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Chapter 1. General Introduction

Chapter 1. General Introduction

Acyl-transfer reactions are among the most funddaheeactions in organic chemistry and
biochemistry. Considering their importance in bieciical and synthetic processes, these
reactions have been widely studied both in solusiod in the gas phase.

1.1 Acylation reactions: mechanistic survey

Until now a large number of experimental and thécaé" studies on ester hydrolysis in
aqueous solution have been carried out, resultmga imultitude of possible reaction
mechanisms, which are described in many textbBbi&everal possible mechanisms of the
base-catalyzed ester hydrolysis are shown in FigjureEarly experimental results in aqueous
solution showed that acyl-transfer reactions prdoga a stepwise mechanismd2, which
includes tetrahedral intermediates (Figure 1Pfh)Subsequent studies suggested that the
reaction can also occur through a one-step, cattertechanism (Figure 1.1c), when the
substrate has a good leaving grélibThe two possible mechanisms for ester hydrolysis,
Bac2 and B 2 (Figure 1.1a,b), which were shown to competdengas phase hydrolysis of
methyl formate, were studied computationally bye&di et al. at higlab initio level MP4/6—
311+G(2df,2p)/IMP2/6-31G(d? The calculated distribution of reaction paths was
excellent agreement with experimental values (85P0Bg:2). The main challenge in
theoretical analysis of aqueous ester hydrolysisasnclusion of water solvent effects by, for
example, a cluster-continuum mdd@lor by explicit inclusion of all solvent moleculé$.
Biochemically meaningful ester hydrolysis by enzgmeas modeled by imidazole-catalyzed

hydrolysis in several theoretical studis.

o

o
R+OH —> R + R'OH
o

OR'

0
a Bac2: R—  + OH
OR'
0 0 ' ©
- R 0
b B2 R—  +oH —= R ) — _<o- + ROH
OR’

O \/ O
c Concerted: R% +OH —* —> R% ~+ ROH
OR' R'O  OH 0]

Figure 1.1 Possible mechanisms of the base-catalyzed eglenlisis.
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The reverse reaction, esterification of alcohaslso well studied and widely used in organic
synthesié?] The general mechanisms are well known (Figure. I.B¢ nucleophilic species
undergoes addition to the carbonyl group, followey elimination of the halide or
carboxylate anion. Kinetic studies of the reactanalcohols with acid chlorides in polar
solvents in absence of basic catalysts generallgateéerms both first-order and second-order
in alcohol®*™ The first term is associated with the formationaofetrahedral intermediate
(Figure 1.2a), whose deprotonation is assistechbysblvent molecule (e.qg., acetonitrifd).
Transition states in which the second alcohol mdiacts as a proton acceptor have been
proposed for the second term (Figure 1.2b). Thehar@sm is concerted when anionic
nucleophiles, such as phenoxides, reacted withogalis acid derivatives (Figure 1.265:°

o o R o)
a R% + R'OH R+O\+ ——— R_< + HX
X x H OR

X =RCOO, CI

_ ¥

+ ROH A . (
b R% + ROH === |R o+ — + X + ROHZ
X X H“
-S/R
X =RCOO’, CI'
— ¥
(@]

c R%o + A0
Y

Y = RCOO", Ar'O”

Figure 1.2 Possible mechanisms of alcohol esterification.

However, a surprisingly small number of theoretistldies on uncatalyzed alcohol and
amine acylation reactions were carried out. Krli§emas calculated activation energies for
methanol and methylamine acetylation with acetitydnide at the MP2/6-31+G(d,p) level of
theory. The activation energy for amide formatioaswound to be much lower (37 kJ/mol)
than that for the corresponding ester (71 kJ/mol)his occasion. The latter proceeds through
a six-membered ring transition state whose straeciuas found to be similar to that for the
hydrolysis of acetic anhydride. It is worth notitigat the leaving acetate serves as a base in
the transition state to facilitate deprotonatiorhaf attacking alcohol (Figure 1.3a).
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Figure 1.3.Transition state structures for the acylation oftraaol by acetic anhydride (&)
and the aminolysis of succinic anhydride: uncatdyfb) and catalyzed by methylamine
(c)®"! (distances are given in pm).

A theoretical study of the aminolysis of succinithgdride!®” carried out at high levels of
theory (MP2/6-311++G(d,p) and CCSD(T)/6-31G(d) #&ngpoint calculations using
geometries optimized at B3LYP/6-311++G(d,p) leveds shown that inclusion of a second
methylamine molecule in the transition state, whiabilitates the proton transfer (Figure
1.3b,c), decreases the activation free energgabyd6 kJ/mol. The calculations furthermore
revealed that the concerted mechanism is more dhl®than the stepwise pathway for the
uncatalyzed and base-catalyzed pathways. Thesfage of the stepwise mechanism is rate-
determining in both cases.

In summary, the uncatalyzed and reactant catalysthtion of alcohols and amines by
anhydrides proceeds preferentially through the edad mechanism. Deprotonation of the
alcohol or amine reactants typically dominatestthasition state. Amines thus catalyze acyl-
transfer reactions by facilitating the proton tf@ngrocess. In the following, we summarize
which types of acids and bases are used in syo#tigtsuccessful esterification reactions and

how this type of catalysis can be rationalized pgrapriate computation.
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1.2 Catalyzed acylation reactions
1.2.1 Acid catalysis

Different acidic and basic catalysts and/or activ@tan be used for the acylation of alcohols
by carboxylic acid derivativd§! Commonly used Brgnsted acids for the reaction &etw
alcohols and anhydrides are sulfonic, perchlorit suifuric acids’™® Significant progress in
the use of Lewis acids in the acylation of alcohwith anhydrides was made in the last 15
years, especially owing to the development of meadts of triflic acid (TfOH = CESG;H).
Commercially available Sc(OTfshows high catalytic activity, even at catalysidimgs as
low as 0.1 mol %®" The selectivities and reactivities observed fis tigpe of catalyst often
contrast those for base-catalyzed reactions, trmidding a synthetically valuable set of tools
for ester synthesis. Other metal triflates suctBié®Tf)s,%® VO(OTH),, ! In(OTf)s,2 and
Cu(OTf,® also appear to work well in acylation reactionisially, it was demonstrated that
TMSOTf is a usefull catalyst for the acylation dfigmols and alcohol&? providing an
economically and chemically attractive alternatit@ the more established approach
employing Sc(OTH. In marked contrast to the multitude of synthetiadies only a small
number of mechanistic studies on acid-catalyzedatiopn reactions have been carried out.
Recently Marko et al. have shown that the metdllate-promoted acylation of alcohols
appears to be catalyzed mainly by triflic acideasled by metal triflates at the onset of the
reaction’® The active acylation species in the catalytic eystas shown to be the mixed
anhydride acyl triflate (RCOOTTf), which is formen ihe reaction of anhydride with triflic
acid or metal triflates. Theoretical studies of #minolysis of succinic anhydriderevealed
that acetic acid can act as a very effective cstdby this reactioff” Two possible pathways
for catalysis by acetic acid were studied comportetily, employing the B3LYP/6-
311++G(d,p) level of theory, while treating benzeoésent effects at PCM/B3LYP/6-31G(d)
level (Figure 1.4). Path A, which involves only thgdroxyl group of acetic acid, shows
similar energetics as the base-catalysed pathwhichwincludes the second methylamine
molecule in the transition state. Path B can benéer "bifunctional acid catalysis” as it
involves both oxygen atoms of acetic acid in th&tgn transfer process. This latter option is
more favourable than path A by ca. 50 kJ/mol. Takwations also show that both acid-
catalyzed pathways proceed in a stepwise mannear@chore favourable than the concerted
alternatives, in which the first step is rate-det@ing. These results are in agreement with
experimental studies of the aminolysis reactionvken benzylamine and succinic anhydride
in benzene perfomed by Smagowski and Bratnitkayhich confirm the existence and
preferable role of acid catalysis in aminolysisctems.

4
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Figure 1.4. Free energy profile for two pathways in the acithyged reaction of succinic
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1.2.2 Base catalysis

The acylation of alcohols by acid anhydrides angl ablorides can conveniently be carried
out in pyridine as a basic solvent or in the preseof tertiary amines such as triethylamine.
The latter is the reagent of choice for acylatianh alcohols and anhydrides of sufficient
(intrinsic) reactivity, or for substrates too labitowards stronger basé¥! The tertiary
amine/acid chloride procedure is also relativelydnaind well suited for a variety of primary
and secondary alcohol substrdt@¥. Tertiary alcohols are often unreactive under these
reaction conditions, allowing the selective acylatof secondary alcohols. On the basis of
results obtained in NMR studies, Oriyaraaal have suggested that a benzoyl chloride-
tertiary amine complex is the active catalytic spge@n benzoylation reactions. Chiral tertiary
amines derived fromg-proline were subsequently developed for the kinegsolution of
seconday®@ and primarl#®® alcohols. For the acylation of sterically hinderaldohols
electron-rich pyridines such as DMAP (4-dimethylaopyridine,3) provide superior levels
of catalytic turnover. This was independently elsshled by the groups of Litvinenko and
Steglich™®" |n 1967 Litvinenkoet al found that addition of DMAP3j results in a rate-
acceleration of ca. 104 for the benzoylationmethloraniline as compared to pyridiH&!
Steglich and Hoflé™™ described in 1969 a very strong catalytic effecODMAP and 4-
pyrrolidinopyridine (PPY 4) in acylation reactions of hindered alcohols. $itisen DMAP
and PPY have been developed as standard catalysta fwide variety of acylation
reactions™? Catalysis is usually most efficient in apolar sits (CHCl,,CHCL) and in the
presence of 1-3 eq. auxiliary base (AEPRLEtN). Zipseet al have showh* that omission

of the auxiliary base leads to a dramatic reductibreaction rate. These can, of course, be
compensated by conducting the reaction at highecerdrations and for longer reaction

times*®!
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Figure 1.5.Relative catalytic activities of substituted pyrids in acylation reactiofg 1321

In experimental studies of the DMAP-catalyzed atiytaof cyclohexanol Zipse et &f! have
shown that the acylation reaction is first orderaloohol, DMAP and anhydride, and zero-
order in NEt. The catalytic efficiency of a variety of DMAP deatives (Figure 1.5) was
studied using the the acetylation of 1-ethynylcieloanol with acetic anhydride (2 eq.) in the
presence of NEt(3 eq.) as the auxiliary base and 0.1 eq. of gsttéah CDC} at 23 °C?®! As
shown in Figure 1.5 the most active catalysts cily&known are 3,4-diaminopyridirgb and

the annelated DMAP-derivativéa. The catalytic efficiency of some of these compmisihas
also been studied by Hassner et al. for the ad¢etylaf 1-methylcyclohexanol with acetic
anhydride (2.0 eq.) in the presence of N0 eq.) as solvent and base using a turnover-
based assdy? Under these conditions derivativea (Figure 1.5) was slightly more

catalytically active then DMAPS].
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1.2.3 Nucleophilic mechanism of DMAP-catalyzed aoyh

The DMAP-catalyzed acylation of alcohols by anhgids and acyl chlorides is currently
believed to proceed via the nucleophilic catalysischanism shown in Figure 1.6. This

mechanism is supported by the following observation

product ~ reactant — —

— — X
\N/ | _ —_— . | A
N P
3

10a: R=Me, X=AcO

BHYX 10b: R=Me, X=Cl

~.
N 10c: R=Me, X=CF3CO0O
N 10d: R=CF4, X=CF5C00
| ~
N* X (orB)
R™ /i 'O
o |
R

L 11 -

Figure 1.6 Nucleophilic mechanism of alcohol esterificatiocatalyzed by DMAP; the
structure shown for ion-pair intermedidt®a has been obtained at UAHF-PCM B3LYP/6-
31G(d) level (distances are given in pi).

1. A dramatic loss of catalytic activity is obsedvior 2-substituted pyridines, even though
this substitution has a small effect on the basiaitthese derivatives. Also, DMAP and NEt
have similar K, values (9.7 and 11.0), but very different catalydctivities. These facts
cannot be reconciled easily with a simple basdyssamechanism.

2. The N-acylpyridinium species0 formed in the catalytic cycle were detected by NMR
spectroscopy. N-acetyl-4-dimethylaminopyridiniumlaclde 10b is formed quantitatively
upon mixing DMAP and acetyl chlorid€! This salt is readily soluble in DMSO, but less
soluble in CDG™* In mixtures of acetic anhydride and DMAP or PPYGBDCL and
CD.Cl, appreciable amounts of N-acetylpyridinium acefidda can be detected By NMR
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spectroscopy at low temperatiré! It was shown that at room temperature about 5-26%
PPY is in the form of N-acetyl-4-pyrrolidinopyridum acetate, and at lower temperatures the
relative amount of this intermediate increasesalRdrexperiments with pyridine resulted in
no detectable formation of N-acetylpyridinium a¢etand precipitation of insoluble N-

acetylpyridinium chloride, respectively.

3. Steglichet al have shown that the acetylation of 1-ethinylchetoanol with AgO (2 eq.)
catalysed by DMAP (3 eq.) proceeds three timegfakan the reaction with AcCl (2 ed)?!
This is in contrast to the equilibrium amounts a@fylpyridinium salts in the respective
reaction mixtures. Moreover, Wakselman et al. halown that other N-acetyl-4-
dimethylaminopyridinium salt$0 (with X=CI', TsO or BF;) do not react withert-butanol in
CHCl;, CH,CN or AcOEt!® A plausible explanation of this fact is that theuoterion is
responsible for deprotonating the alcohol in the-determining transition state. This view is
also supported by experiments of Kattnig and AlBé#* who found that acetic anhydride
acetylates secondary alcohala. 10 times faster than acetyl chloride when treateith
combinations of DMAP and an insoluble carbonatebBReplacing the DMAP/carbonate pair
by pyridine as the auxiliary base reverses thdivelaates, highlighting the important role of

the deprotonation step in the overall reaction raagm!*"?!

4. The DMAP-catalyzed acetylation tért-butanol with acetic anhydride was studied by
Zipse et al at the B3LYP/6-311+G(d,p)//B3LYP/6-31G(d) level theory (Figure 1.73:
The second step of the nucleophilic catalysis mashawas shown to be rate-determining
(enthalpy of transition stat&8 relative to reactantdH,gg = +34.8 kJ/mol). One notable
feature of the rate-limiting transition stal8 is the concertedness of acetyl and proton
transfer. The base-catalyzed mechanism throughiti@am state20aor 20b is less favourable
with barriers over 70 kJ/mol, and stepwise altewestto these pathways are significantly less
favourable with barriers over 150 kJ/mol. Sincelaibgn reactions are known to be solvent-
dependent, proceeding faster in less polar soMi#@hexane and CGH*® Zipseet al have
studied the influence of solvent effects on the ctiea barrier employing the
PCM/UAHF/B3LYP/6-31G(d) continuum modef! For CCL, CHCk, and CHCIl, as the
solvents the base catalysis was still shown toridavaurable, and the rate-limiting step for
nucleophilic catalysis was predicted to be the sa@men the gas phase. The activation
enthalpy of the nucleophilic catalysis mechanismareases in the order GGl CHCL -
CH.Cl,, being +55.1, +57.1, and +60.9 kJ/mol respectiv&lyese results are in line with

experimental studies by Hassmeral*®
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5. Recently Schreineet al have studied the structures of N-acylated DMARssEDa-d
(Figure 1.6) using a variety of different methdd5The authors were able to crystallize salts
10b-d. The analyses of X-ray structures of these séltsvsthat there are weak hydrogen-
bonding interactions between anions and the hydrageC2 of the pyridine ring, with
distances of 2.80 and 2.82 A ific and 10d, respectively. Chloridd0b has much longer
distances and the solvent molecules are assocwtedthe chloride anion, thereforEOb
cannot be described as a tight ion pair. NMR caealese experiments were used to determine
the rotational barriers around the N-acyl bond,olwhare around +38.9+£1.3 kJ/mol for all
compoundslOa-d On the basis of the low-temperature IR- and NM&asurements, the
authors concluded that at room temperature thelgtstate concentration of catalytically
active 10a is below 1%. Calculations at DFT-D-B3LYP/6-311+G(#/B3LYP/6-31G(d)
level confirm the ‘tight’ ion pair structure fdrOa with the acetate having hydrogen-bonding
interactions with the hydrogen at C2 position aof fhyridine ring (1.95 A) and one of the
acetyl group hydrogens (2.19 A) (Figure 1.6). Thd&tances resemble the corresponding
values for the transition stat® (1.96 and 2.38 A).

In conclusion, both experimental and theoreticadlists support the nucleophilic mechanism
of the DMAP-catalyzed acylation of alcohols. Théecatalytic species are acylpyridinium
cations, whose interactions with the counterionesmsential in the rate-limiting deprotonation

of alcohol substrates.

1.2.4 Base catalysis mechanism of DMAP-catalyzatsasterification

In 2001 Hedricket al reported the DMAP-catalyzed ring-opening polymsation (ROP) of
L-lactide 22 as the first example for an organocatalytic livpmymerisatiod*** DMAP and
PPY were shown to catalyse the ROP very selectiety without side reactions, providing
polymeric products in near-quantitative yield anakraw polydispersities (polydispersity
index PDI was 1.1-1.2). The reaction was carrietl inuCH,Cl, with ethanol or benzyl
alcohol as initiator and DMAP or PPY (2-4 equivatenelative to alcohol). Hedrick has
suggested a mechanism of ROP, which involves tléeaphilic activation of monomer by
DMAP (path A on Figure 1.8), affording acylpyridim intermediate24, which reacts
subsequently with the terminal alcohol group of ghewing polymer. This mechanism was
suggested on the basis of experiments, which doimtetfere with the base catalysis
mechanism. In 2008 Bonduek¢ al have studied computationally the DMAP-catalyz€aFR
of L-lactide!*® Methanol was chosen as a model for the initiairapagating alcohol
(Figure 1.8). The authors used the B3LYP/6-31Ggal of theory and included the solvent

11
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effects of CHCI, through PCM single point calculations at the sdewel of theory. They
have shown that intermediad of the nucleophilic route is 105 kJ/mol higheremergy than
the separated reactants, whereas interme#8iaté the basic route is just 42 kJ/mol higher in
energy than the separated reactants. The ratexieieg first step of the stepwise basic route
was shown to have an activation barrier of 63 kI/mdaCH,Cl, (transition state26). The
barrier height for the concerted basic mechanisoomparable to that for the stepwise route,

SO reaction can occur along both pathways equadl; w
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Figure 1.8 Nucleophilic (A) and basic (B) routes of actieatin the DMAP-catalyzed ring-
opening of L-lactide by methanol as calculated e B3LYP/6-31G(d) level of theory
(PCM/SCRF single-point calculations, including zea@nt vibrational energy
corrections)*"!
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Chapter 1. General Introduction

Why does the basic mechanism of the L-lactide nmetlyais notably contrast with the
nucleophilic mechanism of the acetylationteft -butanol? Bonduelle et al. tried to answer
this question using computational meth8d3.The authors compared the nucleophilic and
basic pathways for the acetylation of methanol @mtdbutanol. The difference in activation
energies between these two pathways amounts tal/agokfor tert-butanol (in accordance
with Zipse et al.[l‘”) and 9 kJ/mol for methanol, suggesting that the pathways may
become competitive for primary alcohols. Comparisdrthe stabilities of acylpyridinium
intermediates formed from acetic and methylsucciaithydrides also reveals that the
nucleophilic pathway is somewhat disfavoured foclicysubstrates and so the basic route
may become more favourable, at least with primdcplels. Similar to the observations
made by Schreineat al for acylpyridinium complexes, the authors alstenfor the DMAP-
catalyzed ROP of lactones that DMAP can act asdadggn-bond acceptor (through its basic
nitrogen center) and a weak hydrogen-bond donooytfh one of thertho-hydrogen atoms)
as indicated for transition sta2é in Figure 1.9*°" This is somewhat reminiscent of the dual
role of guanidine base 1,5,7-triazabicyclo[4.4.@8}8eene (TBD) in the catalysed ROP of L-

lactidé™ > as shown for transition sta28 in Figure 1.9.

—N (\ N
/ N
N\ N .
~ H
Ho o
S (@) ’
\O (")/Me — "'./’,O"IIIM e B

26 29

Figure 1.9 Structures of transition sta@6 for the DMAP-catalyzed methanolysis of L-
lactide 22, as calculated at B3LYP/6-31G(d) le¥8f! and transition stat&9 for the TBD-
catalyzed methanolysis of L-lactide, as calculaeMPW1K/6-31+G(d) levEf? (distances
are given in pm).
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Chapter 1. General Introduction

1.3 Objectives

The calculation of the full reaction profiles shownFigures 1.5 and 1.6 is a rather time-
consuming exercise and the question naturally shsev much of this effort is necessary for
the goal of catalyst development. In many of thdtirstep catalytic reactions discussed here
the rate- and selectivity-determining transitioatss are accompanied by energetically and
structurally related intermediates. The quantigateharacterization of the structure and
stability of these intermediates represents oneth& most efficient approaches for
characterizing the properties of a large ensembkystems (e.g., a group of catalysts). This
is demonstrated below using examples from sterecsed catalysis (where the
conformational properties of intermediates areviaat) and from the development of more
active catalysts (where the relative stability af/lantermediates is relevant). Theoretical
methods can be used in this context in a varietyways, starting from the structural
optimization of reactants, products, and reactrgermediates up to the full characterization
of potential energy surfaces. Whether, in the alidf this is necessary for the theory-guided
development of acylation catalysts is also disalisse

One important aspect of the catalyst design is déeelopment of new active acylation
catalysts. In Chapter 2 we compare several grotatd and transition state models in their
capacity to match kinetic data for the acetylationorder to base this methodological study
on a greater number of measured kinetic data, we ko synthesized a large number of
new catalysts based on the 3,4-diaminopyridine éwaark and evaluated their catalytic
activity in the same benchmark reaction. Applicatad the cheaper ground state model, i.e.
acetylation enthalpies, to the design of the phoitokable pyridines as well as the planar-
chiral aminopyridine derivatives, containing pargophane or ferrocenyl substituents, is
discussed in Chapter 3.

One of the important concepts in the “Organocaisilyfgeld is activation of an electrophile
by (thio)urea-derived catalyst! (Thio)ureas serve as partial Bransted (weak Leadss,
activating the electrophile (carbonyl, epoxide) MyH double hydrogen bonding. A broad
variety of monofunctional and bifunctional chirathip)urea organocatalysts have been
developed to accelerate various synthetically usafganic transformations employing H-
bond accepting substrates, e.g., carbonyl compouimdmes, nitroalkenes as starting
materials. The concept of multifunctional catalysiherein the catalysts exhibit both Lewis
acidity and Brgnsted basicity, enables effectiamgformations, which generally are hard to

achieve by a single functional catal$?t! Therefore we envisioned that 3,4-diaminopyridine
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Chapter 1. General Introduction

derivatives bearing a (thio)urea moiety on the 3dvacould also work as bifunctional
catalysts. The design of a new class of acylatamalgsts, 3-(thio)urea-4-aminopyridines, is
described in Chapter 4. Chiral derivatives of thésv class can be prepared via a modular
strategy from easily accessible isocyanates. Thenpal of newly synthesized chiral 3,4-
diaminopyridine derivatives will then be exploredthe kinetic resolution (KR) of secondary
alcohols (Chapter 4).

Finally, some mechanistic insights into the catalglystem for the kinetic resolution, both
experimental and theoretical, are described in nap The theoretical rationalization and
prediction of the experimentally observed steremgslities in the KR ofsecalcohols is
attempted using the key transition state models ltgBse-consuming models for selectivity
prediction, based on the prochiral probe approachti@nsition state conformational analysis,

will also be attempted.
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Chapter 2. The Catalytic Potential of Substituted Rridines in Acylation
Reactions: Theoretical Prediction and ExperimentaMalidation

2.1 Introduction

Since their discovery, N,N-dimethylaminopyridineMBP, 3) and its derivatives such as 4-
pyrrolidinopyridine (PPY,4) have been employed as versatile and efficienieopdilic
catalysts for a variety of chemical transformati@ugh as the acylation of alcoh8fs*?
Current developments focus on enhancing the selgcof these catalysts in stereo- and
regioselectivetransformations, in particular in the kinetic regan of alcohols and
amined?? Rationalizing the origin of selectivity in thesesolution experiments represents an
important step in the further development of catalyWhile conformational preferences of
critical intermediates in the catalytic cycle datere the stereochemical outcome of substrate
turnover, the actual stability of these intermesbatvith respect to the free catalyst is thought
to be of critical importance for turnover rates.

Quantitative approaches for matching catalyst rophdicity (a kinetic property) to some sort
of affinity number (a thermodynamic property) coambong the most traditional methods in
physical organic chemistry. The so called "Brgngpmts” (correlating rate constants for
catalytic processes withKp values) have been widely applied in mechanisticlies!’
Steglichet al**® have demonstrated a linear correlation betweenates for acyl-transfer
reactions in benzene an&pvalues forpara-substituted pyridinese(g. DMAP (3), PPY @),
4-methylpyridine, pyridine) (Figure 2.1). Otherrogen bases such as DBU or triethylamine
do not obey a linear free energy relationship. R&aidy, enantioselectivities of several
organocatalyzed transformations can also be coecklavith K, values of the used
catalystd?*®®! This approach usually works well for a family aftalysts with comparable
steric requirementé?®! For more complicated, stepwise reactions a changime rate-
limiting step or the participation of catalysts different steps can alter the linearity of the

Bransted plot®
o)
O/( 0 © o)
% benzene, 35 C o =

B\fé

1Scheme 2.1Base-catalyzed acetyl transfer; the reaction wadiesd in benzene at 35 °C by
H NMR.
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Figure 2.1. Correlation of the relative rates of acyl-transtath pK, values for different
amined™c

Application of the Brgnsted-plot strategy is oftestricted by the availability ofiy, values
for the solvent used in the actual catalysis expents. Mayr and coworkers persuasively
argued in favor of universal nucleophilicity/eleghilicity scales based on kinetic data
recorded for a series of nucleophiles towards bgihzfium cations as a standard set of
electrophiles®*® Concerning acylation catalysts, Magt al have observed a good linear
correlation between nucleophilicitie¢ of different para-substituted pyridines measured in
CH,Cl, and their K, values in CHCN (Figure 2.2}*"!

N =0501 pK,+6.598
R*=0.989

19 Q X \ /N

13 4 ;1

N (CH:Clz) —»

pKa(CHLCN) ——

Figure 2.2. Correlation of the nucleophilicities N (in GEl) with pK, (in CH;CN) for 4-
substituted pyridine$®!

17



All of the above experimental approaches are cgatih upon the availability of actual
substrate samples, a point not easily reconcileti wie realities of catalyst development
projects. Theoretically calculated nucleophilictigffer the advantage that predictions can be
made for compounds before their respective syrgh#siis avoiding the potential problem of
synthesizing compounds of low (catalytic) activit. number of theoretical studies on
enantioselective catalysts have been carried autglthe last decade. Most of these concern
the rationalization of the stereochemical outcornthese reactions and involve either the full
characterization of potential energy surfaces erltitalization of the transition states of the
selectivity-determining stéf” In contrast, studies devoted to application ofothécal
methods to the prediction of catalyst activity haveceived comparatively little
attention?>>?>2%! One of the theoretical approaches for predictingleophilic activity is
based on the minimum values of the molecular astdtic potential (MEP), which was
evaluated by Campodonia al. for a series of substituted pyridiné&’ Significantly closer

to the situation in catalytic processes are appremadnvolving the calculation of affinity
values towards model electrophiles. Since mogt@brganocatalytic transformations involve
nucleophilic attack on carbon, methyl cation affes (MCA) can serve as the most simple
model for a carbon basicity sc&f®! Zipseet al'***! have compared experimental rates of the
Michael addition reaction of methanol to acrylamicktalyzed by amine and phosphane
nucleophiles with i, values, proton and methyl cation affinities (céted at MP2(FC)/6-
31+G(2d,p)//B98/6-31G(d) level). The best correiativas obtained by using MCA daf& (

= 0.91), thus illustrating the potential usefulne$ghis type of data for the development of
new nucleophilic catalysts (Figure 2.3).

|Og(kobs) I

R2=0.64 | R?=0.91

1 i 1 i i | L | i i | i | 1 L
8 9 10 1" 12 975 1025 560 580 600 620
pK, PA MCA

Figure 2.3.Correlation of observed rate constanjs for the nucleophile-induced addition of
methanol to acrylamide with the correspondinig,,pPA (kJ/mol), and MCA (kJ/mol)
values?®
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Acetylpyridinium cations are important intermedgten pyridine-catalyzed acylation
reactions™ and relative acetyl cation affinities were therefosed as the guideline for the
development of new pyridine-based nucleophilic lgatasuch as aminopyridinéa (Figure
2.4), in which the electron-donor properties of #hk@mino substituent were complemented by
two annelated ring systertf&’! The enthalpies of the isodesmic reaction showBcimeme 2.2
were calculated at the B3LYP/6-311+G(d,p)//B3LYRBMB5(d) level of theory in the gas
phase for a large variety of pyridine cataly&td.

SRS O@ﬁ

Scheme 2.2Isodesm|c reaction for the calculatlon of acetglaenthalpies.

This approach was successfully used for the dewsdop of highly active catalysts such as
3,4-diaminopyridine derivativBb?®® and 3,4,5-triaminopyridine derivatia®a*”! which are
similarly active in the acetylation of tertiary alwl 36a (Figure 2.7) as aminopyridinga.
DMAP-derivatives with smaller6() or larger 6d) annelated rings were found to be similarly

active as3, despite their higher acylation enthalgrs.

7a: R*=H; R?, R% R* R%= CHj4
N 7b: R1= CH3; R% R3, R* R®= CHj,
s [ > )\ R* " 7¢: R =n-CgHy g R?, R3, R4, R5= CH
N /\N N N : sH13 RS, R% R, 3

Rl RS 7d: R'= H; R, R®= CHs; R®, R*= (-CHy),
N AN AN N\/ N . pl— . R2 RP5= .R3 R4 =
| | | | _ 7e: R = CH3; R?, R%= CH3; R®, R*= (-CHy);
N
7a-9

“ “ NZ 7f: R! = n-CgHy3 R?, R®= CHg; R3, R* = (-CHy),
3 5b 79: R!= CHg; =C(NR?R3)(NR*R?) = [‘)\
N
oy
§
Y ® ® /NﬁN\ (NﬁN
Ph
N/ N/ > N/ N/ Ph N/
6a 6b 6c 6d 30a 30b

Figure 2.4.Selected nucleophilic catalysts based on the DIviAf.

Even though the calculated acylation enthalpiesetated very well with reaction half-lives
for a narrow class of pyridine catalysts (such amlgsts3, 4 and 6a), a less satisfactory
correlation is found when including structurally realiverse catalysts, such as 3,4-diamino-
and 4-guanidinyIpyridines?a—g[13a] This lack of correlation may either beoted in the
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fundamental deficits of any free-energy relatiopstbuilding on the correlation of
thermodynamic properties of selected ground stgséesis with kinetic data for a process
involving related species. We would then have suae that a true transition state model for
the benchmark acylation reactions would be clesulyerior. Alternatively, the unsatisfactory
correlation may be due to technical characteristfidhie ground state model used. In order to
clarify this point we compare here several ground @ansition state models in their capacity
to match kinetic data for the acetylation of 1-ejficyclohexanol with acetic anhydride in
chloroform. In order to base this methodologicaldgton a greater amount of measured rate
data, we have also synthesized a larger numbere®f oatalysts based on the 3,4-
diaminopyridine framework and measured their c#éialgfficiency for the same benchmark

reaction (Figure 2.7).

2.2 Synthesis and catalytic activity of 3,4-diaminayridines

2.2.1 Synthesisf 3,4-diaminopyridines

New 3,4-diaminopyridine catalysts were synthesizech commercially available substances
using modifications of previously established prhgesi?®® This involves derivatives of
catalysts5a and 5b bearing different substituents (alkyl chains ondhg groups) on the
nitrogen atoms attached to the 3- and 4-positiogu(e 2.5)?® Synthesis of catalysth-j

has already been described in the literafiite.

