.499931 : -730.693862 i : -
3n -551.270605 : 551438550 i : -
81n  -895.681710 : -895.928746 i i -
82n  -895.682849 : -895.928853 i i -
background reaction
4+3  -1111.975836  -1111.613668 -1112.288428 0.0 115260 0.0
8 249 2 -1112.003863  -1111.640142 -1112.303228 38.9 -DRBEO7 34.8
8149 2 -1112.003185  -1111.639715 -1112.303585 39.8 -pUOL15 -36.4
8 249 1 -1111.992290  -1111.628867 -1112.314094 67.4 _DEDE71 64.1
8149 1 -1111.991612  -1111.628440 -1112.314451 68.3 _DEIP79 65.7
443 ¢ -1151.293765 i -1151.615806 0.0 i :
82 ct9 2 -1151.321451 i -1151.630985 -39.9 - :
81 ct9 2 -1151.322080 : -1151.631343 40.8 - :
82 ct9 1 -1151.310507 : -1151.641851 -68.4 - :
81c+9 1 -1151.309878 i -1151.642209 -69.3 : i
4430 -1316.478807 i -1316.853007 0.0 : i
8 1n+9 2 -1316.503859 : -1316.865869 33.8 i i
82 n+9 2 -1316.504998 : -1316.865976 341 : i
81149 1 -1316.492286 i -1316.876735 62.3 : i
82149 1 -1316.493425 i -1316.876842  -62.6 i :
6.4  -1111.949452  -1111.588633 -1112.256434 84.0 195655 80.5
6.3  -1111.955584  -1111.504277 -1112.260703 72.8 199896 705
6.2  -1111.956002  -1111.593935 -1112.261888 69.7 199831 69.4
6.1  -1111.956260  -1111.594587 1112262093 69.1 -1111.900411 67.9
62 c  -1151.274254 : -1151.589635 68.7 - :
61c  -1151.274500 : 1151589836  68.2 : i
6.2 n  -1316.456738 i -1316.824179 75.7 - :
61n  -1316.457535 i -1316.824884 738 i :
5 11111.988713  -1111.624188 1112207079 -22.7 1111932554  -165
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7 -1112.016330  -1111.650274 -1112.322183  -88.6 -1111.956127 -78.4
Table 9.7.2
stationary Bt Hagg = AEqy “Hagg’
. (B3LYP/6- (B3LYP/6- (B3LYP/6- (B3LYP/6-  “AHaeg
point 31G(d)) 31G(d)) 3116+6@dpy MO 311G+Gp  (kymol)
B3LYP/6- B3LYP/6-
31G(d)) 31G(d))
catalyzed reaction
10 -382.257304 -382.085088 -382.359977 - -382.187761
10+4+3 -1494.233140  -1493.698756  -1494.648405 0.0 -149021 0.0
10+8_2+9 2 -1494.261167  -1493.725230  -1494.663205  -38.9  -14I268  -34.8
10+8_1+9 2 -1494.260489  -1493.724803  -1494.663562  -39.8  -14J876  -36.4
10+8_2+9 1 -1494.249504  -1493.713955  -1494.674071  -67.4  -1@BA32  -64.1
10+8_1+9 1 -1494.248916  -1493.713528  -1494.674428 -68.3  -1494.1390040  -65.7
10+4+3 ¢ -1533.551069 - -1533.975783 0.0 -
10+8_2_c+9 2 -1533.578755 - -1533.990962  -39.9 -
10+8 1 _c+9 2 -1533.579384 - -1533.991320  -40.8 -
10+8_2 c+9_ 1 -1533.567811 - -1534.001828  -68.4 -
10+8_1 c+9_1 -1151.309878 - -1151.642209 -69.3 -
10+4+3_n -1698.736111 - -1699.212984 0.0 -
10+8_1 n+9_2 -1698.761163 - -1699.225846  -33.8 -
10+8 2 n+9_2 -1698.762302 - -1699.225953  -34.1 -
10+8_1 n+9_1 -1698.749590 - -1699.236712  -62.3 -
10+8_2 n+9_1 -1698.750729 - -1699.236819 -62.6 -
115 -1494.252853  -1493.713883  -1494.660274  -31.2  -144804  -19.1
11_4 -1494.254332  -1493.714941  -1494.661444  -342  -142053  -21.1
11 3 -1494.255363  -1493.716317  -1494.663513  -39.7  -149M67  -27.4
11 2 -1494.261937  -1493.722665  -1494.669193  -54.6  -149921  -417
111 -1494.261846  -1493.722684  -1494.669262 -54.8  -1494.130100  -42.2
128 -1494.227689  -1493.689361  -1494.633683  38.7  -14B8E5 49.0
127 -1494.229267  -1493.691054  -1494.635002 352  -1884%0 452
126 -1494.228093  -1493.690129  -1494.635301  34.4  -189887 43.8
12.5 -1494.228811  -1493.690866  -1494.635303  34.4  -1898EB 43.7
12 4 -1494.229440  -1493.691130  -1494.636110  32.3  -14980 42.6
123 -1494.225674  -1493.687836  -1494.635742 332  -14984  42.3
12 2 -1494.227422  -1493.689389  -1494.636299  31.8  -188266 41.4
12.1 -1494.227638  -1493.689213  -1494.639594 23.1  -1494.101169  33.7
12.7 ¢ -1533.547255 - -1533.962389  35.2 - -
124 c -1533.547152 - -1533.963301  32.8 - -
122 ¢ -1533.545247 - -1533.963593  32.0 - -
12 1 ¢ -1533.545367 - -1533.966665 23.9 - -
12 7 n -1698.731621 - -1699.199446 355 - -
12 2. n -1698.731419 - -1699.202023  28.8 - -
12 4 n -1698.734083 - -1699.202284  28.1 - -
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12 1 n
13 3
13 2
13 1
14 9
14 8
14 7
14 6
14 5
14 4
14 3
14 2
14 1