R3
4
Rl/\N)\/R
2
ANUR
»
N
5a: R, R?=Me; R®, R*=H 5a-|
5h: R'’=Me; R®, R*= (-CH,-),; R?= C=CH
5b: R, R?=Me; R®, R*= (-CH,-)4 .
5i: R'=Me; R?=Pent; R%, R*= (-CH,-),
5¢: RY, R%=Et; R®, R%= (-CHy-)4 ol 3 pa 2
L . 5j: R*'=Me; R, R*= (-CH,-),; R°= N,
5d: R*, R“=Pent; R®, R*= (-CHy-)4 1 b2 3 R4 .
S L 5k: R, R%=Ph; R3, R*= (-CH,), N
5e: R*, R°=iPr; R°, R*=H 51: RL, R2=Ph: R3, R4= \Aﬁ Lph
5f: Rl=Me; R’=Ph; R, R= (-CHy-)s o
N
59: R'=Me; R?=Ph,CH; R®, R*= (-CH,-)s 5m: R'=Me; R®, R'= (-CH-)s; R*= }:\E N

N

\—pn
Figure 2.5.Members of the 3,4-diaminopyridine catalyst family
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The intermediate81a-c were synthesized from commercially available samsts, using
procedures described in the literature (Scheme®BYhe acetylation of compourgila by
acetic anhydride has previously been carried odeuharsh conditions: 48 h in pyridine as
solvent at 100 °®° Employing a microwave reactor allowed us to rediheereaction time
to 10 min, with an increased reaction temperat@ire76 °C and a lower amount of pyridine
(2 ml per 1 mmol substrate). Under the optimizeadtiions acylation by aliphatic anhydrides
proceeded smoothly giving up to 86 % vyield of prcidu Acylation of amine81b by acyl
chlorides employing these optimized conditions raléal the corresponding products in 98 %
yield. Subsequent reduction of amide groups by HiAAICI; gives the corresponding
catalysts in 66-74 % yield (Scheme 2.3).

NH,
NH, a,b HN I c.d SN
X - > NH -
| NH
— X
N |
—
N

l h, i (rac)-31a (rac)-31b

- le,f l 9. f

f’\lj/NH Q

RZN SN
2
31c | PN @/Nle
e,f _
l N N/
RZ/\N/\l 5k: RZ = Ph, 63 % .
: = 0,
N R? 5c: R? = Et, 58 % 5f-R1 Ph, 66 %
.pl= 0
| — 5d: R2 = n-CsHy4, 58 % 59: R*=Ph,CH, 74 %

N
5e:R2=iPr, 34 %

Scheme 2.3Synthesis of 3,4-diaminopyridine catalysts: a}dy2lohexanedione, EtOH, 70
°C, 5 h, 90 %; b) LiAlH, THF, -40 °C, 30 min -> RT, 32 h, 79 %; c) A; NEt, CHCI,, 5
mol% PPY, 96 %; d) AIG| THF, RT, 45 min -> LiAIH, 0 °C, 1 h -> rf, 8h, 60 %); €)
(R*CO)0, pyridine, MW, 170 °C, 10 min, 60-86 %; f) ACITHF, RT, 45 min -> LiAlH, O
°C, 1 h -> rf, 8h, 50-75 %; g) 'ROCI, pyridine, MW, 170 °C, 60 min, 98 %; h) glydxa
EtOH, 70 °C, 2 h, 88 %; i) NaBHEtOH, 40 °C, 15 h, 50 %.
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All synthesized derivatives dib were obtained as racemates waik configuration of the
cyclohexane ring. Incorporating chirality into th®yclohexyl fragment by employing
commercially available (S)}(+)-camphorquinone32 for the condensation with 3,4-

diaminopyridine allowed us to synthesize catabjsis a single diastereomer (Scheme 2.4).

NH,
o NH2 0 a =N —N
T . T+
S e = oy
33 —
32 1 7

33a

lb
Ph Oy_Ph
o - Ao, - Al
N - - - —
NN N N N
" A A,

51

Scheme 2.4Synthesis of camphor derivatis a) AcOH, rf, 6 h, 85 %; b) NaBH BHs,
THF, 40 °C, 15 h, 55 %, c) PhCOCI, pyridine, MW ,018C, 60 min, 64 %,; d) AlG] THF,
RT, 45 min -> LiAlH,, 0 °C, 1 h ->rf, 8 h, 55 %.

Condensation witl32 proceeds in acetic acid under refluxing conditiand gives a mixture
of regioisomers33a and33b in a ratio of 7:1 with 85% yield. The major protd3a was
purified by recrystallization from a cyclohexaneftiyl ether mixture (1:1). The
regioselectivity of condensation was determineduph detection of NOE enhancements
between H and H protons of the pyridine ring and protons of thenpaor fragment in
compound33a (Scheme 2.5). The regioselectivity could be ungunusly assigned through
the X-ray analysis of this compound (see Experiadpart).

3%2/ N/ N——
HsC N:€:/\<N ”
\»HS H_H

33a 34

Scheme 2.50bserved NOE enhancements in compoitsand34.

Reduction of compoun@3a by NaBH/BH; in THF gave diamin&4 with 55% yield and
87% diastereomeric excess, as determined by d¢hiRRC (Scheme 2.4). The stereochemistry

of the major diastereomer was determined througéctien of NOE enhancements between
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Chapter 2

the protons of the camphor-ring (Scheme 2.5). Bglation of diamine34 in the microwave
reactor gave compour2b as a mixture of diastereomers with de = 70 %.d$s \possible to
isolate the major diastereomer 85 by simple recrystallization from diethyl ether. €rh
stereochemistry of the previous reduction step waambiguously determined by X-ray
analysis of compound5 (Figure 2.6). Subsequent reduction of the amideumgoby
LiAIH 4/AICI 3 gives the final produdl in 55 % yield as a single diastereomer (determmed

chiral HPLC de > 99 %). This catalyst was usedkfoetic and theoretical studies.

Figure 2.6.X-ray structure of compourgb.
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2.2.2 Catalytic activity of 3,4-diaminopyridines

The catalytic potential of newly synthesized 3,4ndinopyridines has been explored in the
acetylation of tertiary alcohd6a (Figure 2.7). The reaction proceeds to full cosiar with

all studied catalysts. The rate of reaction wasadtarized by its half-life tim&/,, which was
extracted from the conversion-time plot throughirfg to a second-order kinetic rate law. The
obtained data is shown in Table 2.1. For the sélemmparison we also include kinetic data
for the known catalysts DMARB), PPY (4), 5a and5b, as well as for recently published 3,4-

diaminopyridine derivativesi and5j.*"

100 /rl!.!-—-—r'-l‘. - . :C'“P\n.csm3
| - TR fN:f
Y Ark""“ e
90 /-/ T ek
T " . A P )
804 A 7K P P \%ph
" P g s fj/
] / > ® N
T 70 - s J/':;/ ///;I‘/ '/I/' 5
1 [ 7 ;
X 7 A g A N
°* 60 / y# A ¥
=V 7L e &
S ] / 'Jlif /” f/ 4(PNPV)
§ ] ft /ﬁ/ ‘ Ph/\NJ? Ph
© So'zh]?ﬁ{// )
i Ve . /
20 4| /7‘,.'/,9/ Tz 10 mol% catalyst OJ\O = Ph/\“??iiph
»/ﬁ Ac0, NEty O/ fNj
A 36a CDCl, RT 5
10 - /,/é‘ 36b "
/ . 4
|
T p
0 100 200 300 400 3 (DMAP)

Time/ min —

Figure 2.7. Kinetic profiles of the acetylation reaction, dgr&d by pyridine derivatives
(determined byH NMR spectroscopy of the reaction mixture).
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Table 2.1.Catalytic activity of the 3,4-diamino and 4-amiydgines™®

or_ A
O// 10 mol% catalyst 0”0 =
Ac,0, NEt;3

36a CDCl3, 23 T b
R
~ R*
" N\)\N/\/RZ
Entry Catalyst | 7 t1/2 [min]
R R R, R

1 DMAP (3) 151 + 1.7
2 5l Ph Ph camphof’ 138 2.0
3 5k Ph Ph (-CHz-)4 116 + 2.0
4 PPY @) 67 + 1.0"
5 5a Me Me H 51 + 1.0")
6 5f Me Ph (-CHy-)4 49 +1.0
7 59 Me  PhCH (-CHz-)s 44 1.0
8 5e iPr iPr H 43 +0.5
9 5h Me C=CH (-CHy-)4 35+1.0
10 5i Me Pent (-CHy-)4 21 +1.0°
11 5¢ Et Et (-CHz-)s 21+1.0
12 5d Pent Pent (-CHz-)4 19+0.5
13 5b Me Me (-CHy-)4 18 + 0.5"
14 5j Me triazolyl™  (-CHy), 16 + 0.5¢

[a] Conditions: 0.2 M alcoh@64a, 2.0 equiv of AgO, 3.0 equiv of NEt 0.1 equiv catalyst,
CDCls, 23.0+1.0 °C. [b] Data from ref. 26c. [c] Datarnaef. 30. [d] See Figure 2.5.

All studied 3,4-diaminopyridine derivatives promdtas reaction effectively, being faster
than DMAP @). Catalystsc, 5d and5i show almost the same half-life times as the parent
derivative 5b (entries 10-12, Table 2.1). This indicates thag thariation of the alkyl
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substituents on the nitrogen atoms of the 3,4-diapyridine motif did not lead to larger
changes in catalytic activity. For catalySfsand5g, however, we note that introduction of a
benzyl or diphenylethyl group on the N3 positiosuiés in a 2-fold drop of catalytic activity
compared tdb. Introduction of two benzyl groups on both 3- @aditrogen centers as bk
(entry 3, Table 2.1) decreases the catalytic dgteven more (6-fold relative tbb). This
observation is in remarkable contrast to recerdifigs of Davidet al, who have shown that
dibenzyl derivative30b is much more nucleophilic than the parent subst@&®a (Figure
2.4)BY The integration of othet-systems such as the triazolyl fragment in catdjss not
accompanied by any loss in activity and providesnebetter catalytic efficiency than the
parent systendb (entries 13 and 14, Table 2.1). The chiral denesdl is less catalytically
active in acetylation reactions than the correspanthcemic dibenzyl analogé (entries 2
and 3, Table 2.1), but still more effective than BRI(3).

2.3 Acetylation enthalpies (ground state model)

sH RS O@ﬁ

Scheme 2.2Isodesm|c reaction for the calculatlon of acetglaenthalpies.

As a first step we analyze here the performancthefpreviously used ground state model
based on relative acetylation enthalpies calculatadrding to the isodesmic reaction shown
in Scheme 2.2 at the B3LYP/6-311+G(d,p)//B3LYP/&58d) level of theory in the gas
phase. The analysis now also includes the kinetia dnd the calculated acylation enthalpies
for the newly synthesized catalysts (Table 2.2)démthe condition that these acetylation
enthalpies have a direct relation to the respecotvation free energies, a linear correlation
of acetylation enthalpies with In¢14), which is proportional to Ik§) should be expected
(Figure 2.8). The quality of this correlation ispeessed by correlation coefficieRt, which is
therefore assumed to estimate the performance gi¥en model. Beside analysis of the
correlation coefficients, the individual examinataf the data is also performed.

Inspection of the obtained results shows that tBeY®/6-311+G(d,p)//B3LYP/6-31G(HY
level of theory for the calculation of acetylatienthalpies fails to correlate with experimental
rates for a wide range of catalysts (correlatioaefficient R* = 0.1239). As a first refinement

of the ground state model in Scheme 2.2, gas pleasegies were calculated at the
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MP2(FC)/6-31+G(2d,p)//B98/6-31G(d) level of thearged recently for the calculation of
methyl cation affinitie$> This includes initial geometry optimization withet B9&*!
hybrid functional in combination with the 6-31G(dasis set and subsequent calculation of
thermochemical corrections at 298.15 K at the skawel (no scaling factors were applied).
The thermochemical corrections have then been awedbiwith single point energies
calculated at MP2(FC)/6-31+G(2d,p) level to yietdhalpies cited asH9g (MP2-5)" in the
text. In order to verify that important conformatsohad not been missed in previous studies
the conformational space of all catalysts has Iseanched using the OPLS force field and the
systematic search routine implemented in MACROMODEZE!®Y All stationary points
located at force field level have then been reogtch at B98/6-31G(d) level. Solvent effects
for chloroform have been accounted for by additiosiagle point calculations with the
polarizable continuum model (PCM) at RHF/6-31G@)dl with UAHF radii. The resulting
enthalpies in solution were then Boltzmann-averagest all available conformers. The most
stable conformations of free catalysts (in the gyewindow of 20 kJ/mol) were then
acetylated on the pyridine nitrogen (two orientasicare possible here) and the resulting
structures were treated in the same way as deddidb¢he free catalysts before. All quantum
mechanical calculations have been performed withs€ian 03*! The acetylation enthalpies

calculated at different levels of theory are cdlelcin Table 2.2.
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Table 2.2.Relative acetylation enthalpies calculated acogydld the isodesmic reaction
shown in Scheme 2.2 at four levels of theory.

Entrvy C In(1/ty/2) AHac [l A Hag] a H_ac al A_ Hac al
y Catalyst (tyo[min) (B3LYP) (B98Y ! (MP2 5)§ (MP2 5/sol|v3
[kJ mol-] [kJ mol-] [kJ mol-] [kJ mol~]

1 py - 0.0 0.0 0.0 0.0
2 7d -5.69 -113.1 -114.6 -98.9 -67.5
3 7d" -5.56 -118.9 -120.6 -102.0 -70.1
4 3 -5.02 -82.1 -82.1 -77.2 -61.3
5 51 -4.93 -124.3 -125.9 -123.0 -75.4
6 5k -4.75 -124.3 -125.5 -124.1 -79.9
7 7pM™ -4.64 -120.5 -121.0 -105.6 -73.0
g8 7¢¢ -4.62 -133.1 -133.8 -116.4 -76.7
9 4l -4.20 -93.1 -93.0 -87.5 -67.6
10  6b" -4.14 -96.0 -95.6 -90.3 71.7
11 7d™ -4.14 -123.1 -123.8 -109.0 -73.8
12 7€ -4.04 -126.7 -126.8 -107.0 -75.4
13 54 -3.93 -115.5 -113.7 -108.6 -81.4
14 5f -3.89 -125.3 -127.0 -127.4 -84.1
15  5g -3.78 -126.5 -124.8 -121.8 -80.1
16  7fd -3.78 -130.1 -131.8 -109.1 -75.5
17 5e -3.76 -121.1 -120.6 -117.2 -82.7
18  5h -3.56 -122.4 -120.3 -116.3 -81.8
19 5i -3.04° -128.8 -128.7 -121.9 -84.8
20  5c -3.04 -129.4 -126.6 -121.8 -85.1
21 5b -2.89 -127.1 -126.0 -119.6 -85.2
22 5j -2.77° -142.3 -138.5 -122.1 -82.1
23 6d" -2.71 -108.9 -106.9 -102.3 -82.3
25  5m - - -131.0 -132.7 -83.2

Correlation coefficient R?M  0.1239 0.0732 0.1628 0.5829

[a] Levels of theory: “B3LYP": B3LYP/6-311+G(d,pBBLYP/6-31G(d); “B98": B98/6-31G(d); “MP2-5"
MP2(FC)/6-31+G(2d,p)//B98/6-31G(d); “MP2-5/solv”;  mZ(FC)/6-31+G(2d,p)//B98/6-31G(d) with
PCM/UAHF/RHF/6-31G(d) solvation energies for chiimman. [b] Data from ref. 26a. [c] Data from ref6@
[d] Data from ref. 13a. [e] Data from ref. 30. [forrelation coefficien® of the acetylation enthalpies with
relative reaction rates In¢14).
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Analysis of the obtained datie. correlation coefficient$¥, shows that the combination of
MP2(FC)/6-31+G(2d,p) single point calculations witlermochemical corrections to 298 K at
B98/6-31G(d) level gives a systematically betterelation with relative rates than the ‘old’
B3LYP/6-311+G(d,p)//B3LYP/6-31G(d) method. Sincee tlactual acylation reaction is
carried out in chloroform, the application of th@peopriate solvation model for the
calculation is necessary to get closer to experiniladeed employment of PCM single point
calculation at HF/6-31G(d) level with UAHF radiiainatically improves the correlatioR*(=
0.5829), which can quantitatively be expressedheydaquation:A Hyc = —=5.9703an(1/1) —
101.28. In contrast, the use of more expensive oastiior single point calculations, such as
MP2/6-311+G(2d,p) or MP2/6-311+G(3df,2p), does moprove the correlation between

acetylation enthalpies and relative rates (TalBg 2.

Table 2.3. Relative acetylation enthalpiesHac (in kJ mol') calculated according to the
iIsodesmic reaction shown in Scheme 2.2 using eéfffiebasis sets for the MP2 single point
computations (only the best conformers were takemaccount).

Mp2-54  mp2-6" MP2-79| mMpP2-5¢  mP2-6”  MP2-7°

Catalyst |n(1/ty,)

in the gas phase in chlorofoftn

py 0.0 0.0 0.0 0.0 0.0 0.0

-5.02 -77.2 -77.4 -77.3 -61.3 -61.5 -61.4
4 -4.20 -87.5 -87.8 -87.7 -67.6 -67.9 -67.8
7a -5.69 -98.9 -100.9 -101.1 -67.9 -69.9 -70.1
7b -4.64 -105.6 -107.6 -107.7 -73.2 -75.2 -75.3
6a -2.71 -102.3 -102.2 -102.1 -82.3 -82.1 -82.0
5k -4.75 -124.1 -125.7 -125.0 -81.4 -82.9 -82.2
5a -3.93 -108.6 -110.0 -109.6 -81.6 -82.9 -82.6
5b -2.89 -119.6 -121.1 -121.7 -86.3 -87.7 -88.4

Correlation

icient R 0.1083 0.0877  0.0920 0.5227 0.4472 0.4603
coerricien

[a] “MP2-5" = MP2/6-31+G(2d,p)//B98/6-31G(d). [bMP2-6 " = MP2/6-311+G(2d,p)//B98/6-31G(d).

[c] “MP2-7" = MP2/6-311+G(3df,2p)//B98/6-31G(d).

[d] With solvation energies calculated at PCM/UARHF/6-31G(d) level. [e] Correlation coefficient tife
acetylation enthalpies with relative reaction rat€s/; ).

Even though the quality of the correlation is maderand does not allow very precise
predictions, a closer inspection of the data ineésahat separate correlations of better fidelity
exist for each of the catalyst families: 4-guanydiiyridines 7a-g 4-dialkylaminopyridines

and 3,4-diaminopyridine®a-l (Figure 2.8). The best correlation is obtained fioe 4-
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dialkylaminopyridines R = 0.9712), although the correlation is built oatyfour data points.
The correlation for the 4-guanidinylpyridines is diecate R* = 0.7331), but becomes much
better & = 0.9336) when one does not include into the tatiom catalyst7g, which
contains a benzyl group in the guanidinyl substitwend differs thus from other cataly3e-f
(Figure 2.8). The 3,4-diaminopyridine derivativéa-l show the worst correlation among
these familiesR? = 0.6441). It should be noted that consideratdedtals between the actual
and fitted values have been obtained for pyridBfesg, 5j, 5k and5l, which contain benzyl
groups in the 3-amino substituents. Furthermoraysidering only the best conformer
enthalpies instead of Boltzmann-averaging ovethalconformations is very desirable, since
it would dramatically reduce the computational tirfreleed, the best conformer acetylation
enthalpies are very close to the Boltzmann-averagdaes (up to 0.6 kJ/mol) and can be
correlated with relative reaction rates. Howevefulaconformational search is necessary in
order to find the most stable conformations, whazin then be used for calculations of

acetylation enthalpy.

¢ 4-dialkylaminopyridines (4)
N7 —— FR=09712

. ” 4-guanidinylpyridines (7)
60 - N ) & g ylpy
1 “/*T/ N ---- R'=0.7331
& ol
N7 Ajiﬁ N L ® 3 4-diaminopyridines (11)
7a PRTN ¢ J — R=06441

-70 4
AH, I kJ mol™ ]

-80 4

-90

Figure 2.8. Correlation between the acetylation enthalpies c(dated at MP2/6-
31+G(2d,p)//B98/6-31G(d) level with solvation enesgat PCM/UAHF/RHF/6-31G(d) level)
and relative reaction rates. The number of datatpan each family is shown in brackets.

From the results obtained so far, we can conclhaé¢ t¢alculation of relative acetylation

enthalpies can be used for the optimization of ghbstitution pattern for a given catalyst
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family. However the correlation in the 3,4-diamigddine family is still not sufficient to

make more exact predictions. The most inaccurageligions are obtained for catalysts
containing benzyl groups/¢, 5f, 5 and5k). This implies that some interactions with the
phenyl groups play an important role in determintimg activity of catalysts in the acetylation
reaction. In order to study the nature of this mimeenon and find more accurate models for
the activity prediction, we have studied the rekatactivation enthalpies for a selection of

catalysts.
2.4 Activation enthalpies (transition state model)

2.4.1 Relative activation enthalpies

Theoreticd!* and experiment&f studies of the complete catalytic cycle for the /R4
catalyzed acetylation of alcohols have shown thatdecond step (attack of alcohol on the
acetylpyridinium cation) is rate-limiting (Figure.7). The most obvious model for the
prediction of relative acetylation rates would thos the calculation of the rate-limiting
transition state (Scheme 2.6). Since a searcheofdhformational space of the corresponding
transition states for the experimentally used atd@®ba (1-ethynylcyclohexanol) would be
too time consuming, we have chosebutanol as a model alcohol. Furthermore, the
conformational space for the transition state MBMAP has already been explored, but at a
different level of theory (B3LYP/6-31G(dby!

+ $

1 D
N AH e,
[\/L/O\H act | A . (/:L/ \H\
~ \ P N
j‘( H. o) N )( H. O
1) O’K o] \09&

Scheme 2.61sodesmic reaction for the calculation of relatactivation enthalpies (“frozen
transition states” model). The bonds marked boldewzen; bond lengths, A: r (N-C) =
1.577, r (C-O) = 1.933, r (O-H) = 1.190, r (H-O1:243!*

R
) +

NN

N

In the first model, called “frozen transition s&tewe explore the conformational space by
geometry optimization of different transition statenformations with selected frozen bonds
(Scheme 2.6, distances were taken from ref. 14n&rgy minima at B98/6-31G(d) level,
followed by frequency analysis at the same level single point calculations at MP2(FC)/6-
31+G(2d,p) level. We have chosen a series of pyidierivatives with different substitution
pattern (Figure 2.9), including well studied casa$\3, 4, 6a, 7a-b and5a-b, as well as the
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new 3,4-diaminopyridine derivativég, 5k and5I, which have the largest deviations from the
correlation line in Figure 2.8. There are generdibyur possible orientations of the
alcohol/anhydride part of the TS for each catatstformer: two orientations of the acetyl
group and two variants of the alcohol attack onrdeetion center (from the front face or the
back face of the pyridine ring). For symmetricaliaopyridines such as DMAR3) and PPY
(4) this number reduces to one possible orientatignto four best conformations of the free
catalyst were used for chiral 3,4-diaminopyridiriesobtain the initial geometries of TSs,
which were then optimized to energy minima withes&td frozen bonds. The actual numbers

of TS conformers are shown in the Appendix (TabklA).

N N
\N/ [N> N N)\T/ NJ\T/
D C Y OO
N/ N/ N/ N/ N/
3 4 6a 7a 7b

Figure 2.9 Selected DMAP derivatives studied in transititates model.
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Table 2.4.Relative activation enthalpiesHac.and Gibbs free energiéss.c (in kJ mot®) as
calculated at the MP2(FC)/6-31+G(2d,p)//B98/6-31)3édel of theory in the gas phase and
with inclusion of solvent effects in chloroformdifferent levels®

frozen transition "optimized transition states”

states”
T AHog AHac™  AHw™ AHaol®  AHL P AG M
(tu2[Min]) gas phase”solvl”  “solvl” “solv2” "solv3” “solvl” “solvl”
py 0.00 0.00 0.00 0.00 0.00 0.00 0.00
7a -5.69 -24.40 -20.50 -23.89 0.03 -7.84 -24.18 -25.07
3 -5.02 -21.94 -21.86 -25.71 -8.77 -10.82 -25.71 -26.53
7b -4.64 -27.84 -23.01 -27.87 -6.05 -8.29 -28.68 -26.76
4 -4.20 -24.79  -24.67 -28.49 -16.72 -18.52 -28.48 -28.48
6a -2.71 -33.94  -29.65 -34.57 -13.71 -16.17 -33.90 -35.28
5l 493 -62.25 4069 4141 -12.20 -1455 -41.45 -40.28
5k -4.75 -55.75 -39.09 -43.47 -15.99 -18.00 -42.64 -41.36
5a -3.93 -51.23 -41.46 -47.20 -18.51 -20.72 -45.98 -44.12
5b -2.89 -54.86 -44.40 -49.99 -22.36 -24.84 -49.63 -46.71
5j -2.77 -64.23  -49.28 -53.07 -18.03 -22.64 -52.66 -49.76

Correlation coefficient R? [

All catalysts 0.1653 0.3361 0.4024 0.5434 0.5791 0.3974 0.4208
4-Aminopyridines  0.7176 0.9911 0.9895 0.5628 0.5186 0.9652 0.9516

3,4-Diaminopyridines0.0061 0.7760 0.9510 0.6657 0.8709 0.9636 0.9419

[a] Boltzmann-averaged over the maximum availakimiper of conformers. [b] Based on the best confesme
[c] Methods for calculating PCM single point enegin chloroform: “solvl”: RHF/6-31G(d) with UAHRdii;
“solv2”: RHF/6-31G(d) with Pauling radii; “solv3”:B98/6-31G(d) with Pauling radii. [d] Correlation
coefficientsR? of the activation enthalpies with relative reactiates In(lt,).
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Relative activation enthalpiesAH, calculated at the combined MP2(FC)/6-
31+G(2d,p)//B98/6-31G(d) level of theory in the gdmase, do not correlate well with relative
reaction rates (Table 2.4). Inclusion of solverie@s of chloroform at PCM/RHF/6-31G(d)
level with UAHF radii significantly improves the gelation, as was already observed for the
acetylation enthalpies. The studied catalysts caw be divided into two families: 3,4-
diaminopyridines and 4-aminopyridines, the latt@mily includes 4-dialkylaminopyridines
and 4-guanidinylpyridines. The overall correlatiomefficient is still modestRf = 0.3361),
but correlation in each family is much better comepao acetylation enthalpies. However, the
quality of correlation for 3,4-diaminopyridines Istiloes not allow precise predictions of
reaction rates/¢ = 0.7760).

The modest correlation in the “frozen transitioatess” model may be due to the fact that the
structures used for the enthalpy calculation hawestained bonds and are not the real
transition states. We have subsequently optimikedrost stable conformations, obtained in
the “frozen transition states” model, followed beduency analysis at B98/6-31G(d) level
and single point calculation at MP2 level as wellRCM solvation energy calculations. The
energies of the transition states have changedgitgylafter the optimization process (up to
2 kJ mol* at B98 level), showing thus that the previouslyagied constrained structures are
very close to “real” transition states. This fadtowed us to take only several best
conformations of “frozen transition states” for thHES optimization (generally 3-4
conformations for 3,4-diaminopyridines). The actuambers of optimized TS conformers are
listed in the Appendix (Table A2.11).

)
L - 0 Q
o)\l \"O?K o’&

Scheme 2.7 Isodesmic reaction for the calculation of relatiactivation enthalpies
(“optimized transition states” model).

Z_/>
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This model, called “optimized transition statesiyeg much better correlation with relative
reaction rates, especially in the 3,4-diaminopyedfamily (Table 2.4). Employing relative
activation free energies instead of enthalpies do¢smprove correlation significantly. From
the other side, considering only the best conforeménalpies instead of Boltzmann-averaging
over all the conformations is very desirable, sintewould dramatically reduce the

computational time. Indeed, the best conformervatiin enthalpies also correlate with
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relative reaction rates (Figure 2.10). The corre@tatoefficients obtained for each family of

catalysts R = 0.96) allow very precise prediction of the réattates.

20 B a # 4-aminopyridines (5)
- N N ---- R=0.9652
S~ 3 s
4 ~N RN | _
Ao - N \
NN * w4 7Ny e 34-diaminopyridines (5)
e fj ) ) R'=0.9636
b N
AH,_ I kJ mol™ ]
40 4

-50 4

Figure 2.10.Correlation between relative activation enthalgieptimized transition states”
model, based on the best conformers) and relad@etion rates; enthalpies were calculated at
MP2/6-31+G(2d,p)//B98/6-31G(d) level with solvatioenergies at PCM/UAHF/RHF/6-
31G(d) level). The number of data points in eachilfais shown in brackets.

2.4.2 Conformational properties of the transitidates

A thorough analysis of the transition state strregiufor the pyridine derivatives studied here
reveals that all transition states have an intemadbetween the acetate oxygen and dhe
hydrogen of the pyridine ring, as was already nogr@d in the case of DMAR! This
interaction has been recently proposed for theyktetd DMAP species by combined
experimental and theoretical studi®s. For 3,4-diaminopyridines we have found that
additional interactions between the acetate oxygehH hydrogens of the methylene group
do affect the relative stability of the transitiatate (Figure 2.11). For all studied 3,4-
diaminopyridines the transition states with acepaiiting towards the hydrogens Bind H

are systematically more stable than the transiitates with acetate groups pointing towards
only one ortho-hydrogen H (see Chapter 5 for thorough conformational ana)ysThis
observation is very helpful for the transition stabnformational search, since the number of
conformers can be reduced by a factor of two. feuntiore, for catalystSj, 5k and5I| with
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aromatic substituents one additional interactiothefacetate oxygen with the aromatitho-
C-H hydrogen (like P) was observed in the transition states. NBO aimlgé the best
conformer of the TS witlsj shows a weak hydrogen bond between acetate amgddogen
via overlap of the oxygen lone pair and e orbital of C-H bond (Figure 2.11). Other
interactions between the acetate oxygen and C-Hdbave very small orbital overlap and

are mainly of electrostatic nature.

5 ts

Figure 2.11.Structure of the best conformer of the TSSp(left), distances between acetate
oxygen and neighbouring hydrogens are given in BONanalysis shows overlap of LP (O)

andc™ (C-H?) (right).

2.4.3 Influence of the solvation model

As was mentioned above the relative activation aptbs calculated in the gas phase do not
correlate with relative rates, whereas combinatioth PCM solvation energies gives an
excellent correlation (see Table 2.4). In ordegéd more insight into the solvent effect and
probably improve the correlation, we have brieflydsed the influence of the solvation model
on the correlation of activation enthalpies wittaggon rates. First, we varied the PCM
solvation model by changing the radii and the lenfelheory (Table 2.4). Results show that
using Pauling radii gives slightly better overatirelation than UAHF radii (Figure 2.12).
However, correlation in the catalyst families beesnrmuch worse when employing Pauling
radii. The level of theory used for PCM single pgoaalculations does not have a large

influence on the correlation coefficient.
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Chapter 2
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Figure 2.12 Influence of the PCM solvation model on the clatren coefficient between
activation enthalpies and reaction rates.

In addition, we have briefly studied the influenoé explicit solvation on the relative
activation enthalpies and their correlation wittatige rates. First, we propose that the highly
basic pyridines could form a complex with the algiplaffecting thus the activation enthalpy.
In order to study this effect, we have calculatgdtive activation enthalpies of the isodesmic
reaction shown in Scheme 2.8 for a selection dlgsiis (4-aminopyridines3, 4, 7a and6a;
3,4-diaminopyridines5a, 5b, 5k and 5I). The results reveal that the catalyst — alcohol
complex formation has a small influence on the tiada activation enthalpies, even
deteriorating their correlation with relative ra{@sible 2.5, Figure 2.13).

+ +

R u,._,> /R m..,>
K [ O AHagy \ [ 9w
| /J + PN - l _ * A k1
N .- N N ."H e}

N o)I\l H\“O’z o)l\ \"07&

IBU\O/H tBU\O/H

Scheme 2.8 Isodesmic reaction for the calculation of relataetivation enthalpies with
included formation of catalyst — alcohol complex.
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Table 2.5.Relative activation enthalpiesH,c;with included formation of catalyst — alcohol
complex as calculated at MP2(FC)/6-31+G(2d,p)//BaBLG(d) level of theory in the gas
phase and with inclusion of solvent effects in oblorm at different levels.

+ ¥

) o .oy
% ‘ N oH AHag ‘ A f/\ ,’O“' H

\ /j . T e - SV
N N”"H o)

N

N o)\/ l /H‘\‘o;a o%l\ .\'07&

tBu\O/H tBU\O/H

Without explicit  \yjith formation of catalyst — alcohol complex

solvation

Catalyst “solv1' gas phase “solv1® “solv2" @

oy 0.00 0.00 0.00 0.00
3 (DMAP) -25.71 -20.33 -22.50 -16.27
4 (PPY) -28.48 -22.26 -24.56 -23.43
6a -33.90 -29.95 -29.41 -19.49
7a -24.18 -15.59 -17.72 -11.11
5a -45.99 -47.95 -47.07 -32.09
5b -49.63 -53.85 -51.55 -39.17
5k -42.64 -47.54 -42.56 -33.86
5l -41.46 -48.11 -38.74 -23.21

Correlation coefficient R*I"

All 8 catalysts 0.3460 0.1648 0.2458 0.2707
4-Aminopyridines 0.9937 0.9810 0.9587 0.4538
3,4-Diaminopyridines 0.9981 0.7833 0.9424 0.6337

[a] Methods for calculation PCM single point enesin chloroform: “solvl™: RHF/6-31G(d) with UAHRdii;
“solv2”: RHF/6-31G(d) with Pauling radii. [b] Coregion coefficients?? of the activation enthalpies with
relative reaction rates In¢14).

Second, we have briefly studied the influence gbliek solvation by chloroform on the
relative activation enthalpies for the same seabecof catalysts (4-aminopyridine8; 4, 7a
and6a; 3,4-diaminopyridinesba, 5b, 5k and5l). The results show that solvation of catalysts
slightly improves the overall correlation (Tabl&R.We have observed computationally that

chloroform preferably solvates the oxygen atomhefdcetate in the transition states.
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Chapter 2
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Scheme 2.9 Isodesmic reaction for the calculation of relatiaetivation enthalpies with
included explicit solvation by chloroform.

Relative activation enthalpies of the isodesmictiea shown in Scheme 2.9, with included
explicit solvation of both catalyst and TS by cloimrm, have a moderate correlation with
relative rates, when calculated in the gas ph#&&e=(0.3224). Combination of explicit
solvation and UAHF-PCM single point calculationsRitiF/6-31G(d) level shows slightly
improved correlation with all catalysts include® & 0.4125). However, the correlation in

each catalyst family is worse than without expleatvation (Figure 2.13).
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Figure 2.13 Influence of the explicit solvation by alcoholT@/t-BuOH”) and chloroform
(“TS/CHCI3") on the correlation coefficient between reactrates and activation enthalpies
calculated at MP2/6-31+G(2d,p)//B98/6-31G(d) lewsith PCM/UAHF/RHF/6-31G(d)
solvation energies. 4-Aminopyridine3;: 4, 6a and7a; 3,4-diaminopyridinesba, 5b, 5k and
51.
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2.4.4Discussion

The variation of the solvation model (employing Rayradii for PCM or explicit solvation
by alcohol/chloroform) has a relatively small irdhce on the overall correlation of the
activation enthalpies with relative acetylation esat However, irrespective of the used
solvation model all catalysts can be divided intm tfamilies that can be described by
separate correlation lines with similar slopes. @istances between these lines are usually
larger than the activation enthalpy differencesdiashe catalyst familiee(g. 14 kJ mof on
Figure 2.10). One possible explanation of this pneenon would be a systematic
overestimation of dispersion interactions at the2Mé&el of theory®® From other side, the
DFT functional with dispersion correction B3LYP-Daw shown to predict this type of
interactions more accuratél§! Therefore we have briefly studied whether usirgyBBLYP-
D/6-311+G(d,p) level of theory for single point @alations (instead of MP2) would decrease
the gap between the correlation lines. The quardinemical calculations at B3LYP-D level
have been performed with ORCA 2.64.

Table 2.7. Relative activation enthalpieSHac (in kJ mol)® calculated according to the
isodesmic reaction shown in Scheme 2.7 at the B3D¥3?311+G(d,p)//B98/6-31G(d) and
MP2(FC)/6-31+G(2d,p)//B98/6-31G(d) levels of thearnthe gas phase and with inclusion of
solvent effects in chloroform at different lev&s.

B3LYP-D/6-311+G(d,p) MP2(FC)/6-31+G£2d,p)

Catalyst  In(lthy) /1B98/6-31G(d)” //B98/6-31G(d)”
985 sovi solv2  solvd 935 solvi solv2  solv3
phase phase

N
(\(9 -2.71 -38.49 -35.70-1491 -17.35 -37.30 -34.513.71 -16.17

N

B NT -2.89 -55.40 -46.05-17.84 -20.18 -59.17 -49.922.36 -24.84

AAH 16.91 10.35 2.92 2.83 21.87 15.428.65 8.67

[a] Activation enthalpies are Boltzmann-averagecd?@8 K. [b] Methods for calculation PCM single pbin
energies in chloroform: “solvl”; RHF/6-31G(d) withAHF radii; “solv2”: RHF/6-31G(d) with Pauling radi
“solv3”: B98/6-31G(d) with Pauling radii. [c] Thenthalpy differenceAAH = AHa(6@) — AHa(5h).

The well-studied catalyst8a and5b were chosen as the reference points, since they ha
similar catalytic activities but very different acition enthalpies (the difference at “MP2-5”
level is 21.9 kJ mal). When the B3LYP-D/6-311+G(d,p) level of theoryuised for single
point calculations instead of MP2(FC)/6-31+G(2dg»vel (in “optimized transition states”
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model), the activation enthalpy difference betwéarand5b slightly decreases (Table 2.7).
The same effect is observed when the PCM/UAHF/RFEG(d) solvation energies are
included (15.4 kJ mdl with MP2(FC)/6-31+G(2d,p) and 10.4 kJ akith B3LYP-D/6-
311+G(d,p) single points). This implies that digien interactions play some role for the
stability of transition states. The lowest actigatienthalpy differences betweéa and5b
(2.8 kJ mol) are observed when Pauling radii are used forutations of PCM solvation
energies. Therefore, using B3LYP-D level for singtent calculations can bring together the
correlation lines of different catalyst familieshd geometry optimization at B3LYP-D level

could probably yield more accurate structures titaB98 level.

2.5 Conclusions

In summary, the results show that relative acatyaenthalpies, calculated at MP2(FC)/6-
31+G(2d,p)//B98/6-31G(d) level with inclusion oflhgent effects in chloroform using the
PCM approach at HF/6-31G(d) level with UAHF radign be used for the approximate
optimization of the substitution pattern of a giveratalyst family (such as 3,4-
diaminopyridines or 4-guanidinylpyridines). Actii@t enthalpies (calculated at the same
level of theory) give much better correlation withative acylation ratesRf = 0.96 in each
family) and can be used for the precise predicbbrratalyst activity. However, the latter
model needs much more effort: first, the transitgiates have generally twice as many
conformers as acetylated catalysts; second, omitioiz and frequency analysis for the
transition states are also more time-consuming foaracetylated specie®.¢ roughly 6
times more for catalysk).

......

. ! A 0.0+
. N o N AN \ MP2//B98 %

N | \\ —
o)\ O’K o)\ with SO\Vat|on

oﬁﬁ oﬁﬁ\

Figure 2.14 Companson of different models for the predictajrcatalytic activity.
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Additionally, we show that the variation of the wtion model (employing Pauling radii for
PCM calculations or explicit solvation by alcohbl@roform) has a small influence on the
overall correlation, but worsens the correlatioreath catalyst family. Existence of the two
catalyst families with separate correlation linessgsts by using different solvation models. It
implies that rather chemical than computationakoea are responsible for the splitting of
correlation lines. One possible reason could be uastantial stabilization of the
acetylpyridinium intermediate in the case of 3,dndinopyridines, which generally have
more negative acetylation enthalpies than 4-amindimes. It would then increase the
reaction barrier of the second step (see Figurg Héwever, this reason can be disproved
since the formation of the acetylated catalyst rurthe kinetic measurements was not
observed. Another possibility can be the differeircéhe rate-limiting steps for different
classes of pyridine derivativeisg. the second step for 4-aminopyridines and the $iiegp for
3,4-diaminopyridines (Figure 1.6). This hypothesa®m be examined by computational study
of the full reaction profile (experimental measugrithe reaction rate order for alcohol would
not be informative in this case since the alcotasl participate in the first steff! Finally,
the base catalysis mechanism, which has highevaticth energy for DMAP*Y can be

imagined for 3,4-diaminopyridines.
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Chapter 3. Applications of the Relative Acylation Ethalpies
3.1 Photoswitchable pyridines

3.1.1 Introduction

Photoswitchability of molecular properties for tkevelopment of “smart” devices and
materials has been investigated quite intensivelyecent yearS® The use of light as a
trigger offers different advantages, since it i3o&-contact stimulus that can be manipulated
perfectly by modern optics. The functional respon$ehe molecular system to light is
mediated by photochromic moieties, which enableergble activation and deactivation
(switching). While a number of molecular propertieave successively been rendered
photoswitchable in recent years, the reversibldghodulation of catalytic activity has so far
been poorly explored. Most reported examples sufi@m a lack of generality and low
ON/OFF ratiod®® Integrating an external stimulus to regulate gditalactivity offers a
means to control catalyzed chemical processes avdulate the behavior of functional
materials containing them.

In order to realize a reversible photoreaction hotpswitchable catalysts, photochromic
moieties have to be incorporated into the catalggstem. The reactivity of the
photoswitchable catalyst can be regulated by lgjhdifferent wavelengths and the interface
between system and stimulus is provided by a deitpbhotochrome. The state of higher
reactivity is commonly referred to as the ON statbereas the state of lower reactivity is
referred to as the OFF state. A switchable cataystem is characterized by the ON/ OFF
ratio ke, which is given by the ratio of rate constantsdobstrate conversion by the ON and
OFF stateske = konkorr A high activity ratio not only implies high readty associated
with the ON state, but also a low OFF state redgtito avoid undesirable background
reactivity, that is, substrate conversion by thd=Qfate, over long periods of time.

The first photoswitchable nucleophilic catalyst Hzemen reported by Hecht etfl. The
design was based on the reversible steric shieldirthe lone pair of a nitrogen atom, thus
deteriorating both its basicity and nucleophiligisigure 3.1). Several piperidine derivatives
were synthesized, in which a sterically bulky plebromic azobenzene shield was attached
through a spiro junction. The conformation of treatyst in the OFF state (E isomer) is
largely restricted, thus efficiently shielding tlome pair of the piperidine. Upon irradiation,
E—Z isomerization is induced, leading to a relativevement of the 3,5-disubstituted
azobenzene fragment away from the piperidine maety therefore opening access to the

basic/nucleophilic nitrogen atom (Figure 3.1). Ad)dse titration experiments in acetonitrile
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reveal a difference inky, values of approximately one unit. Furthermore,ghetoswitchable
piperidines were exploited as general base casalysta nitroaldol (Henry) addition of
nitroethane to 4-nitrobenzaldehyde. Optimizing $reicture of the catalyst by introducing
suitable substituents at the piperidine N atomrev@nt N-inversion and at the 3,5-positions
of the azobenzene moiety to more efficiently bldbk pyridine nitrogen atom led to an
enhancement of the ON/OFF ratio to more than 3%erLan, Hecht at al. have immobilized
the photoswitchable piperidine catalyst on silied¥ Several successful and fully reversible
switching cycles at the surface were demonstratedJ¥s/Vis absorption spectroscopy of
suspensions in dichloromethane. Remarkably, th@fpédsuspension of these functionalized

silica particles in water could be photomodulatgadpproximately 0.3 units.

O . >< /ﬁjb hv (4 =365nm) 7< %:b
E hv'(A >400 nm)
hv /‘Lh\"orA

accessible L
basic/nucleophilic

site

Shiel
basic/nucleo pH 4
site

Figure 3.1. Concept of a photoswitchable base on the basiewdrsible steric shielding
(left); chemical structures of investigated azolesez derivatives and single crystal X-ray
structures (right). Reproduced from ref. 37.

It is surprising that only a few examples of susf@sreactivity switching by a photochrome-
mediated electronic modulation of a catalyst's \&ctsite have been described to dite.
Obviously pyridine derivatives are suitable modgétems for electronic photomodulation
since their nucleophilicity/basicity depends on #iectronic properties of the substituents.
Derivatives of DMAP and 3,4-diaminopyridine aretpanarly attractive, since they display a
high efficiency in different catalyzed reactionshieh can be controlled reversibly by light.
Thus several 3,4-diaminopyridine derivatives begriime azobenzene substituent were
proposed as potential photoswitchable nucleophulitalysts, which could be applied in
acylation reactions controlled reversibly by ligBince theoretical predictions can be made
for compounds before their respective synthesisdeoeded first to study computationally the
acetylation enthalpies for the proposed derivativésalculated at MP2(FC)/6-
31+G(2d,p)//B98/6-31G(d) level with solvation enesgat PCM/UAHF//HF/6-31G(d) level).
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Table 3.1 Relative acetylation enthalpies for potential jolswitchable catalysts. Data for known cataly3AP , PPY and5b are also shown.

O?ﬁ

O@ﬁ

O O
_N _N L
N~ N~ Ph N’—N N, O Q
i OO O 2
R N/\N R N ! R N7 B N NW
Catalyst B fj/ > 7 N N7 N N7
N N I DMAP  PPY 5b
diazal diaza2 diaza3
with solvation (CHCGJ)*¢
R = AHac (kJ/mol)  AHac(kI/mol)  AHac(kd/mol)  AHac(kd/mol)  AHac(kd/mol)  AHac (kJ/mol) AHae (K3/mol)
cis trans cis trans cis trans
CN -69.8 -64.0 -58.2 -61.1 - -
H -67.0 -67.6 -60.9 -63.0 -69.4 -67.1 -61.3 -67.6 -85.2
OMe -67.6 -69.5 -61.9 -65.1 - -
without solvation (gas phasé)
CN -120.6 -92.0 -110.4 -99.3 - -
H -99.7 -104.6 -103.2 -109.6 -100.2 -101.1 -77.2 -87.5 -119.6
OMe -102.8 -109.7 -105.8 -114.1 - -

& Acetylation enthalpies calculated at MP2(FC)/6-G{2d,p)//B98/6-31G(d) level with solvation model G orotorm at HF/6-31G(d) level with UAHF radii, and then
Boltzmann averaged over all conformations.

® Acetylation enthalpies calculated at MP2(FC)/6-3(3dGp)//B98/6-31G(d) level, and then Boltzmann aged over all conformations.

¢ More negative acetylation enthalpies in paisstransare marked bold.
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3.1.2 Results and Discussion

Relative acetylation enthalpies for all studied lB&wene derivatives (calculated with
inclusion of solvent effects in chloroform) aretire region between -58 and -70 kJ/md,
are comparable with DMAP and PPY (Table 3.1). drezal derivatives with the ethylene
bridge show acetylation enthalpies, which are lowean for the correspondindiaza2
derivatives with the diphenylethylene bridge. Thazal derivatives are therefore expected to
be more catalytically active in the acylation réats. Changing the substitution pattern from
3N-methyl-4N-azobenzene idiazal to 3N-azobenzene-4N-methyl oiaza3 has a small
effect on the stability of the acetyl intermedia®eibstitution of thgara-hydrogen intrans
derivatives for the electron withdrawing CN groupcrkases the stability of the acetyl
intermediate and substitution for the electron diagaOCH; group — increases the stability.
Moreover, acetylation enthalpies trins-substituted derivatives can be correlated with

constants opara-substituents (Figure 3.2).

-56.0 -
-58.0 - y = 4.3436x - 60.799 ¢ cis-diaza2
R? = 0.9969
-60.0 -
| DMAP (3 _
= - —— - ® y= 3'72723X - 63.601 B trans-diaza2
g -62.0 - R2=0.924
2
T - 4
S 64.0
= y =5.536x - 67.835 & trans-diazal
66.0 R? = 0.9962
1 PPY (4)
68.0 o ----4-----== y =-2.5542x - 67.763
-68.0 o
R*=0.7801 A cis-diazal
-70.0 . \ . \ . \ . \ . \ ‘ \
-0.4 -0.2 0 0.2 0.4 0.6 0.8

9

Figure 3.2. Correlation of acetylation enthalpies foans and cis isomers (calculated at
MP2(FC)/6-31+G(2d,p)//B98/6-31G(d) level with sdiem model PCM at HF/6-31G(d)
level with UAHF radii) withc-constants opara-substituentsp,(OMe) = -0.28;6,(H) = 0;
6p(CN) = +0.70:

The photoswitchability of catalysts can be charamte by the ON/OFF rati&e = kon/Korr
which is directly connected with the differens&H.; between acetylation enthalpies for the
cis andtransisomers (Figure 3.3). This difference is relatielw for diaza2 derivatives (up

to 3.2 kd/mol). Fodiazal derivatives the differenc&AH.; between acetylation enthalpies is
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smaller, except fop-cyano catalysp-CN-diazal, which has a larger negative difference of
-5.8 kd/mol. The largest difference betwess and trans isomers together with the most
negative acetylation enthalpy for ttrans isomer are observed in the case ofghmaethoxy
diaza2 (Figure 3.3, dotted green circle), as well as pheyanodiazal (Figure 3.3, green
circle). This suggests that these derivatives eapdtent photoswitchable catalysts. However,
the comparatively moderate acetylation enthalpwsigh are in the range of DMAP and
PPY) for all studied derivatives can result in l@lsolute catalytic activities of these

compoundsdf. Chapter 2, Figure 2.8).

3 I -
2|« ., OMe L CN
S 1| OMe e H
g L J
E O T T H T T T T T T T T T 1
e 1-'0 -69 -68 -67 -66 -65 -64 -63 62 -61 -60
< 1"
<,_ B AH ac,trans (kJ/mOl)
o 24
<4 ] A
5] H
-4 4
S5 ¢ diazal
6 - M diaza2

A diaza3

Figure 3.3.Acetylation enthalpy difference&AHac = AHac cis— AHac transfOr diazaland
diaza2 derivatives with differenpara substituentss acetylation enthalpies tfans
derivativeAHgc rrans @s calculated at MP2(FC)/6-31+G(2d,p)//B98/6-3)d€vel with
solvation model PCM at HF/6-31G(d) level with UAH&dii.

While the acetylation enthalpy differenceésAH,. determine the ON/OFF rati! the

differences between enthalpies @f and trans azobenzene isomersH also plays an
important role for the kinetics of the thermal ismsationcis —> trans!*" The obtained
results (Table 3.2) show thptmethoxy substitutediazal and diaza2 derivatives have the

largest enthalpy differencedH:.
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Table 3.2 Relative stabilities ofis andtransisomers of catalysidiazal, diaza2 anddiaza3
as expressed by enthalpy differenaék; (positive values imply more stalil@nsisomers).
AHct = Hcis - Htrans (k\]/molf

r= diazal diaza2 diaza3

CN +48.6 +41.0

H +50.7 +435 +48.6
OMe +51.5 +46.6

& EnthalpiesH,qg were calculated at MP2(FC)/6-31+G(2d,p)//B98/6-81)3evel with solvation model PCM at
HF/6-31G(d) level with UAHF radii, and then Boltzmmaaveraged at 298 K over all conformations.

Acetylation enthalpy differences.AH,c for diazal and diaza2 derivatives, calculated at
MP2(FC)/6-31+G(2d,p)//B98/6-31G(d) leviel the gas phasenave generally larger absolute
values than the corresponding differences caladilaith solvation(Figure 3.4). The largest
values of the differences.AH,c are observed in the casemtyano substitution (up to —28.6
kJ/mol for diazal derivatives), thus showing that solvent plays mpartant role for the
photo-switchability of these compounds. Examinatbmhe data in Table 3.1 shows tloat
derivatives ofp-cyanodiazal and p-cyanodiaza2 have surprisingly low (more negative)
acetylation enthalpies, calculated at MP2(FC)/6@@#,p)//B98/6-31G(d) level in gas

phase.

10

o

1
5 8
6
0 AuAH,, kd/mol 4
-5 2
0 AgBH,, kd/mol
-10
-2
.15 OOMe 4
oo HH -6 O OMe
-8 HH
o5 MON -10
OCN
N— -30 12
CN B98
MP2-5 MP2-5
MP2-5/solv MP2-5/solv
a) diazal b) diaza2

Figure 3.4. Acetylation enthalpy differencescAHac = AHac cis — AHac trans (in kJ/mol) for
diazal (a) anddiaza2 (b) derivatives with differenpara substituents, as calculated at the
different levels of theory: “B98” B98/6-31G(d)//B98/6-31G(d); “MP2-5" = MP2(FC)/6-
31+G(2d,p)//B98/6-31G(d); “MP2-5/solv” = MP2(FC)B+G(2d,p)//B98/6-31G(d) with
solvation model PCM at HF/6-31G(d) level with UAH&dii.
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A thorough analysis of the conformational spacedtmdied pyridines and their acetylated
forms reveals an interesting structural featureéhef acetylated catalystis-p-cyanodiaza2
andcis-p-cyanodiazal The most stable gas phase conformadioaclof the acetylatedis-
p-cyanodiaza2 has surprisingly low energies at both B98 and MBZels of theory
(comparing with conformatiod_ac2 which has the opposite orientation of the acgtglup,
Table 3.3). The cyano group in conformatbraclis in close proximity to the acetyl group
(Figure 3.5, right). A smaller molecular dipole mamh of conformatiord_acl comparing
with 4 _ac2 (Table 3.3) leads to less negative solvation eneof this conformer
(-63.76 kd/mol fod_acland —80.08 kJ/mol fo#_ac2g, which compensates a larger stability
of 4_aclin gas phase. As a result, this conformation dm¢saffect the acetylation enthalpy
at the combined level of theory including solveffeets. This type of conformation for
acetylatedcis-p-cyanodiazal (Figure 3.5, left) has the lowest energies botthangas phase
and in chloroform. Replacing the CN group by methok hydrogen in these conformations
does not give stable species, which after optinumagive “open” conformers with larger

distances between the phenyl and pyridine rings.

diazal diaza2

Figure 3.5. Structures of the most stable gas phase conforafi¢he acetylated catalystss-
p-cyanodiazal andcis-p-cyanodiaza2 (optimized at B98/6-31G(d) level).
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Table 3.3.Comparison ofti acland4 ac2conformers of acetylatets-p-cyanodiaza2

¢
[ J
Parameter
ry, pm
rz, pm
Dihedral angle 135.6
01, °
Molecule dipole 3.43 11.98
moment, D
On 2 -0.345 —0.280
o +0.287 +0.282
Oac” +0.292 +0.282
Relative enthalpieaH.qs at different levels of theofykJ/mol)
“898” O 127
“MP2-5" 0 30.0
“MP2-5/solv” 1.8 15.5

#NPA charges are given in units of elemental charge
P Relative to the most stable conformer of acetglate-p-cyanodiaza2at the corresponding level of theory.
¢ Charge is averaged over three hydrogens of ageiyp.

The described extraordinary stability can originaten electrostatic interactions between the
negatively charged nitrogen of the CN group andpbsitively charged hydrogens of the
COCH; group or dispersion interactions between phengbsiof azobenzene. Natural
population analysis (NPA) shows that the CN nitrogeom is more negatively charged in the
4 acl conformer of acetylatedis-p-cyanodiaza2 as compared to conformér ac2 the
hydrogen atoms of the acetyl group are also moséipely charged (Table 3.3). This implies
that electrostatic interactions between the CNogén and the acetyl hydrogens could play an
important role for the exceptional stability of theaclconformer in the gas phase. In order
to clarify this point, we have briefly studied thelative stabilities of the acetylateis-p-
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cyanodiazal’ conformers, which contain a propylene bridge adtef the phenylene group
in the azobenzene moiety (Table 3.4). The propylendge was chosen since it is
geometrically more similar to the phenylene groogntthe (CH), or (CH,), fragments. The
results show that the conformacl, analogue of the “closed” conformatiams-p-cyano-
diazal 4 acl, also has lower energies at both B98 and MP2 denetheory, comparing with
conformationac2 which has the opposite orientation of the acgtgup (Table 3.4). The
“opened” conformerac3 has much higher energy in the gas phase, but ecomore stable
than acl and ac2 when the solvation energy is added. This imptieest the dispersion
interactions between phenyl rings of the azobenzauestituent indiazal and diaza2
derivatives have a relatively small influence ore ttescribed extraordinary stability of

acetylated species.

Table 3.4 Relative enthalpies of acetylateid-p-cyanodiazal’ at different levels of theory.

TR ey

NN i
N// LN if‘ - & ff JJJ‘;‘;}
Q L ’ R,
N7 | w 9
CN.~Ng @”y 9%
9 9
AHagg(kJ/moly acl ac2 ac3
“B98” 0.0 18.3 9.3
‘“MP2-5" 0.0 20.2 29.1
“MP2-5/solv” 1.3 10.3 0.0

®Relative enthalpiesaH,gs of conformerf acetylatedis-p-cyanodiazal’ at three levels of theory.

In all studied model systendiazal and diaza2 the aryl substituent in 4N position is not
coplanar to the pyridine ring, decreasing signifiba the conjugation between thgara-
substituent of the azobenzene group and the pwriditrogen. The derivativediaza4 of
catllun bearing the phenyldiazenyl group in thera-position, were suggested as potential
photoswitchable catalysts, since the pyridine ggro and the azobenzene substituent are
directly conjugated in these systems. A brief stoflfthe respective acetylation enthalpies
(Table 3.5) shows that the suggested derivatives kaw stabilities of acetyl intermediates,
which would result in low absolute catalytic adiies of these compounds. The enthalpy
difference AcAH,c between acetylation enthalpies for thes and trans isomers is also
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moderate (Table 3.5). It implies that the proposelstitution pattern is insufficient for the

development of photoswitchable catalysts.

Table 3.5.Relative acetylation enthalpies for catalysibscatllunand its azobenzene
derivatives, calculated according to the isodesrmi«:tion.

O == Ofé
o»\ X

AHac (k3/mol)
Catalyst With solvatiod ~ Without solvatiof

fﬁ/NV -85.2 -119.6

N

ot

catllun

LAY
-52.9 -87.5

trans-diaza4

Ph\[\,‘
N
LT
N -49.1 -79.9
)

A
Pz

|
N

—

-60.1 -91.5

7/

cis-diaza4

ActAHac +3.8 +7.6

#Calculated at MP2(FC)/6-31+G(2d,p)//B98/6-31G(djelewith
solvation model PCM at HF/6-31G(d) level with UAH&dii.

P Calculated at MP2(FC)/6-31+G(2d,p)//B98/6-31G(deldn thr gas
phase.
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3.1.3 Conclusions and Outlook

The studied model systendsazal anddiaza2 are shown computationally to be potentially
photoswitchable, since they have different acetytaenthalpies in theis andtrans states.
The largest effects on the acetylation enthalpires abserved for th@-cyano substituted
derivatives, which have some interactions betwelna@d COCH groups incis-derivatives.
However, these effects are mainly electrostatinature. In order to further increase these
effects, the azobenzene moiety should be direcityoduced into the 5-position of the
pyridine ring (Scheme 3.1). The suggested strusthase also the advantage that the pyridine
nitrogen would be more nucleophilic in the ON staidternatively, incorporating bulky
substituents into the azobenzene part could furtherease the ON/OFF ratio by steric
shielding of the pyridine nitrogen in the OFF state was successfully used in the design of

the photoswitchable piperidine catal{ft.

Scheme 3.1Structures of potentially photoswitchable pyridine
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3.2 Relative acetylation enthalpies for paracyclopdme derivatives

Planar-chiral motifs are often used as typical glesglements of nucleophilic catalysts or
chiral ligands for transition-metal cataly§i%??® These structures are usually derived from
metallocenes, including ferrocel{d, or from the [2.2]paracyclophane framework.
Compounds with the [2.2]paracyclophane scaffdidhave already been applied in
enantioselective synthesis, for example, titaniunmglexes of salen-type derivatives of
[2.2]paracyclophane in the enantioselective forarabf cyanohydrins of aromatic aldehydes
and in the enantioselective addition of diethylztocaromatic aldehydd®¥' A number of
[2.2]paracyclophane derivatives have been emploggdorganocatalysts! Surprisingly,
there are no reports to date of planar-chiral DMARrivatives, containing the
[2.2]paracyclophane moiety. Here we study componally the influence of the
paracyclophane substituent on the catalytic agtiartd conformational properties of DMAP
derivatives.

Relative acetylation enthalpi@d,. for a series of 3-paracyclophane-4-aminopyridiwvese
calculated according to the isodesmic reaction show Scheme 2.2 at MP2/6-
31+G(2d,p)//B98/6-31G(d) level with inclusion oflgent effects at PCM/UAHF/RHF/6-
31G(d) level (Table 3.6). The obtained data showat th 3-paracyclophane substituent
decreases the relative stability of the pyridinication by 5.9 kJ/mol for the derivatiparal

as compared to DMAR3), and 0.9 kJ/mol fopara2, as compared to PP¥)( While a
methyl group in the paracyclophane moiety at psertito position does not almost affect
the acetylation enthalpypéra3), the amide functional group has a large effecttiom
acetylation enthalpyp@rad): it stabilizes the pyridinium cation by ca. 14rkdl. The catalyst
parad would be expected to be as activebasor 6a in acylation reactions, combination of
this feature with the planar chirality makes th@mpound potentially useful for the KR
experiments. The distances between the acetyl gandghe pyridine nitrogenty), pm)and
the natural charges of the acetyl groupefpc)) were also calculated and are collected in
Table 3.6. In contrast to 3,4-diaminopyridines ¢hesr no correlation between the acetylation

enthalpies of 3-paracyclophane-4-aminopyridinestaedcharge or distance parameters.
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Table 3.6 Relative acetylation enthalpies and structurabpeeters for 3-paracyclophane-4-
amino and 3,4,5-trialkylpyridines, as calculatedVi®2/6-31+G(2d,p)//B98/6-31G(d) level
with inclusion of solvent effects in chloroform RCM/UAHF/RHF/6-31G(d) level. Data for
catalysts DMAP 3), PPY @), 5b and6a are also shown.