14 3 ¢

14 1 ¢

14 3 n

14 1 n
15 2
15 1
16_6
16 5
16_4
16_3
16_2
16_1
16 6_c
16 5 ¢
16_2_c
16_1 c

16_6_n

16 5 n

16 2 n

16 1 n

-1698.733822
-1494.232601
-1494.240012
-1494.239909
-1494.217766
-1494.222172
-1494.226104
-1494.226413
-1494.227315
-1494.225535
-1494.228769
-1494.226506
-1494.229028
-1533.546501
-1533.546633
-1698.734081
-1698.735846
-1494.279504
-1494.290465
-1494.220951
-1494.222632
-1494.219925
-1494.221830
-1494.227839
-1494.229513
-1533.538698
-1533.540258
-1533.545585
-1533.547130
-1698.726649
-1698.728152
-1698.732820
-1698.734321

-1493.693260
-1493.699842
-1493.700181
-1493.683185
-1493.686546
-1493.691145
-1493.691763
-1493.692554
-1493.691768
-1493.693907
-1493.692334
-1493.695178

-1493.739901
-1493.750686
-1493.685626
-1493.687000
-1493.684868
-1493.687183
-1493.691662
-1493.693828

-1699.207541
-1494.646218
-1494.649963
-1494.650886
-1494.628463
-1494.631284
-1494.635132
-1494.635370
-1494.636160
-1494.635801
-1494.637954
-1494.637294
-1494.640219

-1533.965085

-1533.967008

-1699.205124

-1699.208489
-1494.686359
-1494.697227
-1494.625500
-1494.627133
-1494.626990
-1494.628466
-1494.632397
-1494.634956

-1533.952693

-1533.954094

-1533.959464

-1533.961950

-1699.192932

-1699.194385

-1699.199275

-1699.201274

14.3
5.7
-4.1
-6.5
52.4
45.0
34.8
34.2
32.1
33.1
27.4
29.2
215
28.1
23.0
20.6
11.8
-99.6
-128.2
60.1
55.8
56.2
52.3
42.0
35.3
60.6
56.9
42.8
36.3
52.6
48.8
36.0
30.7

-14881D
-148%93
-1494.111158
-193882
-185658
-149443
-199420
-1494899
-102034
-143092
-143422
-1494.106369

-1484.56
-1489448
-199415
-1995601
-1£99383
-1838100
-198220
-1494.099271

18.8
111
7.5

52.9
48.2
36.4
34.9
331
315
28.7
28.6

20.1

-85.9
-114.0
62.6
59.1
58.0
53.0
46.7
38.7
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