O@ﬁ ﬁﬁ

On the basis of the energetlcally lowest

Averaged
conformer
Catalyst Structure AHac(MP2-  AHac(MP2-
Onea (@CF? r(C-N)(pmf  5/solv) 5/solv)
(kJ/mol) (kJ/mol)
X
py -y 0.368 153.3 0.0 0.0
N
NG
paral ” O 0.284 147.4 -56.1 -55.4
PN
\N/
DMAP (3) | N 0.302 148.3 -61.3 -61.3
~
N

@ N
para2 g O 0.278 147.0 -67.3 -66.7
para3 6 O 0.276 146.9 -67.1 -66.9

N
PPY @) § 0.295 147.9 -67.6 -67.6
®
N
HsCOC. _H
N
para4 Q 0.279 148.1 -81.1 -80.5
»
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On the basis of the energetically lowest

Averaged
conformer
Catalyst Structure AHac(MP2-  AHac(MP2-
Onea (@CFP r(C-N)(pmf  5/solv) 5/s0lv)
(kJ/mol) (kJ/mol)

0.283 147.3 -82.3 -82.3

N

6a XX
~

N

N
N; 0.276 147.1 -86.3 -85.2

A
s

N

~
A
~

N

/_
_/

37a 0.341 151.4 -26.3 -26.3

|
R
AN
L
N
\fj/
37b /\Eﬁ/\ 0.336 151.0 -28.3 -27.7
N
37c \/\5/\/ 0.333 150.8 -28.1 -27.4
|

& Charge and distance parameters of the most faleocabformer
® In units of elemental charge e

The 4-aminopyridine derivatives DMAR) and 6a differ structurally mainly by two alkyl
substituents in 3- and 5- positions of the pyridimgy. This causes a large change in the
acetylation enthalpy (by ca. 20 kJ/mol) and a 1@-fcceleration of the acetylation reaction
rate (see Chapter 2). In order to check the infteenf the alkyl substituents we have
calculated the acetylation enthalpies for 3,4 8lkyilpyridines37a-c The obtained data show
(Table 3.6) that alkyl groups have a moderate diogaéffect, much smaller than the
dialkylamino group. Eventually the studied trialytidines seem not to be active enough to

be potential catalysts for acylation reactions.
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The conformational space of the neutral derivapaead and its acetylated form has been
analyzed. Figure 3.6 shows a pictorial represeiatf the relative enthalpies of conformers
in the range 0-25 kJ/mol. Analysis of the obtairdata shows that the acetylation of
compound para4 leads to a reduction of the conformational spa€ethis molecule.
Furthermore, examination of the best conformercstings for compoungarad4 and its
acetylated form (Figure 3.6) reveals that a con&dromal change occurs in the amide group
of the catalyst upon acylation. The oxygen atorthefamide group becomes directed towards
the acetyl group, probably due to electrostatieranttions between oxygen and neighbouring
hydrogens d¢rtho hydrogen of pyridine ring and acetyl hydrogen).e3& interactions are
probably responsible for the exceptional stabitifythis acetylpyridinium cation mentioned

above.

AH,q5, kJ/mol
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Figure 3.6. Relative enthalpies of conformers of compoyratad and its acetylated form
parad_ac at MP2/6-31+G(2d,p)//B98/6-31G(d) level witlim energy window of 25 kJ/mol.
The structurally related conformers pdrad andparad4_ac are connected with dotted lines.
Structures of the most stable conformers are d&lsws (distances are given in pm).
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3.3 Relative isobutyrylation enthalpies for chiral3,4-diaminopyridines

The kinetic resolution o$ecalcohols, catalyzed by chiral pyridines, ofterizgis isobutyric
anhydride as the resolution reagent. It was shdahthis anhydride has the best chances for
successful kinetic resolution experiments with selemy alcohol$® Since the isobutyryl
group is more sterically bulky than the acetyl groit is not clear, whether the acetylation
enthalpies are suitable for the prediction of thealkytic activity for chiral pyridine
derivatives. For this reason we decided to studgthdr isodesmic reaction of isobutyryl-
transfer, shown in Scheme 3.2, can be used foprébdiction of the catalytic activity of chiral
pyridine derivatives.

Scheme 3.2Isodesmic reaction for the calculation of isobuigtion enthalpies.

The enthalpies of model isodesmic isobutyryl-transéaction, shown in Scheme 3.2, were
calculated at MP2(FC)/6-31+G(2d,p)//B98/6-31G(dklen the gas phase and with inclusion
of solvent effects in chloroform using PCM singlant computations at RHF/6-31G(d) level
with UAHF radii (Table 3.7). The distance betweée isobutyryl group and the pyridine
nitrogen (fc-n), pm)andthe natural charge of the isobutyryl groupHg{ac)) are also included
in Table 3.7.

59



Table 3.7.Relative isobutyrylation enthalpies at 298.15 K pgridine derivatives calculated
according to the isodesmic reaction shown in Schet;2 at the MP2(FC)/6-
31+G(2d,p)//B98/6-31G(d) level of theory (in thesgehase and in CHE)I

AHj, (kJ/mol)

Catalyst  in the gas phase in chlorofofm

r (C-NY (pm)  cupa (iPrCOJ*®

Py 0 0.0 155.0 0.379
DMAP (3) -73.5 -59.5 149.5 0.311
PPY @) -84.0 -66.4 149.0 0.303
6a -98.2 -80.0 148.4 0.291

5b -114.6 -84.1 148.1 0.284

5k -123.7 -81.4 148.4 0.286
38a -108.9 -77.6 148.4 0.288
38b -115.3 -82.3 148.1 0.284

5| -123.5 -76.7 148.7 0.290

50 -123.5 -75.3 148.6 0.286

4 Charge and distance parameters of the most faleocabformer were calculated at B98/6-31G(d) level.
® NPA charges in units of elemental charge e.
¢ With solvation model PCWMroform at HF/6-31G(d) level with UAHF radii.

First, the isobutyrylation enthalpies were calaedbfor achiral 4-aminopyridines DMAB)(
PPY @) and6a as well as the known 3,4-diaminopyridine derivegisb, 5k and5I. Figure
3.8 shows that the isobutyrylation enthalpies dateewell with the corresponding acetylation
enthalpies. However, correlation with relative gtaton rates becomes worse when using
isobutyrylation enthalpiesRf = 0.3034) instead of acetylation enthalpies% 0.4592).

/ A%g gg& P:>
Th Mo T T

P

38a 38b 51 5!

Figure 3.7.Structures of chiral camphor-derived catalysts.
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Figure 3.8. Correlation between isobutyrylation and acetylatemthalpies, as calculated at
MP2(FC)/6-31+G(2d,p)//B98/6-31G(d) level with inslan of solvent effects at
PCM/UAHF/RHF/6-31G(d) level.

The chiral 3,4-diaminopyridine88a-b, 5l and 5I', which contain the chiral fragment of
camphor, were then studied computationally (Fig&ii®. Examination of the data in Table
3.7 shows that replacement of the cyclohexyl rimgb by the camphor fragment B8b
slightly lowers the isobutyrylation enthalpy. Regganent of ethyl groups iBb and38b by
benzyl groups as iBk and5l enhances the stability of the isobutyryl internageliin the gas
phase by 8-9 kJ/mol, but lowers it when the sobratenergies are included. The similar
values obtained for the isoméssand5I’ indicate that the stereochemistry of the camphor
fragment has little influence on the stability sbbutyryl species.

The structural parameters, such as C—N distancetl@dharge of isobutyryl group of
acylated species, are also included in Table 3guré 3.9 shows that greater thermochemical

stability correlates with shorter C—N bond distamnaad smaller isobutyryl group charges.
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Figure 3.9 Correlation of the isobutyryl group charges (tighes) and C—N bond distances
(left axes) calculated at B98/6-31G(d) leweith isobutyrylation enthalpies calculated at
MP2(FC)/6-31+G(2d,p)//B98/6-31G(d) level with inslan of solvent effects at
PCM/UAHF/RHF/6-31G(d) level.
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3.4 Relative acetylation enthalpies for ferrocenypyridines

Since its discovery in 1951, ferrocene has increggiestablished itself as an efficient and
generally applicable backbone in chiral ligands aadalysts due to the possibility of
introducing and exploiting both central and plachirality. A main advantage of planar
chirality as a control element is that it does ramemize as compared to, for example, axial
chirality seen in the classic biarylic systems, aoday several efficient methods exist for
introducing planar chirality onto the ferrocene kaanel*”! One of the effective methods is
ortho-lithiation of chiral sulfoxides, which can be oined from available asymmetric
compounds. This method has an advantage in avoidagacemate resolution step and was
successfully applied to the synthesis of diffeyganar chiralP,N-ligands!*!

The development of asymmetric DMAP derivativdsbased on planar chiral ferrocene has
been reported by Fet al/*¥ These catalysts were shown to perform very welbfeariety of

d#%abl gch as kinetic resolutions of alcotf$ and amindé™ (Figure 3.10). Later

reaction
attempts in designing ferrocene-based planar cBk&\P analogues resulted in less efficient
catalysts. AC,-symmetric catalys40 gives moderate levels of selectivity in KR of sedary
alcohols®™ The catalys#1, which has one ferrocenyl substituent in 3-posita§ DMAP,
gave modest enantioselectivities in dynamic KR @aairangement reaction of azlactohds.
On the other hand the cataly2t8 and 41 exhibit low to moderate catalytic activity. The
analogue o#41 which has a ferrocenyl substituentdrtho-position is completely inactive as

nucleophilic catalyst™

R1
NR, = NMe,, pyrrolidino
R'=Me, Ph

39 40 41 42

Figure 3.10.Structures of chiral DMAP derivativé9-42.

Thus the planar chiral ferrocene moiety seems toptmmising in the design of new
asymmetric DMAP derivatives. The activity issueaiso important for the modeling of new

catalysts. For instance, the chiral catal¥® which contains a sulfoxide group, shows
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moderate enantioselectivities but very low actiitghe KR of alcohol§? The observed rate
difference has been explained by the electron-wétivthg character of the sulfoxide group.
In order to shed light on the influence of the sxille group on the activity of ferrocenyl
pyridines, we have performed a computational stfdye relative acetylation enthalpies for
a series of differently designed chiral catalystgiich can potentially be synthesized
employing theortho-lithiation of chiral ferrocene sulfoxides. Most tfe studied pyridine
derivatives contain the remaining sulfoxide fragimeAnother important goal was to
investigate how different structural features ieflae the activity of ferrocene substituted
pyridines.

Since the HF level of theory (and correspondinglg2Mivhich contains HF) is known to have
convergence problems when applied to ferrocenesyshe “MP2-5/solv’ method discussed
above for the calculation of acetylation enthalpiess not applicable in this case. For this
reason the DFT computations at the B3LYP/6-311H4&(B3LYP/6-31G(d) level of theory
were used to evaluate relative acetylation enthalgor the studied ferrocenylpyridines,
which were then compared with the data for “stadtddraminopyridines DMAPJ), PPY @)

and6a. The obtained data are shown in Table 3.8.
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Table 3.8. Relative acetylation enthalpies for ferrocenyldiyres, as calculated at the
B3LYP/6-311+G(d,p)//B3LYP/6-31G(d) level of theoripata for 4-aminopyridines DMAP
(3), PPY @) and6a are also shown.

R R
A AHg, x
sHuIE SNy
= — > P
+N N N +N
o)\ 04]‘\

Catalyst Structure B3LYP/6-311+G(d,p)//B3LYP/6-31G(d)
(kd/mol)
best conformer averaged
X
py | 0.0 0.0
N
\N/
DMAP (3) N 821 821
| —
N
N:
PPY &) -93.0 -93.1
X
| —
N
N
6a X -108.9 -108.9
»
N
@N\j
X
o-cpstol -18.2 -18.8
i re S )~
&0
_N
d/\J
m-cpstol -59.5 -59.5
e S~
o
ZN
.
p-cpp | -64.1 -63.4
Fe
s
ZN
S |
p-cpstol -68.0 -67.4

T—
()
R

\

O
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Table 3.8(continued)

AHgc
Catalyst Structure B3LYP/6-311+G(d,p)//B3LYP/6-31G(d)
(kJ/mol)
best conformer averaged
AN
S |
-cpstol_en -68.9 -68.4
PERE Fe S\@
&> o
|
/N /I
IDMAP e 118.8 118.4
m-cpsto | -118. -118.
Fe S < >
> o
|
/N /I
toDMAP SN 1135 114.2
m-CpsSto en - . - .
T RSO
e
> 0
G
7
m-cpstolPPY NN [123.4 1235
Fe S
>0
Q .
N
m-cpstolPPY_en -127.3 -127.9

bz
.

Analysis of the obtained results shows, that theufoxidoferrocenyl group acts as electron-
donating group (compangy with o-cpstol m-cpstol and p-cpstol), but is a much weaker
donor than the dialkylamino substituent (compgaigpstol andDMAP). The donating ability
of this group increases when going from tintho to thepara position. The sulfoxide group,
which is expected to be electron withdrawing, hasnaall influence on the acetylation
enthalpy (comparp-cpp andp-cpstol), even displaying weak donating properties. Theemo
potent catalystam-cpstoIDMAP and m-cpstolPPY, containing a 2’-sulfoxidoferrocenyl
group inmetaand a dialkylamino group ipara position, have acetylation enthalpies in the

range of6a and 5b, consequently they are expected to be active yst$alin acylation
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Chapter 3

reactions. The studied catalysts have two chiexhehts: the ferrocene plane and the sulphur
centre; changing the configuration of the sulphbirat center from § to (R) gives the
diastereomeric species. However these changesagtettomers do not have a systematic
influence on the acetylation enthalpies of the esponding catalysts (compapecpstol, m-
cpstoIDMAP and m-cpstolPPY with p-cpstol_en m-cpstoIDMAP_en and m-
cpstolPPY_enrespectively).

Examination of the best conformer structures fa #hdialkylamino-3-ferrocenylpyridines
and their acylated forms (Figure 3.11) reveals thatonformational change occurs in the
sulfoxide group of catalysts upon acylation. Thggen atom of the sulfoxide group becomes
directed towards the acetyl group, probably dueléatrostatic interactions between oxygen
and neighbouring hydrogensrtho hydrogen of pyridine ring and acetyl hydrogen).isTh
feature appears in catalysta-cpstoIDMAP and m-cpstolPPY, as well as in their
diastereomeric analogues-cpstoIDMAP_en and m-cpstolPPY_en It can be potentially
advantageous for the deprotonation of alcohol nuidem the rate-limiting step (see Figure
1.7), and probably for distinguishing two alcohaiaatiomers, what would make these

derivatives useful for the KR of alcohols.

acylated m-cpstolDMAP acylated m-cpstolPPY_en

Figure 3.11 Structures of the most stable conformers forctitalystan-cpstoIDMAP and
m-cpstolPPY_enand their acetylated forms.

67



Chapter 4

Chapter 4. (4-Aminopyridin-3-yl)-(thio)ureas as Acyation Catalysts

4.1 Introduction

The kinetic resolution (KR) of racemic secondargofibls serves nowadays as the primary
testing reaction for the design and developmenthial DMAP derivative®® Enantiopure
secondary alcohols are important targets in orgelménistry €.g.natural products, bioactive
non-natural products, and chiral ligands), and werde array of approaches has been
described for their synthesis. Kinetic resolutida enzymatic acylation/deacylation is one
widely used method, although this strategy canesdfom drawbacks such as low volumetric
throughput, high cost, and poor generdfity The selectivity factos = [rate of fast-reacting
enantiomer]/[rate of slow-reacting enantiomer] pde¢ a measure of the efficiency of a
kinetic resolutio” For calibration, a kinetic resolution that prodgenith a selectivity
factor greater than 10 gives unreacted startingnatwvith >90% ee at 62% conversion. This
value 6 = 10) is often employed as the threshold for atstitally useful kinetic resolution.
Of course, even higher selectivity factors are rdé$e, e.g., a process with> 50 affords
starting material with >99% ee at 55% conversidnFigure 4.1 shows a selection of chiral
DMAP derivatives.

()

H
O ’—
H
Ph Ph fj
43 (Connon)®] 44 (Campbell)55?! 45 (Kawabata)B5a
NR,
e
N I
OBn NMez Rl Fe Rl
tBu
| o~ Rl Rl
_NH Z
Bz N Ry .
NR, = NMe,, pyrrolidino
46 (Vedejs)! "% R = Me, Ph

47 (Fuy*d)

Figure 4.1 Structures of several chiral DMAP derivatives éygpd in the KR of alcohols.

Several attempts of rationalizing the origins a #electivity in KR experiments catalyzed by
nucleophilic catalysts can be found in the literatiKawabateaet al. have proposed that the

‘closed’ conformation of acylpyridinium cation deed from45 is necessary for controlling
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Chapter 4

the =n-facial reactivity of the N-acylpyridinium intermiede, which directs the
enantioselectivity of the subsequent acylationlobtaols®®® Theoretical studies by Zipsst

al. are in full support of this hypothesi€ Recently, computational work of How al. has
supported ther-interaction hypothesis of chiral recognition inetlkinetic resolution of
secondary benzylic alcohdfé” Another important structural feature of severairath
pyridine derivatives is the presence of the grobie & form hydrogen bonds with reactants:
tertiary OH in Kawabata’'s and Connon’s and amideifNMedejs’s and Campbell’s catalysts.
For instance, Connoet al have shown that the ability @3 to serve as an active and
enantioselective acyl-transfer catalyst is due tacoanbination of aryl-pyridiniumn-n
interactions and substrate-catalyst H-bondiflgThis implies that some kind of bifunctional
activation by basic pyridine nitrogen and acididiogen can play an important role for the
chiral recognition by these catalysts.

An excellent example of merging nucleophilic andifogen bonding catalysis for the KR of
amines was demonstrated by Seidel and co-workégsr@=4.2)°® The authors employed a
combination of DMAP (nucleophilic catalyst) and rehithiourea (hydrogen bonding catalyst)
to achieve selectivities up to 56 for the KR of propargylic and benzylic iaes. Only
benzoic anhydride worked well under these conditidl The authors proposed that the co-
catalyst binds a benzoate anion via hydrogen bgndimd forms thus a chiral ion-pair with
benzoylpyridinium cation, which is then responsilbbe high enantioselectivities in this
reaction’®®® The simultaneous use of DMAP und chiral thiouresehalso been successfully

applied to the Baylis-Hillman reacti6rf! and conjugate additions to nitroalkefrd&!

(2

e} \ S CF
H N $
Ry NH> DMAP (5 mol%) \\\N\rph NH HN_«
~ +(Phco),0 > Rl HN
R, co-catalyst (5 mol%) R, o F.C
) : PhMe, 4 A MS 3
racemic 0.6 equiv 3h. 78 C S Up 10 56 CF3

CF; co-catalyst

Figure 4.2 Kinetic resolution of amines by combination of BM and chiral thioure&%

The concept of multifunctional catalysis, wheréie tatalysts exhibit both Lewis acidity and
Bransted basicity, has been first developed by &faikiet al®® The synergistic cooperation
of two functional groups in the active site helpsitprove the reactivity as well as the
stereodiscrimination. Later on, a variety of asyririodransformations have been realized by
this powerful concept” An ideal set of multifunctional catalysts shoutshtain two or more
Lewis- or Brgnsted active sites, which act in sabvdifferent activation modes. The
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Chapter 4

bi/multifunctional catalysts enable effective trEmmmations, which generally are hard to
achieve by a single functional catal{?ét.Multifunctional catalysts have been successfully
applied to Michael additiofi*® Henry reaction!®*® Strecker reaction® Morita-Baylis-
Hillman reaction,’™®*¥ and a wide range of enantioselective carbamflinctionalization
processe$** % Several bifunctional catalysts based on the DMARifmeere applied to aza-
Morita-Baylis-Hillman reactiofi*¥! and Michael additioff*"’

Therefore we envisioned that 3,4-diaminopyridinevdgives bearing a (thio)urea moiety on
the 3N-atom could also work as bifunctional catay3he 3,4-diaminopyridine motif would
make these derivatives more active than DMAP, amlgua chiral (thio)urea backbone would
make them stereoselective. The synthesis of derésafrom readily available precurs@sb
and 31d and different iso(thio)cyanates would allow sciegnof the substitution pattern
(Scheme 4.1).

R? o~ R?
/\N)\r ANCX NJ\( )
NH — > N
X A
» @/ h
N 'R

N
31d: R, R?=H X=0,S
31b: R, R? = (-CHy-), R = Ph, PhCH,, chiral

Scheme 4.1Synthesis of (4-aminopyridin-3-yl)-(thio)ureas.

4.2 Achiral (4-aminopyridin-3-yl)-(thio)ureas
One important issue in developing new catalysthes activity. As a first step, the achiral
variants of new catalysts were therefore studiqeegmentally and computationally in order

to investigate which factors influence their catialpctivity in acylation reactions.

4.2.1 Acetylation enthalpies of (4-aminopyridin{g{ghio)ureas

As shown in Chapter 2, the stability of acetylpyridm cations as expressed through the
iIsodesmic equation shown in Scheme 2.2 can be tasedsess the activity of substituted
pyridines in acylation reactions. Acetylation empiias for a variety of (4-aminopyridin-3-yl)-
(thio)ureas were calculated at the MP2(FC)/6-318Cj(2/B98/6-31G(d) level of theory with
solvation energies calculated at PCM/UAHF/RHF/6-&)Gevel (Table 4.1).
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Table 4.1.Relative acetylation enthalpies and stability pagters for (4-aminopyridin-3-yl)-
(thio)ureas calculated at MP2/6-31+G(2d,p)//B981&@&1) level with inclusion of solvent

effects at PCM/UAHF/RHF/6-31G(d) level.
: Ly GO
X NW

R NMe, /\
N AHac X
-0 =~ (-0 5 A
N N N | | |
)\ N N

~

© O)\ DMAP 5a 5b
AH,. = -61.3 -81.4 -85.2 kJ/mol
R! AAE (kJ/mol)®
/\N)\(R2 1 3 AHaca AHform b
I x X RYR R free  acetylated
Y Y (kJ/mol) (kJ/mol)
= HN. catalyst  catalyst
cat8lurl O H Ph -64.3 -78.4 20.6 28.8
cat81lur2 S H Ph -63.2 -59.3 16.4 20.8
cat8lurlf O H 3,5-(CR)CeHs  -51.2 -88.6 30.6 39.8
cat81lur3 O H CHPh -64.3 -85.3 28.0 31.7
cat8lur4 S H CHPh -57.9 -77.2 29.2 31.3
cat81lurb O H (9-PhMeCH -59.1 -80.1 33.3 29.2
catllurl O (-CHx-)s Ph -63.0 -72.3 24.2 29.3
catllur2 O (-CHy)s CHyPh -61.2 -84.6 31.4 34.4
catllur3 O (-CHyr)s 3,5-(CR)CeH;  -63.7 -81.0 25.2 39.4
catllur4 S (-CH-)s  3,5-(CR).CeHs -59.5 -69.3 21.0 34.4

& Boltzmann averaged values.
® Enthalpies of reaction, shown in Scheme 4.2, wateutated at MP2/6-31+G(2d,p)//B98/6-31G(d) levéthw

inclusion of solvent effects at PCM/UAHF/RHF/6-31p(evel.
¢ AAE = [Estacket(MPZ) - Elon-stackeGMPZ)] - [Estacket(BQS) - Emn—stackeéBgS)]

The acetylation enthalpies of the majority of (4iaopyridin-3-yl)-(thio)ureas are in the
range between —58 and —-65 kJ/mol, except cataptlurlf, which has a less negative
enthalpy of —50.9 kJ/mol. The thiourea derivatigenerally have less negative acetylation
enthalpies than the corresponding urea derivatinvesgeneral all theoretically studied
pyridine derivatives are expected to be active ghda promote acylation of alcohols. A very
important issue is the stability of these derivesiwith respect to dissociation to the building
blocks 31/31d and iso(thio)cyanate. This is included in Tablé ds the enthalpy of the
corresponding forward reaction shown in Scheme %% obtained data show that the

thiourea derivatives should be less stable thawahesponding urea-pyridines.
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Scheme 4.2Calculated enthalpies of (thio)ureas formation framines and
iso(thio)cyanates.

By more careful analysis of the conformational gpatthe studied systems it was found that
relative energies of conformers at different levefstheory depend on the presence of
stacking interactions in the system. The largefgcefivas found for the acetylated catalysts
which contain the 3,5-bis(trifluoromethyl)phenyl bstituent (Table 4.1). Analysis of the
structures of these conformers reveals that thiglipgrand benzene ring of the urea unit are
close to each othecd. 400 pm) in “stacked” conformers, whereas the riagsfar away from

each other in “non-stacked” conformers (Table 4.2).

Table 4.2. Comparison of the most stable “stacked” and “niaaiseed” conformers for the
acetylated catalystat81urlf.

L &)

/\N/\
g
e PN CF4
o)\
CFs
cat8lurlf_ac

o)

Parameter

“non-stacked” “stacked”
r, pm® >700 400
Molecule dipole 18.16 10.84
moment, D
Relative enthalpieaH.qs at different levels of theoR/(kJ/mol)

“B98” 0 7.5
“MP2-5” 32.3 0
“MP2-5/solv” 13.9 0

& Distance between centres of pyridine and phengsti
® Levels of theory: “B98” =B98/6-31G(d)//B9I8/6-31G(d); “MP2-5" = MP2(FC)/6-3&2d,p)//B98/6-31G(d);
“MP2-5/solv” = MP2(FC)/6-31+G(2d,p)//B98/6-31G(d)tlv solvation energies at PCM/HF/6-31G(d) levelhwit

UAHF radii.
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It is known that DFT functionals, particularly tB98 functional, cannot predict dispersion
interactions accuratel§?’ When using the MP2 method for single point caltoies,
“stacked” conformations become much more stabla than-stacked” byca. 20-30 kJ/mol
(Table 4.2). In order to quantify these interacsiothe energy differences between the most

stable “stacked” and “non-stacked” conformers a2MRd B98 levels were calculated:

AAE = [Estacke((M PZ) —Enon-stacke(iM PZ)] - [Estacke((BQS) —Enon-stacke(iBgS)]

Analysis of the obtained data shows that acetylapelcies have largekAE than free
catalysts, probably because of the partially chéipggidine ring in the former (Table 4.1).
The maximum values are observed for the acetyled¢alystscat81urlf (39.8 kJ/mol) and
catllur3 (39.4 kJ/mol). Such big differences in relativeergies of conformers imply that a
careful conformational search is necessary to fimel most stable conformers and get
therefore more accurate values of acetylation dpitea Remarkably, the energy differences
AAE are smaller for the catalystatllur4, which is the sulphur-containing analogue of
catllur3. A smaller molecular dipole moment of “stacked’hfaymations comparing with
“non-stacked” (Table 4.2) leads to less negatiMeasion energy of the former, decreasing
thus the energy differences between these typesrdbrmations (13.9 kJ/mol for acylated
cat81urlf).

However, one of the serious shortcomings of MP2iy&s a noticeable overestimation of the
dispersion interaction ener§! In order to verify whether such “stacked” confotinas
exist in experiment, the X-ray structure of catalysatllur3 was compared with
computations (Table 4.3). The conformation of ttieylegroup cannot be resolved by X-ray
analysis, which is in a full accordance with congpiains, which predict very similar energies
for the two most stable “non-stacked” conformatiok¢éhen the MP2(FC)/6-31+G(2d,p)
single point calculations are combined with therheuical corrections at B98/6-31G(d)
level, the “stacked” conformation becomes more Istaban “non-stacked” by 3.7 kJ/mol
(Table 4.3). The “stacked” conformation is theref@redicted to be the lowest in energy in
the gas phase. However, the difference in dipolenerds leads to better solvation of “non-
stacked” conformers in chloroform (at PCM/UAHF//I8F31G(d) level). Consequently both
types of conformations are almost equally populatesblution (Table 4.3). In summary, the
“non-stacked” conformations afatllur3 observed by the X-ray analysis have the lowest
energies at B98/6-31G(d) level in the gas phasegreds “non-stacked” and “stacked”

conformations are energetically close in solutiatn‘i1P2-5/solv” level).
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Table 4.3. Comparison of the most stable “stacked” and “niacied” conformers for the
catalystcatllur3.

X-ray structures

2 HN ; CF4 j g
catliurz j‘}“:
Jd
B«RB
Parameter “non-stacked” “non-stacked” “stacked”
r, pm? >700 >700 413
Molecule dipole 8.18 8.09 5.08
moment, D
Relative enthalpieaH.qs at different levels of theoR/(kJ/mol)
“B98” 1.2 0.0 21.4
“MP2-5” 3.6 3.7 0.0
“MP2-5/solv” 0.9 0.0 1.0

2 Distance between centres of the pyridine and ghéamys.

® Levels of theory: “B98” -B98/6-31G(d)//B9I8/6-31G(d); “MP2-5" = MP2(FC)/6-3G{2d,p)//B98/6-31G(d);
“MP2-5/solv” = MP2(FC)/6-31+G(2d,p)//B98/6-31G(d)tlv solvation energies at PCM/HF/6-31G(d) levelhwit
UAHF radii.

4.2.2 Synthesis and catalytic activity of (4-amiragin-3-yl)-(thio)ureas

Synthesis of (4-aminopyridin-3-yl)-(thio)ureas waeried out by stirring the corresponding
3,4-diaminopyridine precursors and iso(thio)cyasateCHCI, for 8 h at room temperature,
followed by column chromatography on SiQ5cheme 4.1). The yields are up to 90 %.
Several derivatives are unstable under the coluonditions, e.g. thioureasat81lur2 and
cat81ur4, which were obtained in low yields (20 %).

The catalytic activity of the synthesized derivaiwas determined as the reaction half-life
for the acetylation of 1-ethinylcyclohexanol withetic anhydride in CDGlat 23 °C in the
presence of 10 mol % of the respective catalyse fgactions with all studied catalysts
proceed to full conversion. The rate of reactiors wharacterized by the half-life tintg,,
which was extracted from the conversion-time ghootgh fitting with a second-order kinetic

rate law'! The obtained data are shown in Table 4.4.
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Table 4.4. Catalytic activity and acetylation enthalpies dfe t (4-aminopyridin-3-yl)-

(thio)ureas.
o A
O// 10mol%catalyst O~ Q =
Ac,0, NEt3

36a CDCl, 23 C

36b

/\N/\ /\NQ

Pyridine part

y P N NH o NH
» »

N N
Isocyanate ‘ AH, (kJ/mol)®  t;,, (min)? ‘ AH, (kJ/mol)®  ty;, (min)?
PhNCO -64.2 395 -62.9 412
PhCHNCO -64.2 723 -61.3 395
NCO
/@\ -50.9 1206 -63.1 249
FsC CF3
PhNCS 62.6 c i i
PhCHNCS 57.7 c i i
NCS
i i 59.5 339
FsC CF3
NCO
-59.8 725 - -

Ph

& Conditions: 0.2 M alcohol, 2.0 equiv of &2, 3.0 equiv of NE{ 0.1 equiv catalyst, CDg;123.0+1.0 °C.

P Calculated at MP2/6-31+G(2d,p)//B98/6-31G(d) lewith solvation energies in chloroform calculated a
PCM/UAHF//RHF/6-31G(d) level.

¢ Catalysts are unstable under conditions of thet@ark reaction.

A graphical representation of the measured catalgttivities is shown in Figure 4.3.
Examination of the obtained results shows thatdérévatives based on the motif of catalyst
5b with cyclohexane bridge are generally more cataily active than the derivatives with
ethylene bridge. They are also more stable unaeregéhction conditionse(g.10 % of catalyst
cat81lurl is acylated by acetic anhydride under the condgitiof NMR-kinetics). No

correlation between acetylaton enthalpies and axeatal half-lives is observed.
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Figure 4.3.Half-lives of the benchmark acetylation reactiatatyzed by (4-aminopyridin-3-
yl)-(thio)ureas. The relative acetylation enthadpiéd, . (kJ/mol)are shown in brackets.

Introduction of electron withdrawing substituentgoi the phenyl ring of catalys@atllurl
increases the catalytic activity in acylation react the 3,5-bis-(trifluoromethyl)phenyl
derivativescatllur3 andcatllur4 are the most active catalyst among the studieilipgs.
The enhanced activity can be explained by the asaé acidity of the NH hydrogen of the
urea group due to the electron withdrawing charactethe 3,5-bis(trifluoromethyl)phenyl
group. The X-ray single crystal analysis of catalyet11lur3 indicates a hydrogen bonding
interaction between the NH hydrogen and pyridirteogen of the second catalyst molecule
(Figure 4.4).

Figure 4.4.Crystal structure afatllur3: a hydrogen bonding interaction between two
catalyst molecule®istances are given in A,
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4.2.3 Catalysts aggregation studied by NMR andtidmeeasurements

In order to check whether such hydrogen bondinddcplay some role in solution (and
consequently during the kinetic measurements), tweiex the dependence t NMR
spectra on the concentration for derivativeed81urlf and catllur3, as well as for
catllurl and catllur2. Results show that the chemical shifts do depemd o
concentration (Figures 4.5 and 4.6). The largeahghs are in the case of NH hydrogen
(up to +1.2 ppm focat81urlf) andortho-hydrogen of the pyridine ring (up to —0.35 ppm
for cat81urlf). The chemical shifts of other protons vary legsificantly with varying

concentration (up to 0.2 ppm, see Figure 4.5).

1.4 4
1.2 4
1 4
0.8 - —eo—a
—m—b
£
S 06- c
. —e—d
10
< —%—e
0.4 1 —of
0.2
0 - —
250
-0.2 1
04 - c(cat8lurlf), mM

Figure 4.5. Concentration dependence of thd NMR chemical shifts of different
hydrogens ircat81urlf.

Among the different catalysts 3,5-bis(trifluoromg)phenyl urea derivativesat81lurlf
and catl1lur3 show the largest effect of concentration on chahsbifts (Figure 4.6).
The large variations of the NH hydrogen chemicatt $br derivativescat81lurlf and
catllur3 prove that the hydrogen bonding between the NH dgein and pyridine

nitrogen is also relevant in solution.
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Figure 4.6. Concentration dependence of the NMR chemical stuftNH andortho-
hydrogens for catalystatllurl, catllur2, cat81lurlf andcatllur3.

In order to check, whether these interactions ptaye role in the catalyzed acylation of
alcohols, concentration dependent kinetic measunesweere carried out. The initial rate
method was used to evaluate the influence of thelyst loading on the rate of the
benchmark reaction (Table 4.5). The rates of aattyl of alcohoB6awere measured in

the initial interval of the reaction (up to 10 ¥%meersion).

Table 4.5.Initial rates of catalyzed acetylation of alcoB6b, measured at different
concentrations of catalystatl11ur2 andcat11ur3.?
Initial rate, 10° M™* s™

Catalyst loading,

mol % catllur2 catllur3
2.5 1.92 5.44
5 4.44 8.76
7.5 - 14.04
10 7.80 19.56
15 12.54 28.36

& Conditions: 0.2 M 1-(ethinyl)cyclohexanol, 2.0 agqwf Ac,O, 3.0 equiv of NEt 2.5-10 %
catalyst, CD(, 23.0+1.0 °C.

78



Chapter 4

The initial rates of acetylation, measured for teatalystscatllur2 andcatllur3, show a
linear dependence on the catalyst concentratiaqu(€i4.7). Both lines intercept the rate axis
approximately at zero, thus showing only a smdluence of the background reaction on the
reaction rates. In conclusion, possible catalygfregation due to hydrogen bonding, which
was proposed on the basis of concentration-depéNMdR spectra of catalysts (Figure 4.6),
does not play any role in the kinetics of the gatedl acetylation of alcohols. This fact can be
explained through the presence of triethylamineaasauxiliary base in the benchmark
acylation reaction, which can compete with pyridinehydrogen bonding with urea NH

hydrogen atoms.

30 - N_©

1 N/ HN CF3
] y =0.9428x + 0.147

25 ;
1 R”=0.9958

& catllur3

20 |
1 M catllur2

15 |
] y = 0.4131x - 0.0376

] R =0.9945
10 /P\,\/(

Rate, 10 M/s

O

0 5 10 15 20 25 30 35
[catalyst], mM

Figure 4.7. Dependence of the initial rate of acetylationcatalyst concentration.
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4.3 Chiral (4-aminopyridin-3-yl)-ureas

4.3.1 Synthesis of chiral catalysts, derived fr@prdmino acids

The achiral (4-aminopyridin-3-yl)-ureas were showrhave only a moderate activity in
alcohol acylation. Studying chiral derivatives, alhican be obtained in a straightforward
way by coupling aminopyridine precursors with chirsocyanates, would be more
attractive. These chiral pyridine derivatives cawteptially be used for the kinetic
resolution of alcohols or catalyzed enantioselecSveglich rearrangeméeft>® First, we
employed commercially availabl&)(1-phenylethylisocyanatd8 as a coupling partner
for aminopyridine precursors. An enantiomericallygcatalysPhEt was obtained in 69
% vyield (Scheme 4.3). The cyclohexane-bridged ajns&yPhEt was obtained in 80 %
yield as 1:1 diastereomeric mixture (determined'HyNMR). The diastereomers of

CyPhEt could not be resolved by column chromatographlyyarecrystallization.

/\N/\l /\N
NH : O
\ \
/\N/\ | P | P SN SN .
h N\I//o ) Y ) 31b NP NP
| ~d B QI 2R Yo | Y
N N/ HN N/ HN

HN Ph
>— CH,Cly, 1t, 8 h CH,Cly, 1t, 8 h \/
PH
48 g PH PR )
Y

CyPhEt 80% 1:1 mixture

PhEt 69%

Scheme 4.3Synthesis of chiral 3-(1-phenylethylurea)-4-amiyragines.

Chiral aminoacids are versatile starting matefi@the preparation of chiral isocyanates.
It was shown that the reaction of aminoacid est&sith BogO in the presence of
DMAP gives the corresponding isocyanat&® after only 15 min stirring at room
temperaturé®® Purification of these compounds requires low terapege (—30 °C)
column chromatograph$?! However, addition of the aminopyridine precursivectly to
the reaction mixture allows carrying out a one-pansformation to urea-derivatives
(Scheme 4.4). Catalyst&alOMe, TleOMe andPheOMe, obtained from $)-valine, §)-
tert-leucine and 9-phenylalanine, respectively, were isolated indygeelds (34-68 %
after 2 steps) as enantiomerically pure compourdswas shown by chiral HPLC

analysis and optical rotation measurements).
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methyl ester CH.Cl, O
49 {C W
/\N/Q Z N I
P (Y

Ny H |
| HN N R
7 N R
N MeOOC MeOOC
(rac)-31b R=PhCH,

20T:dr=1.2:1 59%

CyPheOMe g «c. dr = 1.5:1

Scheme 4.4Synthesis of chiral (4-aminopyridin-3-yl)-ureasrfr¢S)-aminoacids.

The reaction of phenylalanine-derived isocyanaté ttie cyclohexane-bridged precursor
31b, which has been obtained as a racemic mixtureisssomers, gives a mixture of
diastereomeric compound€yPheOMe (Scheme 4.4). The diastereomeric ratio of
CyPheOMedepends on the reaction temperature: dr = 1.220 4C and 1.5:1 at —60 °C
(when an excess of amine is used). This impliestti@reaction of racemic amirddb

with chiral isocyanates can potentially be usedther kinetic resolution to enantiomers.
The diastereomers @yPhOMe could not be separated by column chromatography or
by recrystallization.

4.3.2 Derivatization of catalysts by Grignard reage

The diphenylcarbinol moiety has recently been shdowvibe responsible for the chiral
recognition in the KR of alcohols, catalyzed by rahi DMAP derivatived®”
Derivatization of the ester group in catalyBtseOMe andValOMe was carried out by
the reaction with excess PhMgBr in THF, giving bats PhePh,OH andValPh,OH,
respectively (Scheme 4.5). The reaction of PheOlille ¥¥naphthylmagnesium bromide
yielded catalysPheNph,OH. All these derivatives were obtained as enanticraky
pure compounds (as was shown by chiral HPLC arsmlysid optical rotation

measurements).
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Scheme 4.5Derivatization of chiral pyridine derivatives byi@nard reaction.

Grignard reaction, carried out with the diasterevcnmixture ofCyPheOMe obtained at
room temperature (dr = 1.2:1), gave cataly\@y¥$hePhOH and CyPheNph,OH as a
1.2:1 mixture of diastereomers (Scheme 4.5). Thstdieomeric ratio can be determined
by NMR, as well as by chiral HPLC, giving the sarasults. CatalystyPhePhOH can

be resolved by recrystallization from EtOH/ethykate (1:1), giving an enantioenriched
mixture with dr = 96:4% (determined by chiral HPLC)

4.3.3 Acetylation enthalpies and benchmark readtioetics

Several chiral derivatives were tested in the berask acetylation reaction using 10%
catalyst loading (Table 4.6). The reactions withstiidied catalysts proceeded to full
conversion. Derivative$hEt and ValPh,OH had almost the same half-lives as the
achiral analogue<{. Figure 4.3). Cataly®heOMe was eventually less active than the
other studied chiral catalysts. The derivatie®/PhePhOH, which contains a
cyclohexane bridge, was shown to be the most datally active among the chiral urea

pyridines.
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Table 4.6.Catalytic activity and acetylation enthalpiesiué thiral (4-aminopyridin-3-yl)-

ureas.
OH_= J\
O// 10 mol% catalyst o 0 =
Ac,0, NEt;3

36a CDCl3,23 T b
Catalyst Structure AH,, kJ/mol® ), min®
/\N/\
X N ©
PhEt D 59.1 725 £ 20
N
T
/\N/H
N O
PheOMe | t HN\;h -70.6 1192 +18
N
COOMe
/\N
/7\] O
X
ValPh,OH L J i 776 +7
N i-Pr
HO Ph
Ph
/\N’ ;
O
CyPhePhOH S " i 457 + 2
Pz HN
N Bn
HO Ph
Ph

X NP
PhePhOH T o -55.0 -

® Nj
cat81ur6 N N -88.9 -
HN)§O

 Conditions: 0.2 M alcohol, 2.0 equiv of &2, 3.0 equiv of NEt{ 0.1 equiv catalyst, CD&123.0+1.0 °C.
® Calculated at MP2/6-31+G(2d,p)//B98/6-31G(d) lewith solvation energies at PCM/UAHF/RHF/6-
31G(d) level.

83



Chapter 4

The acetylation enthalpies, calculated for sevetadlal catalysts (Table 4.6), failed to
correlate with catalytic activity, as was observied achiral urea pyridine derivatives.
However, calculations helped to shed light on tleafarmational preferences of these
catalysts (Figure 4.8). As mentioned above, theamolecularn-n-interactions in the N-

acylpyridinium intermediate can be responsible fioe chiral recognition in the kinetic
resolution of secondary alcohols. Therefore we yameal, which conformational changes
occur in the catalyst structure upon acetylatiod aether any “stacking” interactions are
relevant for the studied chiral catalySf.

AH, 4, kJ/mol
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Figure 4.8. Relative enthalpies of conformers of catalggePhOH and its acetylated form
within an energy window of 20 kJ/mol (calculatedvi®2/6-31+G(2d,p)//B98/6-31G(d) level
with solvation energies at PCM/UAHF/RHF/6-31G(d)vdh. The structurally related
conformers ofPhePhOH andPhePh,OH ac are connected with dotted lines. Structures of
the most stable conformers are also shown.

In contrast to related achiral derivatives, thergpalifferences between “stacked” and “non-
stacked” conformers at MP2 and B98 leved\[f) for the chiral catalyst®heOMe and
PhePhOH are smaller (around 15-18 kJ/mol). This impliest ttispersion interactions are
less significant for these derivatives. Figure ghBws a pictorial representation of the relative
enthalpies of conformers of the neutral derivafRreePhOH and its acetylated form in the
range 0-20 kJ/mol. Analysis of the obtained datawshthat the acetylation of compound
PhePhhOH does not narrow its conformational space. Notibgealthe most stable
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conformations of the catalysthePhOH have a hydrogen bond between OH hydrogen and
C=0 oxygen, forming thus a 7-membered ring (Figu®). Furthermore, examination of the
structures of the most stable conformers for comgdehePhOH and its acetylated form
(within an energy window of 4 kJ/mol) reveals tleatonformational change occurs upon
acetylation: the hydrogen bond is getting brokeut, & new hydrogen bond between NH
hydrogen and OH oxygen appears with formation 6fraembered ring. Therefore, the OH-
group would be able to form hydrogen bonds witlctaats in the transition state, resulting
thus in the stereoinductive potential of the catiefhePhOH in KR of alcohols .

4.3.4 Introduction of a linker between the pyridared urea moieties

One important drawback of all studied (4-aminopyr8-yl)-ureas is that the urea
groups have only one free hydrogen, which is abfeitm hydrogen bonds. Using linkers
as in model catalystat81ur6 (Table 4.6) can solve this problem, providing thwe
hydrogens in the urea moiety for hydrogen bond &iom. Lower acetylation enthalpies
for cat81ur6 (—88.9 kJ/mol), as compared to parent derivablvg—85.2 kJ/mol, Table

4.1), predicts that this derivative would poteryidbe very active in the acylation of

alcohols.
o~ 1. NaHMDS (1.3 eq),
N/\ THE D80 ( )] /\N/\ NH,NH, /\N/\ /\N/\
S SN0 MeOH, RT _N_o AINCO N O
| = 2.13eq ‘ > ‘ 0 \ D P
N N NPht  83% N NH, 0% NG N)LN_AV
31d h H H

0 o
<_)>_CI Ph P Ph
NEY 51 52 53
—Ph Ar = 3,5-(CF3),CeHs

O
33%

Scheme 4.6Synthesis of the catalyS8.

Since amino acid derivatives are easily accessibéy, are chosen as chiral linkers between
pyridine and (thio)urea frameworks. This implieattlamino group should be used for the
reaction with iso(thio)cyanates and carboxylic grdar the coupling with aminopyridine
31d. First, we aimed to couple N-Boc-valine with ami3id to form the amide bond. A
number of amide formation protocols were tried d¢obformate, EDAC/HOBH,
TBTU/HOBL), but no product formation was observéten we turned our attention to acyl
chloride. Since the N-Boc protecting group is labilnder acidic conditions, which are
normally used in synthesis of acyl chlorides, a Ermpmtecting group was introduced into
the amino acid. Coupling of N-Fmoc-valine chloridigh amine31d, performed in pyridine
at 150 °C in MW or by deprotonation of the amin¢twBuLi or LDA, did not yield a desired
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product. Finally, a combination of phtalimide pmttag group with deprotonation by
NaHMDS (bis(trimethylsilyl)Jamide) was successfuldaupling and the desired prodixt
was obtained in 33% vyield (Scheme 4.6). Deprotachy hydrazine proceeded smoothly,
giving compound52 in 83% vyield. Reduction 062 by LIAIH4/AICI; gave substantial
amounts of amin&1d instead of the desired product of amide group ceduo. Therefore,
compound52 was reacted with 3,5-bis(trifluoromethyl)phenytiganate to give produ&s,
which was then used for the KR experiments.

'H NMR analysis of compoun&3 reveals a very interesting feature of this sulstan
rotations around urea NH-CO bonds are relativedysiTherefore théH NMR spectrum of
53 measured at 23°C in CDLtontained several sets of signals, which refeditferent
rotamers. Upon heating, these signals coalescedaoset of peaks. In order to estimate the
free activation energy of these rotations, a caalese experimente. measurement of NMR
spectra at different temperatures, was carriedwotlt a solution of compoun@3 in CsDg
(Figure 4.9).

T T
9.5 9.0 85 8.0 75 70 6.5 6.0 55
f1 (ppm)

Figure 4.9 *H NMR spectra of cataly$3 measured at different temperatures (Dg).
Coalescence temperatufg= 50 °C.

The only peak at 5.5 ppm, which is separated fraherosignals and therefore can be
analyzed, is referred to the NH proton, markedeth on Figure 4.9, as was determined from
the 2D NMR spectra (HMBC and HBQC). Coalescencthisf peak was observed at 50 °C.

Since this signal does not have an ideal form aradso relatively broad (the sample was not
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degassed before measurements), only an approxastiteate of the free activation energy
was possible. The rate constart coalescence is given approximately by equati6f’

kTC = g|VA - VB| (1)

where va and vg are the shifts of rotamers measured at low tenperai.e. when the

exchange is slow. Inserting equation 1 into tharifyequation results in:

-AG*

T _ R,

A e R® 2

== P @

or

A(;¢:R'|;|nL\/E (3)
ThNV, = V|

If T is measured in K and the shiftan Hz, then the free energy of activation is gien
kJ/mol) by equation 4 (usinga = 6.02210°* mol*, R = 8.314 J mét K™* andh = 6.626103*
Js):

AG” =19.110°T, (997 +logT, ~logv,, - v4|) (4)

For compound3 T, = 323 K andv, —v; = 99.2 Hz (from théH NMR spectrum at 30 °C),

giving a free energy of activation aiG* = 65 kJ/mol This value is in a typical range for
amide bond rotation (60-80 kJ/m&#’

4.3.5 Potential of (4-aminopyridin-3-yl)-ureas iretkinetic resolution of alcohols

All studied chiral catalysts were then tested i KR of severasecalcohols (Table 4.7).
Initial screening of catalysts was carried out watbhoholalcl in toluene. Results show
that catalysts containing a diphenylcarbinol grem@ more selective than those with an
ester group (compare entries 3 and 4 with 7 ande$pectively). Furthermore, the
phenylalanine-derived ureas are more selective ttien valine andtert-leucine
derivatives (entries 3-5). The best selectivitiethim KR of alcohohlcl were achieved
when catalyst€yPhePh,OH and PheNph,OH were used (selectivity valussup to 5,
entries 10 and 11). When the cyclohexane bridgéalysts were used as diastereomeric
mixtures with diastereomeric ratios 1.2:1, lowevels of selectivity were observed
(entries 9 and 12).
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Table 4.7.KR of alcoholsalc1-3 using chiral (4-aminopyridin-3-yl)-ureas.

alcohols:
oy Led(Prco)0 O~ P OH
e N ooy
racemic solvent OO “oH OHo
8h, -78°C Ar = 4-NMe,CgH,
alcl alc2 alc3

Entry Catalyst Alcohol Solvent Time (h) O/?;C ee (%) C(%)P sP

1 PhEt alcl toluene 4 14.0 21.0 40 27
2° PhEt alcl  toluene 3.5 11.3 24.5 32 1.8
3 PheOMe alcl toluene 6 15.2 17.5 47 1.6
4 ValOMe alcl  toluene 4.7 9.9 32 1.4
5 TleOMe alcl  toluene 2.6 7.6 25 r2
6 ValPh,OH alcl  toluene 6.5 4.1 31.8 11 20
7 PhePh,OH alcl  toluene 10 34.8 39.5 47 3.2
8 PhePh,OH alc2  toluene 10 3.6 34.9 9 2.2
9o  CyPhePhOH  alcl toluene 9.5 26.9 34.0 44 2.6
10 CyPhePh,OH alcl  toluene 7 26.1 53.2 33 4.2
11 PheNph,OH alcl toluene 11 29.5 57.1 34 4.9
12 CyPheNph,OH alcl  toluene 7 27.5 29.6 48 2.7
13 PheNph,OH alc3 toluene 5 7.3 12.5 37 1.4
14" PheNph,OH alc3 DCM 5 35.1 32.8 52 2.7
15 CyPhePhOH alc3 DCM 5 12.6 65.3 16 5.4
16 53 alc3 DCM 5 3.6 7.3 33 1.2
17 53 alcl toluene 4 3.4 7.7 30 1.2

# ConversiorC = 100*eq/(eaey+eg).

® Selectivity factors was calculated as described in ref. 54.

¢ ee of recovered alcohol, established by CSP-HPLC.

9 ee of ester, established by CSP-HPLC.

® The reaction was carried out with 0.5 % catalyst.

" The catalyst was used as a mixture of diasterepmi¢h dr = 1.2:1.
9 (9-alcohol reacts faster.

" The reaction was carried out with 2 % catalyst.
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Other alcoholsalc2 and alc3 were also tested in KR experiments (Figure 4.20though
alcohol alc2 was found to be an ineffective substrate for theséalysts (entry 8),
monoprotected dichlc3 turned to be a suitable substrate for urea-pyeidatalysts. The KR
of alc3 proceeds more selectively in dichloromethane thanluene (entries 13 and 14). The
catalystCyPhePh,OH performed well in the KR of alcohalc3 in DCM, giving selectivity
values = 5.4 (entry 15). The cataly®3 was found to be unselective in the KR of both

alcoholsalcl andalc3 (entries 16 and 17).

P P o]
N/\ N/ﬁ N N\I//
X N\(O N N\(O L J
| NG HN_ _R | N HN N HO—ZT\IpC:ZPh
. Coowme PhEt Ph dr=1.2:1 Nph
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R = t-Bu i-Pr CH,Ph
TleOMe ValOMe PheOMe

OH / /
s= 1 15 2 25 3 35 4 4.5
L 1 | 1 1 | 1 1
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— o1
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/\N o R= i-Pr CH2Ph
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N. O
Pheome COOMe fﬁ/ Y ﬁﬁ/N\(O |N/ HN_  Ph
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Figure 4.1Q Selectivity scale of the (4-aminopyridin-3-yl)ear derivatives in acylative KR

of alcohols.
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4.4 Conclusions

The new class of acylation catalysts, (4-aminopgrRiyl)-(thio)ureas, have been designed.
Achiral (4-aminopyridin-3-yl)-(thio)ureas were showo have a moderate activity in the
alcohol acylation. The obtained data show thatdérévatives with a cyclohexane bridge are
generally more catalytically active than the catdywith an ethylene bridge. Derivatives
containing the 3,5-bis-(trifluoromethyl)phenyl gmin the (thio)urea moiety (Scheme 4.7)
are the most active catalysts among the new syst@ims enhanced activity has been
explained by the increased acidity of the NH hyerogf the (thio)urea group due to the
electron withdrawing character of the 3,5-bis-@oefomethyl)phenyl substituent. The X-ray
analysis and concentration dependent NMR measutsniadicate a hydrogen bonding
interaction between the NH hydrogen and the pyedimtrogen. However, catalyst

aggregation does not influence the reaction rdtéseccatalyzed acetylation of alcohols.

(a) Achiral catalysts (b) Chiral catalysts Rl
2
' /\N)\(R
(
O
H HoN N
/\N/Q : MNr — Y
X H e 2  HN Ph
SN N\( ! MeOOC - = N
| 2 N CF,q H (S)-aminoacid HO—CAr
N" H ! methylester Ar

Ar = Ph, Naphthyl
CF3

1 eq (iPrCO),0 iPr
{ OH O
catllur3: X =0 ty, = 260 min ' Rl\( 3 eq NEt3 Rl\\‘" \|I/
1 —_— >
catllurd: X =S ty, =330 min ' R, 0.5-1 % catalyst Ry ©
[ . solvent
' racemic 8h 78 C
; OH
OH_= )\ ( o. Ar
O/ 10 mol% catalyst o 0 =z : O: \n’
_—————- ]
o
Acz0, NEt3 ' OO OH

36a CDCl3, RT Ar = 4-NMe,CgHy

36b
alcl:supto4.9 alc3:supto5.4

Scheme 4.7(a) The most catalytically active achiral (4-aopmgridin-3-yl)-(thio)ureas.
(b) Application of the chiral derivatives in the KiRsecalcohols.

The chiral (4-aminopyridin-3-yl)-ureas have beeegared via a modular strategy from easily
accessible amino acids (Scheme 4.7b). The poteosftiaéwly synthesized chiral derivatives
was explored in the kinetic resolution (KR) of seesecondary alcohols. The best
selectivities were obtained with the phenylalardeeved catalysts containing a
diarylcarbinol group. Even though the selectiviglues are moderate, the modular design

allows variation of the urea substituents for fartbatalyst improvement.
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5. Theoretical Prediction of Selectivity in KR of 8condary Alcohols

5.1 Introduction

Using chiral nucleophilic catalysts based on the ARBMmotif major advances have recently
been made in kinetic resolution experiments, intipalar in those involving secondary
alcohols as substraté¥. Rationalizing the origin of selectivity in thesesolution
experiments represents an important step in the-isdimnal catalyst optimization. Most of
the resolution experiments involve acyl group tfandrom the catalyst to the alcohol
substrates in the rate- and selectivity-determistegps and some effort has thus been made to
obtain a quantitative picture of the conformatior@ioperties of the acylpyridinium
intermediates involved in this step. A limited nwmbof experimental studies for the
conformational preferences of acylated catalysisteBased on thtH NMR measurements
of NOE effects and chemical shiftd? Kawabataet al. have proposed an ‘open’
conformation for catalys#5 in its neutral form and a ‘closed’ conformationr fthe
acylpyridinium catiomd5a (Figure 5.1). The authors proposed that the ‘dbsenformation

of intermediatel5ais necessary for controlling tefacial reactivity of the N-acylpyridinium
intermediate, which directs the enantioselectiwfythe subsequent acylation of alcohols.
Theoretical studies by Zips al. are in full support of this hypothesi&l It was also noted
on this occasidff! that DFT methods such as B3LYP are not able teribes stacking
interactions induced through dispersion interadtiproperly.

OH

P N\ / ‘

H N o t-Bu
) Oy
2 | -

e N/’l\s)\s | A
)\ 4 Ph =
',' N
3.53 54

44a 45 452 45b 59a

Figure 5.1 Structures of chiral catalysts used for the kinegsolution of alcoholS®!
Distances between the center of the pyridine rindjselected substituents are given in A.

The structures of a series of known chiral catalgstd their acyl derivatives have thus been

optimized at the MP2(FC)/6-31G(d) level of theoRygure 5.1) and it was established that

the naphthalene and pyridine rings in the mostudeaaiole conformation od5a aren-stacked

(distance 3.25 A), but that a similarly stable seteonformatiord5b exists with "side-on"

stacking (distance 4.47 A). Campbell’s catalgdtalso proved to have suchmastacking

conformation, both in the neutral form (distanced54.A) and in the respective
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acetylpyridinium catio4a (distance 3.50 A); however, mainly electrostaffees dominate

in this case. Yamada’s cataly®t was shown to occupy a folded conformation in taetral

as well as the acylated fofff, a result in full agreement with earlier studiesBaLYP/6-
31G(d) level and with NOE experiments of the aoytimediate€®! No stacking interactions
between the pyridine ring and the phenyl side chveéme detected by calculations in the
neutral or cationic form of cataly58a®® The rotational barriers around the Ar-Ar bond were
calculated for a series of systems based on ca&dgsat PM3 and RHF/STO-3G levels and
then compared with the experimental vallids.

Connonet al have showi” that the ability 043 to serve as an active and enantioselective
acyl-transfer catalyst is due to a combination ofl-pyridinium =-m interactions and
substrate-catalyst H-bonding (Figure 5.2). The BBI6¢31G(d)-optimized methyl cation
adduct of43 was in this case found to resemble the correspgnbenzyl cation adduct
characterized by X-ray analysis. Conformationaldstsl of acyl-transfer catalysts are, of
course, not limited to pyridine derivatives. Thenfmymational preferences of chiral
phosphine55, for example, were studied by Vedegs al at the HF/6-31G(d) level of
theory!’®! The structures of the best conformations of trepeetive borane adduct were
consistent with those found in X-ray analyses. Camspn of catalysb5 and monocyclic
phospholane structures suggested a possible exiplarar the exceptional reactivity of the
bicyclic phospholanes due to the better accedsilofithe phosphorus atom &b.

()

N

o |
O o o o
X N H H
| H Ph N Neg
Z H N N *
N Ph P ppy o
Ph OH —
N
3 55 /N\/
56

4

Figure 5.2 Structures of chiral catalysts used for the kinegsolution of alcohol8’:"*"%

Currently, only a small number of theoretical sasdiappears to exist in which not only
conformational properties of the acylpyridiniumannhediates have been studied, but a direct
prediction of the outcome of kinetic resolution esments with alcohols has been attempted.
These studies deal, however, with chiral imidazoid amidine derivatives. Sunej al!?*®
have studied computationally the enantioselectoatydation oftrans-cyclohexane-1,2-diol,
catalyzed by N-methylimidazole-based peptde which was designed by Schreiner and co-
workers (Figure 5.2[Y.” N-methylimidazole itself was shown to be active agylation

catalyst’? but with lower activity than DMABX® Inclusion of the N-methylimidazole
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fragment into the chiral environment of small tppdes still generates highly selective
catalysts for the kinetic resolution of alcoh@tg! The theoretical studies show that hydrogen
bonding between the diol substrate and the peftaikbone plays an important role for
enantioselectivity. The difference in reaction kg for the two alcohol enantiomers,
calculated at B3LYP/6-31G(d)//ONIOM2(B3LYP/6-31GM3) level, amounts to 19.3
kJ/mol and corresponds to 99% ee. This value geflathan experimentally reported (75%);
however, the predominantly reacting alcohol enaméiowas predicted correctly. Hoek al
have optimized the transition states for the awmymatof 1-phenylethanol by acetic and
propionic anhydrides, catalyzed by compouf@d®*” Analysis of the transition state
structures supports theinteraction hypothesis of chiral recognition ire tkinetic resolution
of secondary benzylic alcohols (Figure 5.3). THéedeénces in activation free energy between
the alcohol enantiomers (at B3LYP/6-31G(d) levalhw€PCM single points for the solvent
effects of CHGJ) were shown to correlate well with the experiménédues.

Figure 5.3 Birman’s amidine-based catalyst with the transition state model for the KR of
alcohols**! Distances are given in A.

This chapter is organized as follows: first, expemtal and theoretical methods will be used
to gain mechanistic insight(s) into acylation réats catalyzed by PPY. Then computations
of the reaction profile will be applied for theimatalization and prediction of the selectivity
for a series of derivatives of the Spivey’s cataB8a In the last part several attempts to use
less time-consuming computational models for theigte of stereoselective pyridine
derivatives are presented.

The computations, described in sections 5.3.1 aB@® 5as well as calculations of transition

states for catalyst§9b and 59c, described in section 5.3.3 (Table 5.7), were iearout by
Dr. Y. Wei.
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5.2 Catalytic system with PPY

5.2.1 Determination of activation parameters fog PY-catalyzed acylation reaction
Catalyst59a was shown to be very effective for the kineticotaion of secalcohols:™
However, the selectivity values seem to dependtdeaat two experimental parametess=

24 at 45% conversion with 2 eq. anhydrides = 16.7 at 12% and=15.7 at 27% conversion
with 1 eq. anhydrid&? (for the reaction shown in Scheme 5.1). The anousaincrease in
selectivity with increased conversios< 32 after 8 tvs s= 25 after 2 h) was observed in the
kinetic resolution experiments with catalys®d (Scheme 5.1 There are also several
communications of the conversion-dependent seleciiv the literaturd’™ In the meantime

it was noticed, that the reaction mixture at —78 i8Cnot homogeneous, while at room
temperature no precipitation was obseV&dThis phenomenon can be explained by the
formation of insoluble (in toluene) triethylammomusalt, which can in principle affect the
reaction (rate or/and selectivity). Should thisthe case, we must expect that the Arrhenius
plot for the reaction rate or even selectivity a hinear anymore. In order to understand the
role of the precipitation we have decided to stutlg reaction kinetics at different
temperatures. As the model system the PPY-catalymmbutyrylation of 1-(1-
naphthyl)ethanob0 was chosen (Scheme 5.1).

iPr

"

PPY

OH 0
h
2 eq (PrC0),0, 3 eq NEts o

OO 0.5 % PPY, toluene OO

60

59d
Scheme 5.1lsobutyrylation of 1-(1-naphthyl)ethan@0, catalyzed byPPY; catalyst59d.

Conversiory of alcohol60 was calculated from the integralssehydrogen atoms itH NMR

spectra of the reaction mixture, as given by equatt

y=—teser oy (1)

I ester + I ROH
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Dependence of conversigrvstimet was fitted by equation 2 for the second-ordertreac

kinetics:

1
y= yo[l_mj (2)
k = k,[ROH], 3)

wherek; is a rate-constant of the second-order reactidms a meaning of time axis offset.
With this parameter in the fitting process it i< mecessary to measure the starting point of
the reaction exactly. The variabjgallows rescaling of the conversion axis. The ratestant
measurements were repeated at different tempesafliable 5.1).

Table 5.1.Rate constants for thePPY-catalyzed acylation, measured at different

temperatures.
ThH K? 0.0052  0.0051 0.0049 0.0047 0.0045 0.0043 0.004@040.
T K 193.15 198.15  203.15 213.15 223.15 233.15 243248.15
T, °C -80 -75 -70 -60 -50 -40 -30 -25
ko, 104M 4.080 5.060 6.708 9.000 14.00 19.80 26.37 30.47

In order to get activation parameters, the obta& were fitted with the Eyring equation
(Figure 5.4).

11
s -115- InX = "AH Eﬁ+|n AS
T
S5
121
|_
<
< -12.5-
= In(k,/T) = -1537(1T) - 5.104
Rz =0.997
_13 _
'13.5 T T T T T 1
0.004 0.0042 0.0044 0.0046 0.0048 0.005 0.0052

THK™

Figure 5.4.Eyring plot for the reaction shown in Scheme 5.1.
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The fitted parameters are then transformed to @b parameters:
AH” =12.8kJ mol’; AS =-240J mol*K ™.
The free activation energy at 195 K can also beutated from these data:

AG1es =59.6kJ mol"

The obtained value of activation enthaLm?*I;é is quite small for the reactions in solution,
whereas the obtained negative value of the aativagintropy is common for bimolecular
reactions’®#2#4 As a comparison, the isobutyrylation of 1-(1-ndytjethanol60 (Scheme

5.1) catalyzed by chiral phosphab® (Figure 5.2) has been studied, and was found ¥e ha
small activation enthalpies (in a range 5.8 — 115mol’), which depend on the reacting

enantiomer 060.° From the other side, activation entropies werenshto beca. -308 J

mol* K™ for both enantiomers of alcoh6D. This implies that th\G term that reflects
enantiomer discrimination is dominated by differenén activation enthalpy, resulting in a
significant temperature effect on enantioselegtivitcyl transfer in acetonitrile has also been
studied (catalyzed aminolysis of ethyl aryl carliesf and was found to have very large,
negative values for the entropy of activation (-282280 J mot K™) and small activation

enthalpy (7.5 — 8.1 kJ mo).®¥ Moreover, DMAP-catalyzed phosphorylations have been
investigated, and the kinetic parameters featugnalar combination of large, negative

activation entropy, and minimal activation enthdfsy

5.2.2 Theoretical study of the catalytic cycle viataY

The DMAP-catalyzed acylation of alcohols by anhgids and acyl chlorides is currently
believed to proceed via the nucleophilic catalysischanism. This mechanism is also
supported by the computational study of the DMARxgaed acetylation dert-butanol with
acetic anhydrid€* It was noticed, that in the case of primary aldstibe basic mechanism
could become competitive with the nucleophtf& In order to investigate, which mechanism
(basic or nucleophilic) is relevant for the PPYatgted acylation of secondary alcolf),

we have studied the catalytic cycle computationdllye enthalpy profile as calculated at the
B3LYP/6-311+G(d,p)//B3LYP/6-31G(d) level at the expnental temperature of 195.15 K is
shown in Figure 5.5.
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Figure 5.5.Enthalpy profile AH195) of the PPY-catalyzed acylation of 1-(1-naphthtyigeol
60 as calculated at B3LYP/6-311+G(d,p)//B3LYP/6-31d&vel.

Both enthalpy and free energy values suggest thkeophilic route through transition states

ts1l andts3 to be more favourable and the first step of thige to be rate-limiting. It sounds
surprising, because the second step is commonlsidened as the rate-determining stép.
The six-membered transition stag? of the basic route is slightly more favourablentiiae
four-memberedts2a We can then calculate activation parameters tivelato separate
reactants and to reactant complex) for all tramsisitates at B3LYP/6-311+G(d,p)//B3LYP/6-

31G(d) level (Table 5.2). Data at the experimemgahperature of 195.15 K as well as at

298.15 K are included in Table 5.2.
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In order to see whether the observation aboutateslimiting transition state also persists by
other theoretical methods, we have carried outisipgint calculations at several other levels
of theory again based on the B3LYP/6-31G(d) stmestuThe MP2 method, as well as DFT
method with dispersion correction (DFT-BY, are chosen because we suppose that the
dispersion interactions may exist and play some soice the studied transition states include
several aromatic rings, although the used B3LYPctional cannot predict this type of
interaction accurately. Single point calculationsrevdone at different levels of theory for
conformers whose populations are more than 1% aR(MP)/6-311+G(d,p)//B3LYP/6-
31G(d) level. The obtained enthalpies and freegegrfor the best conformers of transition

states and intermediates with respect to the sigghreactants are shown in Table 5.3.

Table 5.3 Comparison of different levels for single-poiaulations (enthalpies relative to
separate reactants, kJ mpl

Level of theory

. . Hios AH1g9s AH1g9s
for Slngle pOIﬂt AH195 . AH195 AH195 AH195
with B3LYP/6- é[)erﬁgfg)r(‘)t (ts1) ('gitz{ge (ts3)  (ts2)  (ts23) éﬁ:ﬁ;‘&
31G(d) geometry
B3LYP/6- -56.4 +3.4 -10.4 -5.2 +23.5 +25.0 -128.6
31G(d) (+1.0)  (+72.8) (+55.6) (+65.6) (+95.9) (+97.6) (-76.8)
B3LYP/6- -34.5 +23.8 +5.5 +11.0 +51.3 +57.6 -105.8

311+G(d,p)  (+104.8) (+177.5) (+157.3) (+168.3) (+210.1) (+216.5) (+29.8)

MP2(FC)/6- -99.8 644  -69.7 -104.7 -328  -26.4  -1475
311+G(d,p) (-43.4) (+3.85) (-3.8) (-34.4) (+40.5) (+46.6) (-92.9)

MP2(FC)/6- -96.3 69.5  -743  -102.4 -352  -28.8  -148.7
31+G(2d,p) (-39.6)  (-1.3)  (-8.3) (-32.1) (+38.2) (+46.8) (-94.1)

B3LYP-D/6- -88.2 -55.4 -71.4 -86.2 -29.6 -25.7 -139.0
311+G(d,p) (-54.1) (101.4) (+80.4) (+69.8) (+129.5) (+133.0) (-4.4)

a. .
in brackets the correspondingsgsvalues.

In order to avoid the basis set superposition dB&SE), the relative enthalpies with respect
to the reactant complex were also calculated (T&blg The enthalpy differences between
transition statets1 andts3 at different levels are also presented. The resllow that using

MP2 and B3LYP-D levels for single point calculaostabilizes all the transition states
relative to the reactants and reactant complexth@se different theoretical methods predict
the first step of the nucleophilic path to be Hatdting and the basic route to be less
favourable (by ca. 3040 kJ nl Transition states of the basic rous2 andts2a have

similar energies at different levels of theory. fidfere, they are equally feasible for the basic
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mechanism. The enthalpy difference between tramsgtatess1 andts3 increases from 12.8
kJ/mol at B3LYP/6-311+G(d,p)//B3LYP/6-31G(d) levap to 40.2 kJ mal at MP2(FC)/6-
311+G(d,p)//B3LYP/6-31G(d) level; the DFT methodtiwidispersion correction B3LYP-
D/6-311+G(d,p)//B3LYP/6-31G(d) level gives interneee values of the enthalpy difference.
The performance of the MP2 method for single pasatculations does not depend
significantly on the DFT level used for the geomeiptimization (B3LYP or B98). Taking
into account only the best conformers at B3LYP/@-8%(d,p)//B3LYP/6-31G(d) levele(g.

of type | forts3, see Figure 5.6) for the MP2 and B3LYP-D singléenpaalculations, the
enthalpy difference between transition state$ and ts3 remains in the range of the
differences calculated at B3LYP levels.

Table 5.4.Enthalpies and free energies of transition stéatedgfarent levels of theory
(relative to reactant complex, kJ nfpl

Level of theory for
single point with
B3LYP/6-31G(d)

geometry

AH195
AH195(tSl)a AH195(t32)a AH195(t528)a AH195(t53)a (tSl-tS@a

+59.8 ¥79.9 ¥81.4 +51.2
BSLYP/6-31G(d)  (,718)  (+049)  (+96.6) (+646) °0(72)
B3LYP/6- +58.3 +85.8 +92.1 +45.5 12.8 (9.2)
311+G(d,p) (+72.7)  (+105.3)  (+111.7)  (+63.5) 8 .
MP2(FC)/6- +35.7 +67.3 +73.7 45 40.2 (38.2)
311+G(d,p) (+47.4)  (+84.0)  (+90.1) (+9.1) /9.2 (8.0
MP2(FC)/6- +26.8 +61.1 +67.5 6.1 32.9 (30.7)
31+G(2d,p) (+38.3)  (+77.8)  (+86.4) (+7.5) /6.0 (4.8)
B3LYP-D/6- +32.9 +58.7 +62.5 21  30.8(3L.6)
311+G(d,p) (+47.3)  (+75.4)  (+78.9)  (+157) //15.7 (14.2)
MP2(FC)/6-
31+G(2d,p)//B98I6- - i i i 28.0 (28.9)
31G(d)

%1n brackets the correspondings;gsvalues.

®Taking the best conformers at B3LYP/6-311+G(d,BIBP/6-31G(d) level.

By more careful analysis of the conformational gpatthe studied transition states we found
that relative energies of conformers at differevels of theory depend on the presence of
stacking interactions in the system. The largefgcefwas found for the transition stas3
(Figure 5.6). The conformations of typle with stacking interactions between naphthyl and
pyridine rings (the distance between the centeth®fings is 4.03 A) have energies, which
are comparable with typeconformational energies, when calculated by B3lové&hods. As
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mentioned above the B3LYP functional cannot predispersion interactions accurately.
When using the MP2 method for single point calcoie, typell conformations become
much more stable than typeconformations bya. 30 kJ mof. However, one of the serious
shortcomings of MP2 theory is a noticeable ovemesiion of the dispersion interaction
energy®® Furthermore, the DFT functional with dispersiomreotion B3LYP-D can predict
this type of interaction more accurat€Ry.Indeed, the relative enthalpy difference between
types| and Il conformations becomes smaller when using B3LYP-ZX6+G(d,p) level
instead of MP2 level for the single point calcuwdas (Figure 5.6). Thus we will use the
economic DFT methods B3LYP/6-311+G(d,p)//B3LYP/G=d) and B3LYP-D/6-
311+G(d,p)//B3LYP/6-31G(d) to calculate the sekattiin section 5.3 in order to see which

calculated results are in line with available expental results.

\

J\
B
I

B3LYP/6-31G(d) 0.0 0.0
B3LYP/6-311+G(d,p) 0.0 4.0
MP2(FC)/6-311+G(d,p) 34.6 0.0
MP2(FC)/6-31+G(2d,p) 28.9 0.0
B3LYP-D/6-311+G(d,p) 16.9 0.0

Figure 5.6.Relative enthalpieaH;95 (kJ mol*) of two conformations dfs3 as calculated at
five levels of theory using geometries and therooatections at B3LYP/6-31G(d) level.
Distances are given in A,

Another possible way to distinguish experimentdifferent mechanisms is the measurement
of the kinetic isotope effect. Since the transitstateds?2, ts2a andts3 contain the hydrogen
atom, which is involved in the broken and formeérncal bonds, measurements of the rate
constant ratioky/kp could help differentiate which step is rate-limginWe carried out
theoretical prediction of the isotope effect, sinicean support the experimental data. The

enthalpy and free energy differences upon subistitubf the alcohol hydrogen H to
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deuterium D in the transition states with respecthie corresponding differences for the
alcohol were calculated at B3LYP/6-31G(d) levell86.15 K and 298.15 K (Table 5). The
free energy differences were then transformedeaadle constant ratios, using equation 4:
ky _AG(D-H)
Ko RT

In 4)

Table 5.5.1sotope effects for transition statsg, ts2, ts2aandts3, calculated at B3LYP/6-
31G(d) level at 195.15 K and 298.15 KH(D-H) — difference between activation enthalpies
with D and with H as the alcohol hydrogen.

AH(D-H), kJ mol* AG(D-H), kJ mol* ka/ko
T, K 298.15 195.15 298.15 195.15  298.15 195.15
ts3 3.23 3.26 3.83 3.62 4.68 9.30
ts1 -0.72 -0.76 -0.31 -0.46 0.88 0.75
ts2 0.61 0.63 1.23 1.01 1.64 1.86
ts2a 1.85 1.86 2.43 2.22 2.66 3.93

The obtained results show that the supposed maigrg transition statésl, that does not
contain the hydrogen atom, which is directly in\amvin the broken and formed chemical
bonds, should give a secondary isotope effectfétiatinto the range between 0.75 at 195.15
K and 0.88 at 298.15 K. If the transition st&d8 would be rate-limiting, the primary kinetic
isotope effect should be much larger (up to 9.309&t15 K). Transition statés2 andts2a of

the basic route give moderate isotope effects gup.@3 at 195.15 K). Comparison of these
obtained data with experimental results can helmé¢otify the rate-limiting transition state

and thus the reaction mechanism.
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5.3 Catalytic system with Spivey’s catalyst.

In order to shed some light on the enantioseldgms/iof chiral DMAP-catalysts in acyl-
transfer reactions, we have investigated theolbtiche acylation of racemic secondary
alcohols catalyzed by a series of Spivey’s catalystdetail. The most important question
here is whether the enantioselectivities of chDBIAP-catalyzed acyl-transfer reactions can
be rationalized with the transition state in thieq@etermining step that is also considered as
the selectivity-determining step. The possible aifléd-dialkylamino substituents on the chiral
transformation is discussed and a catalyst modidicato improve the enantioselectivity is

suggested.

5.3.1 The energy profile of the acylation catalybgdatalyst9a

In order to check whether the mechanism of the RBMlyzed acylation of secondary
alcohols also persists for the acylation catalybgdhe chiral catalysé9a we have first
investigated the nucleophilic and general basdysisapathways for the reaction of racemic
1-(1-naphthyl)ethanol6Q) with isobutyric anhydride6l) catalyzed byb9a at the B3LYP/6-
311+G(d,p)//B3LYP/6-31G(d) level of theory used time previous theoretical studies of
DMAP-catalyzed acetylation of alcohdtd. All conformers of reactant60 and 61, and
products62 and 63 have been searched carefully and optimized at B36¥31G(d) level,
and single point calculations were done at the BBI6¥311+G(d,p) level of theory in order
to obtain the relative enthalpies at the B3LYP/@-8&(d,p)//B3LYP/6-31G(d) level of
theory. The systems investigated here are verybliexand have a large conformational space.
A systematic conformational search of T&&sand67 was first done using a modified OPLS-
AA force field, and then the conformers identifiegl force field within the energy window of
40 kJ mof* were reoptimized at the B3LYP/6-31G(d) level of dhe and single point
calculations were done at the B3LYP/6-311+G(d,peleof theory. The IRC calculations
have been run using the best conformers of TS$tarostructures of the reactant complex,
intermediate, and product complex. The TSs aloegbtisic catalysis pathway were located
based on the previously suggested “four-membered” “aix-membered” structuréd and
optimized at B3LYP/6-31G(d) level. Using these ctuwes the relative enthalpies at the
B3LYP/6-311+G(d,p)//B3LYP/6-31G(d) level of theorjrave been calculated. The
nucleophilic and general base catalysis pathwayplatted in Figure 5.7 by using the lowest-
energy conformer and the relative enthalpies fatiatary points located on the potential
energy surface are shown in Table 5.6. The diastegac transition states and intermediates
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are denoted asR|-* and -* which represent the corresponding configumatiof the
involved alcohol.

The reaction is initiated through formation of angy complex64 of reactant$0, 61 and
catalyst 59a for both the nucleophilic and general base catalymthways. Along the
nucleophilic catalysis pathway, the reactant comé passes through the first T& to
yield intermediate$6, which then pass through the second6l/Swvith concomitant proton
transfer to product comple®8. The alternative basic catalysis pathway procdbdsugh
concerted TS$§9 to product complexX8 in one single step. The diastereomers including R-
configuration alcohol are always a few kJ thiwer than those including S-configuration
alcohol. The most energetically favorable transitgiate(R)-69 along the basis catalysis
pathway is located 40 kJ mbbr so above the transition stgf)-65 and 53 kJ mal or so
above the transition statéR)-67 on the nucleophilic catalysis pathway. Single poin
calculations have also been done at the MP2/6-31/88LYP/6-31G(d) level of theory for
the best conformers @R)-65, (R)-67, (R)-69. The energy ofR)-69 is also higher than that of
(R)-65 and (R)-67 by more than 30 kJ midlat MP2/6-31G(d)//B3LYP/6-31G(d) level. This
indicates that the nucleophilic catalysis pathwaymore favorable than the general base
catalysis pathway, which is in line with the resuwh the PPY catalyzed acylation discussed

above.

Table 5.6 Relative enthalpie\H,gs (in kJ mol®) for stationary points located on the
potential energy surface at B3LYP/6-311+G(d, p)I/BB/6-31G(d) level in the gas phase.

Nucleophilic catalysis R- | (S
59a+60+61 0.00

64 (reactant complex) -22.98 -22.54
65 (first TS) 26.80 34.29
66 (intermediate) 7.56 11.72
67 (second TS) 14.06 20.10
68 (product complex) -87.35 -86.87
59a+R)-62 +63 -21.61

Basic catalysis (concerted) (R)- | (S)-
59a+60+61 0.00

64 (reactant complex) -22.98 -22.54
69 (TS) 67.23 77.49
68 (product complex) -87.35 -86.87
59a+R)-62+63 -21.61
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Figure 5.7.Gas phase enthalpy profile calculated at the B3I6Y3A1+G(d,p)//B3LYP/6-31G(d) level of theory.
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5.3.2 Reaction barriers and conformational spacé 8§

The energy difference between the diastereomerscof $he rate-determining step is the key
point to predict the enantioselectivity. Surprisindghe energy of first T$5 in the formation

of an acylpyridinium cation is higher than thatleé second step commonly considered as the
rate-determining step bya. 13 kJ mof at B3LYP/6-311+G(d,p)//B3LYP/6-31G(d) level. In
order to see whether this observation also perbigtether theoretical methods, we chose
several other levels of theory to do single poialcglations again based on the optimized
B3LYP/6-31G(d) structures. The DFT methods withpdision corrections (DFT-BY and
MP2 methods are chosen because we assume thaspeestn interactions may exist and
play some role due to the system studied heredimduseveral aromatic rings, however, the
popular B3LYP functional cannot predict this tyffe@rderaction accurately. The single point
calculations were done at different levels of tlyefmr conformers whose populations are
more than 1% at B3LYP/6-311+G(d,p)//B3LYP/6-31G(dyel. The relative Boltzman-
averaged enthalpies betwe@®)-65 and(R)-67 at different levels of theory are investigated
carefully and compared (Figure 5.8). In order tmidvthe basis set superposition error
(BSSE), the relative enthalpies are calculated watpect to the reactant complex instead of
the separated reactants.

The energy difference betwedR)-65 and (R)-67 varies with theoretical methods, the
variation is in the range of —14 kJ nfand +14 kJ mal. Thus, different theoretical methods
predict different rate-determining steps usingsame model system. At this point, it is hard
to pin down which method is more reliable withoigher level theoretical benchmark data
that are too difficult to get for such a big systéviP2 results seem more basis sets dependent
and they are much more computationally costly tB&T methods for the system studied
here. We will use the economic DFT methods B3LY®16+G(d,p)//B3LYP/6-31G(d) and
B3LYP-D/6-311+G(d,p)//B3LYP/6-31G(d) to calculateetselectivity in the next section and
to see which calculated results are in line witheékperimental results.
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Figure 5.8. Relative energies diR)-65 and (R)-67 with respect to the reactant complex at
different levels of theory.

In principle, the rate-determining step is also stdered to be the selectivity-determining
step. Thus, it is difficult to predict which step the selectivity-determining step due to the
uncertainty of the rate-determining step describleove. We have tried to calculate the free
energy difference of diastereomers in these twosste match the experimental value. It turns
out that the free energy difference of the diasteers of TS67 is closer to experimental
values. Moreover, the C-O bond formation betweenalbohol and acetyl group proceeds in
the second step, that supports@/o be the selectivity-determining. The detaileelattetical
prediction of catalytic selectivity is discussediwe next section. We focus our attention here
on the structures and the energy difference ofdibstereomers of T867 to investigate the
possible factors influencing the stereoselectigitgatalystc9a

Through analysis of the optimized geometries ohditon state67, we found that all
conformers can be classified into the four strudttypes as shown in Scheme 5.2. Figure 5.9
shows a pictorial representation of the relativergres of the conformers ¢R)-67 and(S)-

67, respectively. Generally speaking, the carboxytateip is bonded to the left or right side
of the pyridine ring by weak hydrogen bonding amel alcohol approaches the reaction center

either from the front face or the back face of gyeidine ring. Type67-1 shows that the
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carboxylate group is bonded to the right side efglridine ring and the alcohol approaches
the reaction center from the back side. For thpetthe conformers witliR-configuration
alcohol are more stable than the conformer @ tonfiguration alcohol by more than 20 kJ
mol ™. In type67-1l and67-lIl, the conformers witls-configuration alcohol are more stable
than the conformers witliR-configuration alcohol. Conformers in ty@¥-IV have poor
stabilities, no matter including eith&configuration orS-configuration alcohol. The most
stable conformer witlR-configuration alcohol belongs to the tyf@-I, which is more stable
than the most stable conformer witconfiguration alcohol classified into the type@-11l by
6.1 kJ mof. Thus, calculations predict, tha®)alcohol should react faster tha®-@lcohol,

which is in line with experimental resulfg!

67-1ll 67-IV OO

Scheme 5.2The classified conformer types of B3.
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Figure 5.9.Relative enthalpies (kJ mYlof conformers of T$7a as calculated at
B3LYP/6-311+G(d,p)//B3LYP/6-31G(d) level.

The B3LYP/6-31G(d) optimized structures of the mstsible conformers dR)-67 and(S)-

67 are shown in Figure 5.10. Analysis of the strussueveals that the alcoh6D (shown by
light green color in Figure 5.10) approaches thactien center from the back face of the
pyridine ring in(R)-67 and from the front face of the pyridine ring (8)-67. There is no
siginificant steric hindrance when alcohol apprascthe reaction center from the back face
of the pyridine in(R)-67. In contrast, alcohol approaching the reactiornterefiom the front
face of the pyridine inS)-67, the steric repulsion between the tilted phengbrof the
catalyst59aand the naphthyl ring of alcoh60 may raise the energy (5)-67 relative to that

of (R)-67 by ca. 6 kJ mot".
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Chapter 5

(S)-67

Figure 5.10.The most stable conformers(®&)-67 and(S)-67 at the B3LYP/6-311+G(d,p)//
B3LYP/6-31G(d) level of theory. Distances are giver.
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5.3.3 The selectivity rationalization: B3 for catalysts59b, 59¢ and59e

Spivey et al. have reported that varying the 4-dialkylamino siibshts influences the
selectivities of catalystd’® Experimental results show that the selectivityrdases in the
series59e - 59a - 59b - 59¢ where the pyrrolidino-substituted catalysdc is the least
selective (Scheme 5.3). We choose a series ofystg&Pa— 59g (shown in Scheme 5.3) and
use the same substrate (1-(1-naphthyl)eth&®lto investigate their selectivity theoretically

and compare it with experimental results.

S @9 S
Ph Kz | Ph Ph Z
59a 59b 59c¢ 59e

NEL, O‘ NEt, O‘ NEt,
SN SN
| |

O N O N
OMe CFs
59f 59g

Scheme 5.3Chiral pyridine catalysts used to model kinetimtegon of secalcohols: the
known catalyst&9a-c, ethe first row) and new derivativé®d, f, g(the second row). All
catalysts havegj-configuration.

59d

The enthalpy and free energy differences betweerihstereomers of the T considered
as the selectivity-determining TS were calculat@d5Pa-c, eby DFT methods and listed in
Table 5.7. The conformational space of @8 and67cfor 59b and59¢ respectivelywere
also searched in the similar way as for catab@d by modified OPLS-AA force field and
then the identified conformers were reoptimized BBLYP/6-31G(d) level. The
conformational search for T&/e with catalyst59ewas carried out as described below. The
catalyst part in the most stable conformations §f6V with catalysts59a was modified to
catalyst59e (with trans configuration of the added methylene and methguigs) and the TSs
were reoptimized at B3LYP/6-31G(d) level. The msistble conformations of T&7e were
then used for the thermal corrections and singietpzalculations (the latter at B3LYP/6-
311+G(d,p) and B3LYP-D/6-311+G(d,p) levels).
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The calculated free energy differeneeS,qg for the TS67 for catalystb9a-c, ecalculated at
B3LYP/6-31G(d) level cannot reproduce experimentalues of AGigs, calculated using
equation 5, and even predict the opposite resattttie pyrrolidino-substituted catalys®c
should have higher selectivity th&Ba and 59b (Table 5.7). From the other side, the
calculated enthalpy differenceH,9g do correlate with experimental selectivities (Fegu
5.11). The thermal corrections recalculated at K3 not improve the correlation between
experimental results and calculated enthalpieses €nergies. In general, enthalpy and free
energy differences between T&&for catalysts9a-c, ecalculated at B3LYP/6-31G(d) level
predict R)-alcohol to be more reactive thaB)-alcohol, which is in full agreement with
experimental results.

Ins= |nﬁ = _AAGFQS — AGS® -AGE _ AG™

Ke RT RT RT

()

Employing the combined DFT method B3LYP/6-311+G(dB8LYP/6-31G(d) does not
yield better correlation of experimental seleciestwith calculated free energies or enthalpies
(Table 5.7). From the other side, inclusion of disjpon corrections (at B3LYP-D/6-
311+G(d,p) level) significantly improves the coatbn with calculated free energies.
Moreover, after addition of the dispersion correws, the enthalpy differencesH,qg are
significantly smaller. Noticeably, the enthalpyfdiencesAH,qg between TS§7 for catalysts
59a-c, ecalculated at B3LYP-D/6-311+G(d,p)//B3LYP/6-31G(dyel can also be correlated
with experimental enantioselectivities (correlatmmefficient B = 0.7008).

AH (S-R), kJ mol * ‘
7.0 ~
6.5 4
6.0
5.5 A
5.0 4
4.5 4
4.0 4
3.5+

3.0 1 R? = 0.9639 59b

25 +—/—7r T T T T
1.0 15 2.0 25 3.0 35 4.0

IN(S exp)

Figure 5.11.Correlation between experimental enantiosele@wiand calculated enthalpy
differencesAH,ggbetween TS$R)- and(S)-67, as calculated at B3LYP/6-31G(d) level.
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In conclusion, enthalpy differencédd,qs between TS¢R)- and(S)-67 for catalyst$b9a-c, e
calculated at B3LYP/6-31G(d) or combined B3LYP-361+G(d,p)//B3LYP/6-31G(d)
levels can be used for the rationalization of expentally measured enantioselectivities in

KR experiments.

5.3.4 The selectivity prediction for cataly5g, 59f and59g

Several derivatives of cataly§Pa with different substituents in the phenyl ring baveen
suggested as potential catalysts for the KRasfalcohols (Scheme 5.3). In order to study
whether the method described above would allowigtied of the selectivity for these new
catalysts, we have calculated the correspondintpagpyt differencesAH(SR) between
diastereomeric TS&87. In order to save computational time it would lesicable not to carry
out the full conformational search for new T68 but use as a basis the conformations
obtained for TSH7 with the parent cataly&9a The variation of the catalyst part is assumed
not to change dramatically the conformational spatd'S 67. First, the conformational
search for TS67 with catalyst59d was carried out. The catalyst part in the mosblsta
conformations of T®7 with catalyst&b9a of different typed-IV (Scheme 5.2) was modified
to catalyst59d and the TSs were reoptimized at B3LYP/6-31G(deleThe most stable
conformations of TS67d were then used for the thermal corrections andleirpoint
calculations (the latter at B3LYP/6-311+G(d,p) éBBLYP-D/6-311+G(d,p) levels). Figure
5.12 shows a pictorial representation of the retaéinergies of the conformers (&)-67 and
(S)-67 with catalyst59d. The type(R)-1 represents the most stable conformerf@Rpf67d, as
was observed for the catalyga The most stable conformers of {§-67d belong to types
(9)-Il and(S)-Ill , but in contrast to TES)-67atype (S)-1l becomes now more stable due to
the unfavorable interactions between naphthyl and 3,5-dimethylphenyl group in the type
(S)-Ill transition state€S)-67d (compare Figures 5.9 and 5.12).

In order to save computational time it would beaative to use only the best conformations
to calculate enthalpy differences between diasteegiz TSs67 for new catalysts instead of
using Boltzmann-averaged values over all conformEos this reason we studied in more
detail the conformational space of ©%for catalystc9d with the goal to answer the question:
how many conformations are necessary for the atxpradiction of enthalpy difference and
thus the enantioselectivity?
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Figure 5.12.Relative energies (kJ mb)lof TS67 conformers for cataly§9d, as calculated
at B3LYP/6-31G(d) level.

The dependence of the calculated enthalpy differemt the number of conformers was
studied. Figure 5.13 shows that at least five loesiformers are required for Boltzmann-
weighted averaging in order to get more accuratbagpy values for T§R)- and(S)-67d.
Addition of the sixth conformer does not change #veraged enthalpy significantly. The
enthalpy of the best conformer is by 1.4-1.7 kJhloWwer than the averaged value, for that
reason using only the best conformer is not aceuestough for the enthalpy difference
calculation. The number ¢R)-67d conformers used for the enthalpy averaging, wh&mg

all conformers of(S)-67d for averaging, has a large effect on the enthalfference.
Averaging over at least five conformers is necgssarget more accurate result. The same
conclusion is also reliable for the averaging of(8p67d. Since the error in the case(&)-
67d is positive and in the case (8)-67d negative, these errors can cancel each otheeif th
same numbers of conformers of - and(S)-67d are used for the Boltzmann averaging.
Indeed the analysis shows (Figure 5.13), that esasraging over the three most stable
conformations gives the total error in the enthaljfference of only 0.1 kJ mdl This error

is acceptable for the selectivity prediction. Ie ttase of free energy differences the error of

using only the three best conformations for avergs larger (up to 0.8 kJ mdl
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Figure 5.13.Dependence of the enthalpy differemde,qg(S-R betweenR)- and(S)-67d on
the number of conformers for Boltzmann averagingasulated at B3LYP/6-31G(d) level.

In conclusion, the enthalpy differencasl,gg(S-R between diastereomeric transition states
(R)- and (S)-67, calculated at combined B3LYP-D/6-311+G(d,p)//BR/E-31G(d) or
B3LYP/6-31G(d) levels, can potentially be usedtfor prediction of the stereoselectivity for
new derivatives of catalysi9a Averaging over only the three most stable confdroms
gives accurate enough enthalpy differences. Takltiegbest conformations of T&7 with
catalyst59a modifying the catalyst part and reoptimizationti@insition states at B3LYP/6-
31G(d) level would save time for the conformatiosphce search. Analysis of Figures 5.8
and 5.11 shows, that for TE)-67 taking into account typ@)-I conformations, and fqS)-

67 — both typeqS)-1l and(S)-Ill is necessary to find the most stable conformatanESs
67.

This method was subsequently used to calculateakmtidifferencesAH,qg(S-R for other
catalystsb9f and59g, shown in Scheme 5.3 (Table 5.7). The obtainedlteeshow that the
catalysts59f and 59g are expected to show moderate selectivity, wiike derivative59d
should be more selective than the parent cat&Best

5.3.5 Synthesis and selectivity measurements falys#s59d, 59f and59g
The new derivative59d, 59f and59g were synthesized in the Spivey gr8iby employing
Suzuki-Miyaura cross-coupling of aryl boronic aciadsing Buchwald’s S-Phos ligandL,

which has recently been reported to efficientlyssr@ouple sterically challenging coupling
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partners (Scheme 54§ The synthesis of precurso® has already been described by Spivey

et all’”®

B(OH),

i NEt, O PCy.
‘ Rl/©\Rl O 59d, R! = CHg; R? = H (95 %) :

NEtz RZ AN E H3CO OCH3
. | | s9f,R'=H;R2=OCH;s (85%) |

Pd,(dba)s-CHCI N
OTf | 2 S-lgflos ;31 : O 59g, R! = H; R? = CF3 (34 %) A
N anhydrous K;PO, Rt R? 71, S-Phos
0 THF-toluene, 90 T R2

Scheme 5.4Synthesis 069aanalogue$9d, 59f and59gby Suzuki-Miyaura cross-coupling.

Compound$9d-g obtained as racemic mixtures were then resolvedjws semi-preparative
CSP-HPLC to obtain enantiomers of each catalysh wi99.9% ee purity. The new
derivatives were then tested in the KR of alcd@by isobutyric anhydride (Table 5.8§!

Table 5.8 KR of alcohol60 by isobutyrylation catalyzed tﬁBa 59d, 59f and59g™

OH
(iPrc0),0 \I/
0.75 eq NEt3
1 mol % catalyst

Pr

|
5% NaOH/MeOH
rf 5 min

iPr

toluene, -80 T ! quantitative
(rac)-60 (R)-62 (S)-60 (R)-62 (R)-60
Catalyst Equiv. of Time
Entry _ ee (%) e (%) C(%)\ s°
(>99.9% ee) anhydride (h)
1 (-)-59a 1.0 2 12.0 87.4 121 16.7
2 (-)-59a 1.0 8 30.5 84.3 26.6 15.7
3 (-)-59d 1.0 2 16.8 92.3 15.4 293
4 (-)-59d 1.0 8 55.2 87.8 38.6 26.7
5 (-)59d 2.0 2 45.8 88.3 341 254
6 (-)59d 2.0 8 98.2 75.1 56.7 32.0
7 (-)-59f 1.0 8 26.5 78.4 25.3 10.6
8 (-)59g 1.0 8 7.0 77.9 8.3 8.6

& ConversiorC = 100*eq/(ee+eg).

® Selectivity factors was calculated as described in ref. 54.

¢ ee of recovered alcoh60, established by CSP-HPLC.

9 ee of este62, established by CSP-HPLC on derived alcdtblollowing saponification by NaOH in
MeOH.

Analysis of the obtained results shows that catébgsl is indeed more selective than the
parent derivativés9a This is in accordance with computational preditsi. Catalysb9d is

also more catalytically active th&9a, giving 39 % conversion after 8 h (Entry 4). Tpera
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substituted derivative$9f and 59g are less selective in accordance with theoretical
predictions. The substantial decrease in the rfateaxtion observed for catalys9g may be
attributed to the strongly electron-withdrawing BsQroup decreasing the electron-density
on the pyridine nitrogen inductively thereby rendgrit less nucleophilic for acyl-transfer.
The anomalous increase in selectivity with incrdasenversiong = 32 after 8 hcf s= 25
after 2 h) observed for catalys9d cannot be explained at the moment, although theze

isolated reports in the literature of the conversiependent selectivit{?’

5.3.6 Comparison with theoretical predictions

With the experimentally measured selectiviteefor selected derivatives of catalys®a in
hand, it is possible to quantify the predictivewalof the theoretically calculated enthalpy
differences AH,9gS-R (Table 5.7). The enthalpy differencesH,oo(S-R calculated at
B3LYP/6-31G(d) level can be correlated with expenmal enantioselectivities (correlation
coefficient: R = 0.8599 for catalyst§9a, d, f, 9. Figure 5.14 shows that the derivatives of
catalyst 59a substituted in the phenyl ring, have a largempsl®f the correlation line
comparing with the catalyst9a-c, e which have different dialkylamino substituentheT
thermal corrections recalculated at 195 K do nofprome the correlation between
experimental results and calculated enthalpiesree fenergies. Inclusion of dispersion
corrections (at B3LYP-D/6-311+G(d,p) level) imprgvethe overall correlation of
experimental selectivities with calculated enthatiifyerences for all studied cataly$i9a-g
(Table 5.7).
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Figure 5.14. Correlation between experimental enantiosele@®iand calculated enthalpy

differencesAH,ggbetween TS$R)- and(S)-67, as calculated at B3LYP/6-31G(d) level.

After independent optimization of the substitutfattern of the dialkylamino and the phenyl
groups in terms of selectivity, even more selectoatalysts can be designed by the

combination of the best substitution patterns. éaljeéhe combination of dibutylamino group

(from 59d) and 3,5-dimethylphenyl (from89€ in one molecule 069h leads to the most

selective analogue of Spivey's catalgsta (Figure 5.15)7

)
CY

AN
Ph Z

Uz
I
N
59e s=39

59h s=43
—

Figure 5.15.Design of the new highly selective catal§sh.
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5.4 Estimating the stereoinductive potential of theyridines

In the previous section the computations of thetrea profile have been successfully applied
for the rationalization and prediction of the sélety for the series of chiral DMAP
derivatives in the KR experiments. However, it wbile more desirable to use less time-
consuming computational models for the design @f okiral catalysts. Here we present two
attempts of developing such models: a prochirabgrapproach and the conformational
analysis of transition states. First, several t¢hBal-diaminopyridine derivatives were
synthesized and tested in the KR of alcad®l

5.4.1 Chiral 3,4-diaminopyridine derivatives

Catalyst (ac)-5b was resolved to enantiomers via cocrystallizatioth a chiral resolving
agent. Several chiral acids such &startaric, (-)O,0’-dibenzoylL-tartaric and D-
camphorsulfonic acids as well as different solvemttures were tested. The most effective
resolution was achieved by usihgartaric acid (1 eq.) in ethanol/ethyl acetate tome (1:1)
(Scheme 5.5). After two recrystallizations ee dhbst5b was 98% (as determined by CSP-
HPLC). On the basis of X-ray structure B&b-salt the configuration of the enriched
enantiomer relative to the configurationLefartaric acid was determined (Scheme 5.5).

,
OH O /L\ — \ ’
Et Et @ Et\N\\\- HO H . ﬁ
N SNV L-tartaric acid (1 eq) ril . No‘ x
N _— - H
=
A MNe T A VE L EOHEOAC fj/ Et O OH v~
< < 2.EIOHMEOH Sy
N H

N ee = 98%

(rac)-5b (5aR,9aS)-5b-salt ."’\P

Scheme 5.5Classical resolution of the catalysa€)-5b and X-ray structure db-salt

The enantioenriched cataly&ib, as well as the camphor derivatii# (as a single
diastereomer with >99% de, see Chapter 2), weretdsted in the KR of alcoh6D (Scheme
5.6). Since both 3,4-diaminopyridine derivativeg aery catalytically active in acylation
reaction (see Chapter 2), low loadings of catal{@ts mol%) have been used for the KR of
secalcohol 60. However, very low levels of selectivity were maasl for these catalysts
(Scheme 5.6).

120



OH r

|P OH
2 eq (iPrc0),0 o 2 N
3 eq NEt OO ; N S N_Ph
+
0.5 mol % catalyst | P
toluene, -78 °C, 3 h N

(rac)-60 (S)-60 ' (5aR,9aS)-5b 51
! s=14 s=1.3

Scheme 5.6Kinetic resolution of alcohdO catalyzed byb and5l.

5.4.2 Prochiral probe approach

As mentioned in Chapter 2, methyl cation affiniti4CA) can serve as the most simple
model for a carbon basicity sc&#! The MCA values for a variety of N- and P- centered
bases were shown to be correlated better with etkgerimentally observed catalytic
efficiencies than proton affinitid® Later on, this approach was extended to inclutieigf
values towards a prochiral catioformally derived froma-methoxye-trifluoromethyl-u-
phenylacetic acid (MTPA, Mosher's acid, Ph(QEBF;)C-COH) through
decarboxylatiof®® The success of this latter acid as a derivatizisagent for a wide range of
chiral alcohols and amines suggests that the thubstituents connected to, (Ph, CH,
OCH,) provide a strongly differentiated environmentsteric and electronic ternfS! In
order to emphasize the resemblance to Mosher's thgdcation is referred as "Mosher's
cation” (or MOSC) and the corresponding reaction enthalpies at B98s "MOSCA"
values® As described in Scheme 5.7, reactioM®SC with chiral nucleophiles can occur
from there or si face of the cation, leading to two diastereomadducts with two different
affinity values MOSCAe and MOSCAi..

MOSCAre ® OMe
*Nuc—=CF3
@ Ph
® OMe
*Nuc- CH3 ‘CH3 *Nuc __| Ph§< MOSC
MCA CF;
e gFB
> S
Moscasi Nuc—=OMe R = H, OMe
Ph
AMOSCA = MOSCAre - MOSCAsi cinchona alkaloids

Scheme 5.7MCA, MOSCA andAMOSCA values definition and general structure of
cinchona alkaloids. Chiral centers are marked wfiin *.

This approach has successfully been applied forati@nalization of the activity (on the basis

of MOSCA values) and stereoinductive potential {be basis o/AMOSCA values) for a

121



number of cinchona alkaloid§! Here we would like to extend the prochiral propgraach

to the estimation of the stereoinductive poterdfathiral DMAP derivatives.

The MOSCA values for a series of substituted pgedi have been calculated at the
MP2(FC)/6-31+G(2d,p)//B98/6-31G(d) level of thediable 5.9). The differences between
re andsi attack, AMOSCA values, calculated at the same level of th@othe gas phase and

in chloroform are also listed in Table 5.9.

Table 5.9.MOSCA andAMOSCA valuegin kJ mol*) for systemsb, 5g, 5| and59a

~_ MOSCA MOSCA AMOSCA AMOSCA AMOSCA
Catalyst SeIeS%t|V|ty si re re—si  re—si re — si
“MP2-5"2 “B98"% “MP2-5"* “MP2-5/solv™®

ANy 1.3 312.21 314.08  1.30 1.87 1.83

5b

Ph/\N: $
AN Ph
|

11 32483 32046 -106  -4.36 -6.62
N
5l
O‘ NEt,
20 167  299.02 30008  -0.25 1.07 1.94
N
59a
Et\N“"@ Ph
\/|“%Ph 336.95 33592 -2.88  -1.04 -0.14
N
59

% Levels of theory: “B98”: B98/6-31G(d); “MP2-5": MEFC)/6-31+G(2d,p)//B98/6-31G(d); “MP2-5/solv”:
MP2(FC)/6-31+G(2d,p)//B98/6-31G(d) with PCM/UAHF/RI5-31G(d) solvation energies.
P Selectivitys in the acylative KR of alcohd0 (see Scheme 5.6).

Analysis of the obtained data reveals that the M@S$@Glues for the studied pyridines are
higher than for cinchona alkaloids (a typical rarfge the latter is 180-230 kJ nio)]
indicating that these derivatives are more nuclémpiThe 3,4-diaminopyridine derivatives
5b, 51 and5g have higher MOSCA values than the Spivey’s cat&i9s, in accordance with

experimentally observed higher catalytic activity these derivatives. The differences
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betweernre andsi attack, AMOSCA values, are for studied pyridines generallydr than for
cinchona alkaloids (2—9 kJ mibfor latter). It may be attributed to the largestdnce between
the chirality element and the nucleophilic centerDMAP derivatives as compared to
cinchona alkaloids. The largeSMOSCA value, obtained for the camphor derivatVé¢-4.4

kJ molY), is inconsistent with the lower selectivity ofgttatalyst in KR of alcoholsE& 1.3).
As can be seen from Table 5.9, generAlOSCA values fail to correlate with experimental
selectivities. Addition of the solvent effects aCM/UAHF/RHF/6-31G(d) level does not
improve the correlation. Notably, the quasienangdmderivative$b and5l (in cyclohexane

ring) have opposite signs of the MOSCA values.

5.4.3 Conformational analysis of transition states

Conformational preferences of the transition statege been shown to play an important role
for the enantiodiscrimination in the KR of alcohalstalyzed by derivatives of the Spivey’s
catalyst59a Classification of the selectivity-determining T#go four types (see Scheme
5.2) was very helpful for the conformational seardince alcohols with different
configuration prefer different directions to apprbahe reaction center. namely typdor
(R)-alcohol and typed andlll for (S-alcohol are more relevant than other typgfd={gure
5.9). We envisioned that similar preferences cqeédsist by using achiral alcohol, such as
tert-butanol employed in Chapter 2 for the TS calcatsi Conformational analysis of
transition states presented here would then beyapractical approach since it would allow
prediction both of catalytic activity and stere@sivity of the chiral pyridine derivatives.
Through analysis of the optimized geometries afiditzon states of the acetylation catalyzed
by chiral 3,4-diaminopyridines, we fouridat all conformers can be classified into the four
structural types as shown in Scheme 6f&¢theme 5.2). Generally speaking, the carboxylate
group is bonded to the left or right side of theigipe ring by weak hydrogen bonding and
the alcohol approaches the reaction centre eitioen the front face or the back face of the
pyridine ring. Figure 5.16 shows a pictorial repr@ation of the relative enthalpies of the
conformers of transition states with the parentvd¢ive 5b (in “frozen TS” and “optimized
TS” models).
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Scheme 5.8The classified conformer types of transition statéh 3,4-diaminopyridines.

As mentioned in Chapter 2, the transition statesypésll andIV with acetate pointing
towards the 3N-substituent are systematically msieble than TSs of typels and Ill .
Analysis of Figures 5.16 and 5.17 reveals, thaizén” and “optimized” TSs have very close
relative enthalpies. Since the conformational spafcdrozen” TSs has been studied more
extensively than “optimized” TSs, only the “frozeSs enthalpies will be discussed in
following. The plots obtained at B98 and MP2-5 levare similar, except a larger spread of
relative enthalpies calculated at MP2-5 level, ptip due to the overestimation of the

dispersion interactions by the MP2 meth84.

5b ts 5b_ts
16 - 24 -
] 3
* 22
] ] o
= 14 A, 20 | . ‘e \V_frozen |
,,,,,,,,,,, 1 |
% . . A . ‘& IV_frozen i < 18] | IIl_frozen ;
| |
= . :0 _frozen % 16 | L A ll_frozen |
9’ 10 1 _ 'Allfrozen | = 4] a le |_frozen i
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g ¢ 30 | frozen | N ] N :o IV_optimized |
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Figure 5.16.Relative enthalpies (in kJ mYlof conformers of TSs with catalysb, as
calculated at B98/6-31G(d) (left) and at MP2(FC3l6-G(2d,p)//B98/6-31G(d) level (right).
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The enthalpy difference between TSs of typeandIV, which is chosen as a guideline for
the design of stereoselective catalysts, is retbtilow for the studied pyridines: 2.5 kJ ol
for catalyst5b and 4.3 kJ mdl for dibenzyl substituted derivativek (as calculated at
MP2(FC)/6-31+G(2d,p)//B98/6-31G(d) level). The exlfy differences calculated at B98/6-
31G(d) level are even lower (Figure 5.17). It isaccordance with poor selectivity of the
catalystsb in the KR of alcohols.
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Figure 5.17.Relative enthalpies (in kJ mYlof conformers of TSs with catalysk, as
calculated at B98/6-31G(d) (left) and at MP2(FC386~G(2d,p)//B98/6-31G(d) level (right).

The enthalpy difference between TSs of tyjpeandIV for the camphor derivativél is also
low (2.5 kJ mof), when calculated at B98/6-31G(d) level, but beesmsiightly higher (5.5 kJ
mol ™) and changes the sign, when calculated at MP26F&E+G(2d,p)//B98/6-31G(d) level
(Figure 5.18). This catalyst also displays pooestlity in the KR ofsecalcohol 60. The
triazolyl derivative5j also has low enthalpy difference betwdleandlV (see Figure A5.3 in
the Appendix).
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Figure 5.18.Relative enthalpies (in kJ mblof conformers of TSs with catalyst, as
calculated at B98/6-31G(d) (left) and at MP2(FC3l6-G(2d,p)//B98/6-31G(d) level (right).

For the design of new chiral catalysts, the campleoivative5l has been chosen as a general

framework for several reasons: 1) it has a rigrddtire, which narrows its conformational

space; 2) the enthalpy difference between TSsméstt andlIV is the largest among the

studied 3,4-diaminopyridines (5.5 kJ ilpl 3) the camphor derivatives can be obtained as

single diastereomers, whereas derivatives of thalysh5b are obtained as racemates and

further resolution to enantiomers is required.

Figure 5.19.Structures of the most stable conformers of TSk vatalysbtl.
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Through analysis of the best TSs conformers faalgsitt5| (Figure 5.19), we envisioned that
the introduction of thenetasubstituents in the phenyl group in 3N-positionudoshield one
of the pyridine ring sides, what can lead to thbagiwed stereoselectivity in KR of alcohols.
Since the synthetic route & allows introduction of thenetasubstituents into both phenyl
groups at the same time, two catalystdle and5I-Ph with metamethyl and phenyl groups,
respectively, were proposed. The relative acetytaiand activation enthalpies for these

derivatives, as well as for parent catalysttsand5I, are collected in Table 5.10.

Table 5.10.Relative acetylatiolH,. and activatiom\Ha¢ enthalpies (in kJ md) calculated
in the gas phase and in chloroform for chiral 3glxdnopyridines.

R R
X DHqe S
LN/ ' (Zj ‘N/ ' g\?j
oA oA~
eIVl BNl
N NoHO O N NoHO O
o//L\ o= o%\ "o
0 [ AHac [kJ mol'] @ AHac[kJ mol*] @
Catalyst 12 MmN
aralys gas CHdJ gas CHG
Et‘N“"O
@&Et 18 -119.6 -85.2 -59.17 -49.99
\N
5b
Ph/\l\ljﬁ
(\vaph 138 -123.0 -75.4 -62.88 -41.41

v ¢©\ 131.6 778 -63.65 3831
g ' 1143 69.3 3694  -33.60

5l-Ph
& Levels of theory: gas phase: MP2(FC)/6-31+G(2(B88/6-31G(d);
CHClz: MP2(FC)/6-31+G(2d,p)//B98/6-31G(d) with PCM/UAHEAF/6-31G(d) solvation energies.
P Reaction half-lives of the benchmark reaction (Seere 2.7).
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Inspection of the obtained data reveals that botipgsed derivatives should still be quite
catalytically active in acylation reactions. Thespkl substituted derivativel-Ph is predicted
to be less active than the par&htThe methyl substitutedl-Me has less negative activation
enthalpy than the catalyst, when solvation effects in chloroform are includédt lower
acetylation and activation enthalpies in the gaasph Therefore this derivative would have
comparable catalytic activity in chloroform, andpably more effective thall in less polar
solvents like toluene. Analysis of the enthalpyetiénces between TSs of tydésandIV for
both derivatives (Figure 5.20) reveals that caledaat B98/6-31G(d) enthalpy differences
are lower than for parent catalyst (cf Figure 5.18), whereas the values calculated at
MP2(FC)/6-31+G(2d,p)//B98/6-31G(d) level are slightigher (6 kJ mét for 51-Me and 9
kJ mol* for 5I-Ph).
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Figure 5.20.Relative enthalpies (in kJ mblof conformers of TSs with catalysiéMe and
5I-Ph, as calculated at B98/6-31G(d) (left) and at MR2(B-31+G(2d,p)//B98/6-31G(d)
level (right) (model “optimized transition states”)

On the basis of computational results the methlysstuted derivativél-Me was then chosen
as potentially more active and selective catalydte synthesis of this derivative was
straightforwardly carried out by employing 3,5-dimgbenzoyl chloride as acylation reagent
in the first step (Scheme 5.9), which was syntlegsizom the commercially available 3,5-
dimethylbenzoic acid. Subsequent reduction of tnéda groups by LIAIH/AICI; gives the
final product5I-Me in 40 % yield.
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o]
H 3,5-diMePhCOCI ﬁ AICl3, THF, rt, 45 min
N pyridine N LiAIH,,0 C, 1 h N
NS MW, 150 T, 60 min N rt,12 h N
1 \ / - | | X
H Z O
N Z
N
34 72

44% 40% 5l-Me

Scheme 5.9Synthesis of the catalyst-Me.

The new derivativésl-Me was then tested in the benchmark acetylation ima¢6cheme
5.10), whereas the reaction proceeded to full cmiwme. The catalyshl-Me was surprisingly
two times more active than the parent camphor dbvie 5. This is in contrast to less
negative activation enthalpy f&f-Me, but in accordance with the slightly higher stigypibf

the acetylpyridinium cation (Table 5.10). The KR s&calcohol 60, carried outwith 0.5
mol% of catalystl-Me, displays slightly higher level of selectivitg € 1.7) than with the
parent derivativebl (Scheme 5.10). This implies that the proposed agmgbr based on TS
conformational analysis can be used for the desfgmew chiral catalysts. However, further
optimization of the substitution pattern 6f derivatives is necessary in order to get more

selective catalyst.

J\ t1o = 138 min typ = 64 min
OO% 10 mol% catalyst o o= "
Ac,0, NEt O/
FEY 3o
oo
| P | P

OH

OH o' SOR g 5-Me
2 eq (iPrC0),0 o) )
3 eq NEt3 OO ;
0.5 mol % catalyst OO * bos= 13 s=1.7

toluene, -78 C, 3 h
(rac)-60 (R)-62 (S)-60

Scheme 5.10Benchmark kinetics of alcohB8baacetylation and kinetic resolution of alcohol
60 catalyzed byl and5I-Me.
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5.5 Conclusions

Similar to acylation reactions with achiral catatys(PPY), the commonly accepted
nucleophilic mechanism is more favorable than tbeegal base mechanism for the reaction
of 1-(1-naphthyl)ethanolbQ) with isobutyric anhydride, catalysed by chiralatgst59a The
identified TS models in the selectivity-determinisigp can be classified into four types and
reveal that alcohols with different configuratiorefer different directions to approach the
reaction center. The key TS model is applied tos#ectivity rationalization and is helpful
for the catalyst design, thus selectivities of salvaew catalysts are predicted theoretically
and then examined experimentally, showing goodeagesmt with computations. Less time-
consuming models for selectivity prediction, based prochiral probe approach and TSs

conformational analysis, are also attempted.
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Conclusions

Summary and General Conclusions

(1) A theoretical and experimental study of theudinre-reactivity relationship of alcohol
acetylation catalyzed by pyridine derivatives hagerb performed. Several 3,4-
diaminopyridines were synthesized and their catalgctivity was elucidated in the
benchmark acetylation reaction. The performancehef ground state and transition state
models for the catalytic activity prediction of tte¥ge variety of pyridine catalysts has been
analyzed, based on the correlation with relativetyation rates. Using the combined
MP2(FC)/6-31+G(2d,p)//B98/6-31G(d) level with inslan of solvent effects at
PCM/UAHF/RHF/6-31G(d) level for the calculation dlative acetylation enthalpies gives
systematically better correlation with the catalyctivities than at the B3LYP level of theory
(Scheme 6.1b). Even though the quality of the d¢atice is moderate, separate correlations of
better fidelity exist for each of the catalyst féigs.

20
N
N @ Q ¢ 4-aminopyridines

e o ®) ---- R'=09652

N a
07 @ b Tl R N ®  34-diaminopyridines
. R'=0.9636

AH, [ kJ mol

-40

-50

(@) (b)

Scheme 6.1(a) Correlation between relative activation elgigs and relative reaction rates.
(b) Comparison of different models for the predintdf catalytic activity.

Activation enthalpies (calculated at the same l|efetheory) give much better correlation
with relative acylation ratesR{ = 0.96 in each family) and can be used for thecipee
prediction of catalyst activity (Scheme 6.1a). Maeiation of the solvation model has a small

influence on the overall correlation, but worsedres ¢orrelation in each catalysts family.

(2) The ground state modelg. acetylation enthalpy calculations, has been appiethe
design of photoswitchable pyridines as well as glaihiral aminopyridine derivatives,

containing paracyclophane or ferrocenyl substitsiefihe model systentiazal anddiaza2
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Conclusions

containing differenpara-substituents X were studied computationally (Sobhén2a). These
systems were found to be potentially photoswitobabince they have different acetylation
enthalpies in theis andtrans states. The largest effects on the acetylatiohadpies were
observed for thep-cyano substituted derivatives, which have eletétas interactions
between CN and COGHyroups in acetylatedis-derivatives (Scheme 6.2b). However, these
effects are mainly electrostatic in nature. In orte further increase these effects, the
azobenzene moiety should be directly introduced the 5-position of the pyridine ring
(Scheme 6.2c).

N ‘ ,
diazal:R=H ‘zsspm__Au/J"//’J D

. ¥ \
diaza2: R= Ph 281 pmw‘/‘ .
X = H, CN, OMe 5

(a) (b) (c)

Scheme 6.2The studied photoswitchable pyridingisazal anddiaza2 (a) with the structure
of the most stable conformer of the acetylatedlgsttais-p-cyanodiaza?2 (b). The suggested
3,4-diamino-5-azobenzene pyridine derivatives (c).

The relative acetylation enthalpiadd,. for a series of 3-paracyclophane-4-aminopyridines
show that the paracyclophane substituent decredles relative stability of the
acetylpyridinium cation (Scheme 6.3a), whereasath@le group in the pseudwtho position
significantly lowers the acetylation enthalpy. Aysas of the relative acetylation enthalpies
AHy for a series of ferrocenylpyridines shows, that #i-sulfoxidoferrocenyl group is a
weak electron-donating substituent (Scheme 6.3lreMpotent catalysts, which contain a
2’-sulfoxidoferrocenyl group inmetaand dialkylamino group ipara positions, have much
lower acetylation enthalpies and are expected tchighly active catalysts in acylation
reactions. In summary, the studied planar chirtdlgsts are predicted to be active enough to
catalyze the KR of alcohols. The additional elestimtic interactions between the sulfoxide
oxygen and the neighbouring hydrogens observed thier acetylated species can be

advantageous for the chiral recognition of alcar@ntiomers (Scheme 6.3c).
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Scheme 6.3Studied planar-chiral aminopyridine derivativesntaining paracyclophane (a)
or ferrocenyl (b) substituents. Conformational gsisl shows electrostatic interactions
between the sulfoxide oxygen and the neighborirdydgens (c).

(3) The design of a new class of acylation catalygt-aminopyridin-3-yl)-(thio)ureas, has
been described in Chapter 4. Achiral (4-aminopwyrigliyl)-(thio)ureas were shown to have a
moderate activity in the alcohol acylation. Theadhd data show that the derivatives with a
cyclohexane bridge are generally more catalyticadifive than the catalysts with an ethylene
bridge. Derivatives containing the 3,5-bis-(triffomethyl)phenyl group in the (thio)urea
moiety (Scheme 6.4a) are the most active catabsisng the new systems. The enhanced
activity has been explained by the increased acimfitthe NH hydrogen of the (thio)urea
group due to the electron withdrawing charactertlod 3,5-bis-(trifluoromethyl)phenyl
substituent. The X-ray analysis and concentratigpeddent NMR measurements indicate a
hydrogen bonding interaction between the NH hydnogied the pyridine nitrogen. However,
catalyst aggregation does not influence the reactaies of the catalyzed acetylation of

alcohols.

(a) Achiral catalysts (b) Chiral catalysts R

O
H2N N
e yo o= (Y'Y
X —_— ~Z HN Ph
SN N\( MeOOC E— N
| N\©/CF3 (S)-aminoacid HO Ar

I~ -
N" H methylester Ar
Ar = Ph, Naphthyl

CF3
1 eq (iPrCO),0 iPr
or O
Ry 3 eq NEt3 Rl\\° |
_—
~ k, ©

Ry 0.5-1 % catalyst
solvent

catllur3: X =0 ty, =260 min
catllurd:X=S ty; =330 min
8h,-78T

OH
OH_= (@) Ar
= 10 mol% catalyst o~ o O: \[]/
—_—
Ac0, NEt3 OO OHO

36a CDCl3, RT o Ar = 4-NMe,CgHy

racemic

C{%
AN

alcl:supto4.9 alc3:supto5.4

Scheme 6.4(a) The most catalytically active achiral (4-aopgridin-3-yl)-(thio)ureas.
(b) Application of the chiral derivatives to the KiRsecalcohols.
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Conclusions

The chiral (4-aminopyridin-3-yl)-ureas have beeaparred via a modular strategy from easily
accessible amino acids (Scheme 6.4b). The potesftiaéwly synthesized chiral derivatives
was explored in the kinetic resolution (KR) of seesecondary alcohols. The best
selectivities were obtained with phenylalanine-geali catalysts containing a diarylcarbinol
group. Even though the selectivity values are matgeithe modular design allows variation
of the urea substituents for further catalyst invpraent.

(4) Similar to acylation reactions with achiral algsts PPY), the commonly accepted
nucleophilic mechanism is more favorable than tbeegal base mechanism for the reaction
of 1-(1-naphthyl)ethanol with isobutyric anhydrideatalyzed by the chiral cataly$9a
(Scheme 6.5a). The identified TS models in thecsigiey-determining step can be classified
into four types and reveal that alcohols with dife configuration prefer different directions
to approach the reaction center (Scheme 6.5b).k&pdS model is applied to the selectivity
rationalization and is helpful for the catalystides thus selectivities of several new catalysts
are predicted theoretically and then examined eéxyatally, showing good agreement with
computations (Scheme 6.5c). Less time-consumingefsofbr the selectivity prediction,
based on the prochiral probe approach and TSs oafmnal analysis, were also attempted.
However, these models did not give a good coraatrith experimental selectivities.

Ph Pz
N
PPY 59 - oy
NEt,
0y W
NR, i_PrYO: i-Pr (0]
R N ,O o
‘ _ H H H
N ‘:
i .00
=< )
© I'F'ji—/F'r

rate-determining step selectivity-determining step

59h s=43
————

@ (b) ©

Scheme 6.5The rate-limiting (a) and selectivity-determinifig) steps of the nucleophilic
pathway for the isobutyrylation of 1-(1-naphthyhamhol; the key TS model was used to
design the new highly selective catalysts for thedf alcohols (c).
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7. Experimental part
General information

All air and water sensitive manipulations were iealout under a nitrogen atmosphere using
standard Schlenk techniques. Schlenk flasks weeel dn the oven at 120 °C for at least 12
hours prior to use and then assembled quickly wsiilé hot, cooled under nitrogen and
sealed with a rubber septum. All commercial chetaiogere of reagent grade and were used
as received unless otherwise noted..Cll THF and CDC were refluxed for at least one
hour over Cakland subsequently distilled. Acetic and isobutymtydride were stirred for
one hour over KCO; and then distilled*H and**C NMR spectra were recorded on Varian
300 or Varian INOVA 400 machines at ambient tempeea All *H chemical shifts are
reported in ppmd) relative to CDGJ (7.26); *3C chemical shifts are reported in pp#) (
relative to CDG (77.16)."H NMR kinetic data were measured on a Varian Mer@@0 at

23 °C. HRMS spectra (ESI-MS) were carried out usaagrhermo Finnigan LTQ FT
instrument. IR spectra were measured on a PerkimeEFT-IR BX spectrometer mounting
ATR technology. Analytical TLC were carried out ngialuminium sheets silica gel Si 60

Fosa
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Chapter 2: Experimental details

E1l.1 Synthesis of 3,4-diaminopyridine catalysts.

NH, HN

A NH2 a, b ; c d N
=

N

31c 2 L
| A N_R | X N\/R
e, f
l N/ N/
N R? 5c:R?= Et, 58 % 5f: R - Ph, 66 %
.pl_ 0
| > 5d: R?= N-CsHyq, 58 % 50: R* = Ph,CH, 74 %

N
5e: RZ=iPr, 34 %

Scheme E1.1Synthesis of 3,4-diaminopyridine catalysts: a}dy@lohexanedione, EtOH, 70
°C, 5 h, 90 %; b) LiAIH, THF, -40 °C, 30 min -> RT, 32 h, 79 %,; c)&; NEt, CH,Cl,, 5
mol% PPY, 96 %; d) AIGl THF, RT, 45 min -> LiAIH, 0 °C, 1 h -> rf, 8h, 60 %; €)
(R*CO)0, pyridine, MW, 170 °C, 10 min, 60-86 %; f) ACITHF, RT, 45 min -> LiAlH, O
°C, 1 h -> rf, 8h, 50-75 %; g) 'ROCI, pyridine, MW, 170 °C, 60 min, 98 %; h) glydxa
EtOH, 70 °C, 2 h, 88 %; i) NaBHEtOH, 40 °C, 15 h, 50 %.

General procedure | for the acylation of compound$8la and 31b.

1.0 mmol3laor 31b, 1.0 mL of dry pyridine and 4.0 mmol acyl anhya¥igr acyl chloride)
were placed into a 10 mL microwave vessel. Theti@awessel was sealed with a septum
and placed into the microwave cavity. The corregpanprogram (250 W, 100% air-cooling,
170 °C, 20 min) was started. After cooling, thectea mixture was quenched with MeOH.
2M NaOH solution (10 mL) was added. The aqueousrlayas extracted with G&l, (3 x

20 mL) and dried over MgSOThe crude product was purified by flash-chromedpgy on
SiO,.
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(rac)-(5-Benzoyl-5a,6,7,8,9,9a-hexahydro-5H-pyrido[3,8}quinoxalin-10-yl)-phenyl-

methanone

10
ot

N

Benzoyl chloride was used for the acylation of drem8la The crude product was purified
by flash-chromatography on SiQwith EtOAc/CHC} (1:3) as eluent to afford 58% of

product.

'H NMR (600 MHz, CDCY) § 7.89 (d,*J = 5.4, 1H), 7.82 (s, 1H), 7.51 — 7.44 (m, 4H) 27-4
7.31 (m, 6H), 6.50 (J = 5.4 Hz, 1H), 5.01 — 4.98 (m, 1H), 4.95 (m, 1HP3 (s, 1H), 1.78
(m, 3H), 1.35 - 1.50 (m, 4H).

3% NMR (151 MHz, CDGJ) 6 169.77, 169.32, 147.11, 145.51, 140.79, 135.08,.8113
131.34, 130.77, 129.68, 128.62, 128.51, 128.31,12819.03, 56.51, 56.48, 27.77, 27.56,
21.35, 21.26.

HRMS (EI):mvz caled for GsH230.N3 [M™]: 397.1790; found: 397.17609.

(rac)-1,1'-(5a,6,7,8,9,9a-hexahydropyrido[3,4-b]guinoXdae-5,10-diyl)bis(hexan-1-one)
o)

CsHim N
N__CsHi1

AN
|/T
N

O

Hexanoic anhydride was used for the acylation @fmiine 31a The crude product was
purified by flash-chromatography on Si@ith EtOAc/hexane (1:1) as eluent to afford 86 %

of product.

Rt = 0.2 (isohexane/EtOAC/NE;t10:1:1).

'H NMR (300 MHz, CDG}) & 8.46 (s, 1H), 8.37 (d = 5.3 Hz, 1H), 7.22 (d] = 5.3 Hz, 1H),
4.89 — 4.76 (m, 1H), 4.76 — 4.65 (m, 1H), 2.59 442(m, 2H), 2.42 — 2.24 (m, 2H), 1.69 —
1.44 (m, 8H), 1.40 — 1.25 (m, 4H), 1.25 — 1.09 &), 0.79 (g,) = 6.8 Hz, 6H).
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¥C NMR (75 MHz, CDC}) 5 171.89, 171.83, 147.06, 146.91, 141.64, 130.89,601. 55.71,
55.07, 34.63, 34.26, 31.25, 31.23, 28.37, 28.18172525.14, 22.32, 22.30, 21.65, 21.50,
13.81, 13.80.

IR (neat): 2954 (m), 2930 (s), 2859 (M), 1662 (IHP5 (m), 1564 (w), 1495 (m), 1452 (w),
1421 (m), 1383 (m), 1331 (m), 1291 (m), 1244 (n1)94 (m), 1169 (m), 1138 (vw), 1113
(w), 1071 (w), 988 (vw), 920 (vw), 836 (w), 753 (W)32 (w), 666 (vw), 645 (vw) cth
HRMS (EI): mVz calcd for GsHss0,N3 [M™]: 385.2729; found: 385.2728.

(rac)-(5-ethyl-5a,6,7,8,9,9a-hexahydropyrido[3,4-b]quioxalin-10(5H)-
yl)(phenyl)methanone

/\N
Y
) 3

N

Benzoyl chloride was used for the acylation of andfb. The crude product was purified by
flash-chromatography on Sj@vith EtOAC/TEA (10:1) as eluent to afford 98% a@btwn oil.

'H NMR (600 MHz, CDCY) & 7.92 (d,J = 5.8 Hz, 1H), 7.54 (br s, 1H), 7.38 — 7.29 (m)3H
7.29 — 7.22 (m, 2H), 6.59 (d,= 5.9 Hz, 1H), 4.68 (br s, 1H), 3.68 (br s, 1HEB(dq,>J =
7.1 Hz,%3 = 14.5 Hz, 1H), 3.34 (ddJ = 7.0 Hz,2J = 14.3 Hz, 1H), 2.21 (dl = 15.1 Hz, 1H),
1.78 — 1.70 (m, 2H), 1.53 (s, 1H), 1.49 — 1.39 2i), 1.37 — 1.24 (m, 2H), 1.20 f = 7.1
Hz, 3H).

¥C NMR (151 MHz, CDGJ) & 146.09, 145.59, 143.80, 135.31, 130.37, 128.38,4H)
53.57, 39.65, 28.40, 25.59, 24.56, 18.76, 12.09.

HRMS (EI): mvz calcd for GgH24N30 [M+H]™: 322.1919; found: 322.1905.

(rac)-1-(5-ethyl-5a,6,7,8,9,9a-hexahydropyrido[3,4-b]gnoxalin-10(5H)-yl)-2,2-
diphenylethanone
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Diphenylacetyl chloride was used for the acylat@namine 31b. The crude product was
purified by flash-chromatography on Si@ith EtOAC/TEA (10:1) as eluent to afford 98% of
product.

'H NMR (600 MHz, CDC}) § 8.14 — 8.03 (m, 2H), 7.37 (d,= 7.5 Hz, 2H), 7.32 () = 7.7
Hz, 2H), 7.29 — 7.21 (m, 2H), 7.18 — 7.08 (m, 26194 (d,J = 6.9 Hz, 2H), 6.51 (d] = 5.7
Hz, 1H), 5.57 (s, 1H), 4.89 (d,= 12.7 Hz, 1H), 3.51 — 3.38 (m, 1H), 3.35 (s, 131 — 3.08
(m, 1H), 2.09 (dJ = 15.1 Hz, 1H), 1.69 (dl = 12.7 Hz, 1H), 1.59 (dl = 11.4 Hz, 1H), 1.49
(t,J=14.4 Hz, 1H), 1.44 - 1.32 (m, 2H), 1.20 — 1.64 2H), 0.98 (t,J = 7.0 Hz, 3H).

¥C NMR (151 MHz, CDGJ) & 171.38, 147.39, 145.30, 145.05, 139.03, 138.98,912
128.88, 128.86, 128.77, 128.55, 128.39, 128.34,0127126.92, 120.81, 106.43, 53.97, 53.12,
49.30, 39.48, 28.02, 25.57, 24.59, 18.75, 11.92.

HRMS (EI):mvz calcd for G/H3oNz0 [M+H]": 412.2389; found: 412.2375.
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General procedure Il for the reduction of amide inermediates!?®!

AICI3 (1.3 eq per each amide bond) was suspended inLIDHF at r.t. After stirring for 30
min, the mixture was cooled to 0 °C and LiAlE2.2 eq per each amide bond) was added in
small portions. The mixture was stirred for 15 naimd then amide intermediate (1 eq, 1
mmol) was added. The reaction mixture was stirogdLfh at O °C and then refluxed for 8 h.
After cooling down to r.t. the reaction mixture wpsured into ice water. The inorganic
precipitate was filtered off and washed with L4 (10 mL). The aqueous layer was made
basic with NaOH solution to pH 12 and extractechv@t,Cl, (3 x 10 mL). Organic layers
were combined and dried over Mg&OThe crude product was purified by flash-

chromatography on SO

(rac)-5,10-Dibenzyl-5,5a,6,7,8,9,9a,10-octahydro-pyrifi® 4-bJquinoxaline, 5k

Ph” N” ;
" N-UPh
»

N

The crude product was purified by flash-chromatphyaon SiQ with EtOAc/MeOH (10:1)
as eluent to afford 63% of product as oil.

'H NMR (600 MHz, CDCY) § 7.71 (d,*J = 5.5, 1H), 7.69 (s, 1H), 7.37 — 7.29 (m, 6H),77-2
7.21 (m, 4H), 6.34 (£ = 5.5, 1H), 4.67 (d) = 17.1, 1H), 4.65 (d] = 16.5, 1H), 4.42 (d] =
17.1, 1H), 4.31 (dJ = 16.5, 1H), 3.56 (br s, 1H), 3.45 (br s, 1H),91-91.90 (m, 1H), 1.89 —
1.82 (m, 1H), 1.66 — 1.48 (m, 3H), 1.36 — 1.21 Bir).

13C NMR (151 MHz, CDG)) § 140.91, 138.49, 137.65, 133.25, 131.25, 128.63.6I2
127.06, 126.89, 126.86, 126.60, 105.50, 60.37,0650.99, 29.68, 27.63, 26.87, 21.03.
HRMS (EI):mVz calcd for GsH27N3 [M]: 369.2205; found: 369.2203.

(rac)-5,10-dihexyl-5,5a,6,7,8,9,9a,10-octahydropyridof&-b]quinoxaline, 5d

PN

CsHim N

N N\/CSHll

P
N
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The crude product was purified by flash-chromatpgyaon SiQ with EtOAc/NEg (10:1) as
eluent to afford 58% of product as off-white sokidh m.p. 34.8-37.0 °C.

Rt = 0.4 (basic aluminium oxideshexane/NE 10:1).

'H NMR (300 MHz, CDCJ) & 7.75 (d,J = 5.5, 1H), 7.70 (s, 1H), 6.32 (@= 5.5, 1H), 3.45 —
3.30 (m, 3H), 3.30 — 3.23 (m, 1H), 3.16 — 2.98 2id), 1.97 — 1.74 (m, 2H), 1.72 — 1.47 (m,
8H), 1.46 — 1.22 (m, 14H), 1.01 — 0.86 (@ 4.8, 6H).

13C NMR (75 MHz, CDCJ) § 140.73, 140.12, 132.01, 130.83, 104.39, 56.48%317.31,
46.89, 31.68, 31.63, 27.57, 27.21, 26.89, 26.8BL&5.34, 22.76, 22.68, 22.64, 21.81,
14.03, 14.01.

IR (neat): 3029 (vw), 2927 (s), 2855 (s), 2178 (V918 (w), 1579 (vs), 1554 (m), 1512 (vs),
1486 (w), 1459 (m), 1445 (m), 1430 (w), 1407 (Wd63 (m), 1319 (m), 1300 (m), 1265 (s),
1248 (s), 1217 (m), 1191 (m), 1157 (w), 1115 (W)94 (m), 1074 (m), 1058 (w), 1040 (w),
1021 (w), 964 (w), 927 (w), 875 (w), 838 (w), 7%},(749 (m), 727 (vs), 695 (w), 659 (w),
639 (W) cn.

HRMS (EI): mVz calcd for GsHsgN3 [M*]: 357.3144; found: 357.3141.

(rac)-10-benzyl-5-ethyl-5,5a,6,7,8,9,9a,10-octahydropyo[3,4-b]quinoxaline, 5f

e
N N\/Ph

b7
N

The crude product was purified by flash-chromatphgyaon SiQ with EtOAc/NEg (20:1) as
eluent to afford 66% of product as oil.

'H NMR (300 MHz, CDC)) § 7.80 (d,2J = 5.5, 1H), 7.63 (s, 1H), 7.35 — 7.28 (m, 4H),77-2
7.20 (m, 1H), 6.44 () = 5.5, 1H), 4.58 (fJ = 16.4, 1H), 4.28 (FJ = 16.4, 1H), 3.61 —
3.45 (m, 2H), 3.39 — 3.22 (m, 2H), 2.13 — 1.94 {id), 1.84 — 1.47 (m, 5H), 1.46 — 1.25 (m,
2H), 1.20 (33 = 7.1, 3H).

3C NMR (75 MHz, CDCJ) § 140.87, 140.79, 138.49, 132.93, 131.21, 128.66,912
126.89, 104.69, 55.82, 54.72, 54.69, 52.26, 4@8Q,7, 26.37, 22.81, 21.73, 11.44.

IR (neat): 2928 (m), 2855 (w), 1581 (m), 1553 (4§14 (s), 1494 (w), 1452 (m), 1353 (m),
1266 (m), 1246 (m), 1191 (m), 1095 (m), 1079 (nORA (w), 972 (w), 801 (s), 729 (s) ¢m
HRMS (EI): mvz calcd for GoH2¢N3 [M+H]™: 308.2127; found: 308.2112.
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(rac)-10-(2,2-diphenylethyl)-5-ethyl-5,5a,6,7,8,9,9a,ddctahydropyrido[3,4-

b]quinoxaline, 5g

The crude product was purified by flash-chromatpbgyaon SiQ with EtOAC/TEA (20:1) as
eluent to afford 92% of product (95% purity). Colunchromatography on basic 8k
(Brockmann IIl) with EtOAc/hexanes (1:2) as elugatve 74% vyield of pure product.

IR (neat): 2931 (m), 1580 (m), 1554 (w), 1514 (%50 (w), 1362 (w), 1269 (w), 1242 (w),
1098 (w), 955 (vw), 803 (vw), 699 (m).

'H NMR (300 MHz, CDCJ) § 7.81 (d,J = 5.5, 1H), 7.71 (s, 1H), 7.37 — 7.30 (m, 4H),07-3
7.16 (m, 6H), 6.46 (d) = 5.6, 1H), 4.46 (dd) = 4.7, 10.3, 1H), 4.04 (dd,= 4.8, 14.2, 1H),
3.64 (dd,J = 10.3, 14.2, 1H), 3.50 (d4,= 7.1, 14.2, 1H), 3.18 (dd,= 7.0, 14.1, 1H), 3.00 —
2.91 (m, 1H), 2.73 (dt) = 3.7, 10.6, 1H), 2.05 — 1.92 (m, 1H), 1.74 — 1(AB 2H), 1.47 —
1.12 (m, 5H), 1.08 (] = 7.1, 3H).

¥C NMR (75 MHz, CDCJ)) & 143.23, 142.19, 141.23, 140.04, 131.59, 130.1B.512
128.55, 128.24, 128.03, 126.61, 126.48, 105.3B3%H4.93, 48.02, 39.17, 28.55, 25.55,
24.15, 20.11, 10.60.

HRMS (EI): mvz calcd for G/H3oN3 [M+H]™: 398.2596; found: 398.2583.
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E1.2 Synthesis of camphor derivative 5I.

NH,
N NH2 O a —N —N
+
(" g% . / DaRE Y

32 33b . 33a
lb
Ph 0
I Ph
O o = St
N N \ N N N
/) I
kPh O)\ph HO\ 4
5l 35 34
Scheme E1.2Synthesis of camphor derivatié& a) AcOH, rf, 6 h, 85 %; b) NaBH BHa,
THF, 40 °C, 15 h, 55 %; c) PhCOCI, pyridine, MW 018, 60 min, 64 %; d) AlG] THF,
RT, 45 min -> LiAlH,, 0 °C, 1 h -> rf, 8 h, 55 %.

(6R,9S)-6,11,11-trimethyl-6,7,8,9-tetrahydro-6,9-nthanopyrido[3,4-b]quinoxaline, 33

3,4-diaminopyridine (3.55 g, 33 mmol) ang§-(+)-camphorquinone82 (4.50 g, 27 mmol)
were dissolved in 120 mL acetic acid. The reactnomnture was refluxed for 6 h. After
cooling the reaction mixture to r.t. acetic acidswahstilled off. The residue was neutralized
with aq. NaCO; and extracted with Ci&l, (3 x 40 mL). The organic layers were combined
and washed with ag. NaOs. After drying over MgS® the solvents were removed in
vacuum. The crude product was purified by flasteotatography on Si9Owith EtOAc/iso-
hexane (2:1) as eluent to afford 5.5 g (85%) asidevsolid (mixture of33aand33b in ratio
7:1). After recrystallization from cyclohexane/dhighether mixture (1:1) compour@Ba was
obtained as a white solid with mp 136-138 °C.

[a]p®° = +31.2° (c = 1, CHG).

'H NMR (400 MHz, CDC)) § 9.31 (d,J = 0.7 Hz, 1H), 8.67 (d] = 5.6 Hz, 1H), 7.81 (dd] =
0.8, 5.6 Hz, 1H), 3.07 (d,= 4.5 Hz, 1H, CH), 2.34 — 2.22 (m, 1H, §H2.11 — 1.99 (m, 1H,
CH,), 1.39 (s, 3H, E3), 1.43 — 1.34 (m, 2H, CHl 1.07 (s, 3H, CECCHg), 0.58 (s, 3H,
CH3CCH).
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¥C NMR (101 MHz, CDGJ) & 170.05, 165.48, 152.83, 146.55, 144.86, 136.73,6IR
54.26, 54.11, 53.14, 31.53, 24.33, 20.26, 18.388.9.

IR (neat): 3034 (w), 2956 (s), 2360 (w), 1589 (1H74 (m), 1477 (m), 1434(s), 1403 (s),
1392 (s), 1378 (m), 1355 (s), 1314 (m), 1262 (n®411(m), 1175 (s), 1111 (s), 1076 (s),
1055 (s), 904 (s), 840 (vs), 828 (vs), 726 (s), @I1615 (vs), 600 (vs), 576 chivs).

HRMS (EI):mvz calcd for GsH17N3 [M]: 239.1423; found: 239.1419.

Figure E1.1Representation of thé-ray structure of33a.

(5aS,6R,9S,9aR)-6,11,11-trimethyl-5,5a,6,7,8,9,9%a4ctahydro-6,9-methanopyrido[3,4-

b]quinoxaline, 34

H

N——
Ni |
,_'|\/N

Compound33a (1.53 g, 6.4 mmol) and NaBHO0.49 g, 12.8 mmol) were dissolved in THF
(40 mL) in a 100 mL Schlenk flask, and BAIHF complex (25.6 mL, 25.6 mmol, 1M in
THF) was slowly added at 0 °C. The mixture wagedirfor 1 h at 0 °C and then 15 h at 40
°C. Afterwards, the mixture was quenched with Me9 mL) and stirred for 1 h. 2M
agueous HCI was added and the mixture was stimedrfother 1 h. After neutralization with
2M NaOH (aq) to pH 12, the mixture was extractethv@H.Cl, (3 x 30 mL). After drying
over MgSQ the solvents were distilled off. The crude produas purified by flash-
chromatography on Siwith EtOAc/MeOH/NE$ (20:10:1) as eluent to afford 0.86 g (55%)
as a white solid with mp 195 °C (decomp). Determibg HPLC diastereomeric excess: de =
87 %. Conditions for HPLC: Daicel Chiralpak OD-Hlwmn analytical, hexaniepropanol =
70/30, flow-rate 0.7 mL/min, detection at 254 nn§°Q. Injection volumes: 5-1QL.
Retention times: 9.0 and 9.5 min (minor diasteraginé3.3 min (major).
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'H NMR (400 MHz, CDC}) & 7.69 (s, 1H), 7.69 (d] = 5.2 Hz, 1H), 6.39 (d) = 5.2, 1H),
4.32 (br s, 1H), 3.96 (br s, 1H), 3.47 (d 7.2 Hz, 1H), 3.27 (dd] = 3.6, 7.2, 1H), 1.80 —
1.69 (m, 2H), 1.55 (d] = 8.6 Hz, 1H), 1.17 — 1.03 (M= 10.4 Hz, 2H), 1.00 (s, 3H), 0.99 (s,
3H), 0.82 (s, 3H).

¥C NMR (75 MHz, CDCJ) & 139.94, 138.16, 133.29, 128.45, 107.76, 63.3%&%1.60,
48.59, 47.00, 34.79, 25.37, 22.32, 21.09, 20.5591

IR (neat): 3235 (m), 2949 (s), 2869 (s), 1599 (827 (s), 1477 (m), 1351 (s), 1308 (vs),
1276 (vs), 1234 (m), 1175 (m), 1135 (m), 1105 (0962 (m), 884 (w), 811 (s), 742 (w), 590
cm™® (w).

HRMS (EI): mvz calcd for GsH,1N3 [M*]: 243.1736; found: 243.1733.

((5aS,6R,9S,9aR)-6,11,11-trimethyl-5a,6,7,8,9,9axadydro-6,9-methanopyrido[3,4-
b]quinoxaline-5,10-diyl)bis(phenylmethanone), 35

o§/Ph

N——
O
\
Oékph

Acylation of diamine34 by benzoyl chloride was carried out accordgeneral procedure |
The crude product was purified by flash-chromatpgyaon SiQ with EtOAc/hexanes (1:3)
as eluent to afford 64% (400 mg) 8B as a mixture of diastereomers (de = 70%). Conuitio
for HPLC: Daicel Chiralpak OD-H column analytichkxanefpropanol = 95/5, flow-rate 1.0
mL/min, detection at 254 nm, 25°C. Injection voluam&-10uL. Retention times: 26.0 and
38.5 min (minor diastereomers), 34.1 min (major).

Recrystallization from ether/hexane mixture at 5¢fi@s 190 mg o085 with de = 97% as a
white solid with mp 218-220 °C.

[a]p° = +92.0° (c = 1, CHG).

'H NMR (600 MHz, CDC}) § 7.73 (d,J = 5.5 Hz, 1H), 7.71 (s, 1H), 7.51 — 7.41 (m, 6H),
7.40 — 7.33 (m, 4H), 6.28 (d,= 5.5 Hz, 1H), 5.01 (d] = 10.8 Hz, 1H), 4.74 (d] = 10.8 Hz,
1H), 2.36 (dJ = 4.8 Hz, 1H), 1.99 — 1.90 (m, 1H), 1.71 — 1.61 @), 1.57 — 1.47 (m, 1H),
1.44 — 1.36 (m, 1H), 1.00 (s, 3H), 0.83 (s, 3H}50(s, 3H).
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¥C NMR (151 MHz, CDGJ) & 170.73, 170.48, 147.46, 144.20, 138.91, 135.25,043
131.16, 131.14, 130.39, 128.69, 128.64, 128.60,522828.46, 128.44, 120.09, 68.16, 66.90,
52.49, 51.60, 44.94, 36.19, 27.57, 23.97, 20.989.1

IR (neat): 2957 (w), 1662 (m), 1652 (m), 1576 (509 (w), 1446 (w), 1342 (m), 1318 (m),
1256 (w), 1134 (w), 836 (w), 779 (w), 695 (m)tm

HRMS (EI):mvz calcd for GgH3oNz0, [M+H] *: 452.2338; found: 452.2316.

(5aS,6R,9S,9aR)-5,10-dibenzyl-6,11,11-trimethyl-3%,7,8,9,9a,10-octahydro-6,9-

methanopyrido[3,4-b]quinoxaline, 5I
//Ph
N——
N
kZ\ /:N
Ph

Reduction of compound5 (190 mg)was carried out accordingeneral procedure Il. The
crude product was purified by flash-chromatograpimy SiQ with EtOAC/TEA (40:1) as
eluent to afford 42 % (74 mg) & as off-white oil. Diastereomeric excess determibgd
HPLC: de > 99%.

Conditions for HPLC: Daicel Chiralpak OD-H columnadytical, hexan&/propanol = 70/30,
flow-rate 0.7 mL/min, detection at 254 nm, 25°Cjettion volumes: 5-1QL. Retention

times: 5.8 and 7.4 min (minor diastereomers), 8r0 (major).

[a]p?° = +33.8° (c = 1, CHG).

'H NMR (300 MHz, CDCJ) 6 7.69 (s, 1H), 7.66 (d] = 5.5 Hz, 1H), 7.39 — 7.24 (m, 8H),
7.23 —7.16 (m, 2H), 6.31 (d,= 5.6 Hz, 1H), 4.79 (dd]l = 11.0 Hz,J = 17.5 Hz, 2H), 4.58
(dd,J=8.0HzJ=17.4 Hz, 2H), 3.42 (dd,= 8.0 Hz,J = 18.7 Hz, 2H), 2.13 — 2.05 (m, 1H),
1.85 — 1.71 (m, 1H), 1.62 — 1.49 (m, 1H), 1.28)& 7.1 Hz, 1H), 1.23 — 1.11 (m, 2H), 1.07
(s, 3H), 1.05 (s, 3H), 0.82 (s, 3H).

¥C NMR (75 MHz, CDCJ)) & 139.42, 138.70, 138.09, 137.64, 131.89, 129.08.6R2
126.88, 126.81, 126.53, 126.32, 107.02, 69.41,06458.91, 54.43, 51.31, 48.78, 46.41,
35.96, 25.66, 22.19, 20.62, 14.15.

HRMS (EI): vz calcd for GgHs4N3 [M+H]": 424.2753; found: 424.2734.
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E1.3 General procedure for kinetic measurements.

Three stock solutions were prepared in dry caldatd& mL flasks. Stock solution A: 1.2 M in
acetic anhydride (612.5 mg) and 0.6 M in 1,4-diexaBtock solution B: 1.8 M in NEt
(910.7 mg) and 0.6 M in ethynylcyclohexanol (372§). Stock solution C: 0.06 M in
catalyst (10 mol% relative to alcohol). A nitrogimshed dry NMR tube was filled with
0.2 mL each of stock solution A, B and C. The NMRd was fused with a gas burner and
immediately injected into a Varian Mercury 200 MNMR. FIDs were collected in defined
time intervals and the obtained multiple FiI® NMRs analyzed by integration of the product

peaks with a self-written subroutine using the VNBBtware package (Figure E1.2).
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Figure E1.2."H NMR (200 MHz) spectrum of reaction mixture duritg kinetic
measurement.
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The conversion can either be calculated directiynfithe intensities of reactant and product
peaks, or by using dioxane as an internal standang following two equations for
guantifying the conversion then apply:

with standard:

conv. =_es= 3 60 1)

(I Dioxane /8)
without standard:
I

conv. = Ester 100 (2)
025[6' Ac,0 + IHNEt3OAc + lEster)

Dependence of the conversion vs. timeas fitted by equation (3) for the second-order
reaction kinetics:
conv. :yo[l—zk(t_;t)j 3)

et -1
k = k,[ROH]; (4)
wherek; is a rate-constant of the second-order reactidms a meaning of time axis offset.
With this parameter in the fitting process it's mecessary to measure the starting point of the
reaction exactly. The variabjgallows for rescaling of the conversion axis.

A half-life can be calculated with equation (5):

In15

" itror, ®
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Table E1.1.Catalytic activity of the 3,4-diamino and 4-amiydgdines?

OH 2

10 mol% catalyst

A

0”0 2

Ac,0, NEt;
36a CDCl, 23 T o
catalyst run  ky, I mor*s? Ak, Ci  to,Min typ MiN Aty min
DMAP® 1 2.18E-04 1.39E-06 1.010 -28 155.0 1.7
PPY 1 5.15E-04 5.52E-06 1.082 -28 66.6 1.0
5b 1 1.90E-03 3.03E-05 1.088 -8 17.8 0.3
5f 1 6.35E-04 9.04E-06 1.011 -8 53.2 0.8
5f 2 7.20E-04 1.77E-05 1.070 -8 46.9 1.2
5f 3 7.07E-04 2.04E-06 0.999 -9 47.8 0.1
5f averaged 49.3 1.0
59 1 7.37E-04 4.17E-06 0.953 -22 45.9 0.3
59 2 7.96E-04 1.04E-05 0.997 -15 42.5 0.6
59 averaged 44.2 1.0
5h 35.0 1.0
51 1 2.35E-04 1.12E-06 0.983 -18 143.9 0.7
51 2 2.51E-04 8.71E-07 1.055 -20 134.7 0.5
51 3 2.52E-04 7.10E-07 1.037 -19 133.9 0.4
51 averaged 137.5 2.0
5k 1 2.99E-04 1.44E-06 0.911 -60 112.9 0.5
5k 2 2.78E-04 2.17E-06 1.043 -17 121.5 0.9
5k 3 2.96E-04 8.84E-07 1.052 -21 114.0 0.3
5k averaged 116.1 2.0
5d 1 1.90E-03 2.41E-05 1.015 -8 17.8 0.2
5d 2 1.70E-03 3.70E-05 1.087 -9 19.9 0.4
5d averaged 18.8 0.5

& Conditions: 0.2 M alcohol, 2.0 equiv of A2, 3.0 equiv of NE{ 0.1 equiv catalyst, CDgl
23.0+1.0 °C.
P Data from ref. 26c.
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Fitted conversion plots.
Fitting parameters:

ka = k,[ROH],, wherek; is the rate-constant of the second-order reaction;

tOhas a meaning of time axis offs&tiQ equation 3);
y0 allows rescaling of the conversion axigiq equation 3).

Catalyst 5b
—— Secondorder (User) Fit of conversion

100
: Equation y = y0*(1-1/(2*exp(ka*(t-t0))-1))
) Adj. R-Square 0.99639
80 Value Standard Error
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= 60
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Table E1.2.Kinetic measurements with 5 mol% of the catafgt

OH_— J\
= 5 mol% catalyst SR 4
Ac,0, NEt,
CDCl;, RT
36a 3 36b
catalyst run ko, I mol*s? Aky Ci  to,min tyy, min Aty min
5d 1 8.23E-04 2.89E-06 1.018 -8 41.1 0.5
5d 2 8.90E-04 3.04E-06 1.024 -8 38.0 0.5
5d averaged 40.0 0.7
& Conditions: 0.2 M alcohol, 2.0 equiv of A2, 3.0 equiv of NEt 0.05 equiv catalyst, CDgl
23.0+1.0 °C.
100 1
X
5 » 10% 5d
% = 5% 5d
8 a0 » 10% 5b
207 ® x 10% PPY
10 -
0 % : S . -
0 50 100 150 200 250 300
Time, min

Figure E1.5 Conversion-time plots for cataly$$Y, 5b and5d (5 and 10%).

100+

80 4

60

40

conversion (%)

20

Catalyst 5d (5 mol%)

—— Secondorder (User) Fit of conversion

Equation y = y0*(1-1/(2*exp(ka*(t-t0))-1))
Adj. R-Square 0.9997

Value Standard Error
conversion yo 102.39711 0.03907
conversion ka 1.77931E-4 6.08532E-7
conversion t0 -479.97767 7.43975

Residual of conversion

20000
Independent Variable

40000

T T
20000 30000

time (s)

T 1
40000 50000

153



Experimental part

Chapter 4: Experimental details
E4.1. Achiral catalysts.
General procedure Ill. Synthesis of urea-catalysts.
Compound rac)-31b or 31d (1 mmol) was dissolved in freshly distilled €&, (20 mL). To
this solution the corresponding iso(thio)cyanaten(hol) was added. After stirring 12 h at RT
the reaction mixture was quenched with methanah{). The solvent was removed under

reduced pressure and the residue was purifiedalsip tolumn chromatography.

Physical data of catalysts.
1-ethyl-N-phenyl-2,3-dihydropyrido[3,4-b]pyrazine-4(1H)-carboxamide, cat81lurl

AN
X N ©

The crude product was purified by flash column amtography on Si©Qwith EtOAc as

Ph

eluent to afford 99% ofat81url as pale yellow foam.

'H NMR (300 MHz, CDCJ): 6 = 8.25 (s, 1H, CH), 8.01 (d,= 5.8 Hz, 1H, CH), 7.39 (m, 3H,
NH and Ph), 7.26 (m, 2H, Ph), 7.02 (m, 1H, Ph)5§&J = 5.9 Hz, 1H, CH), 3.84 (m, 2H,
CHy), 3.40 (m, 4H, CH), 1.19 (tJ= 7.2 Hz, 3H, CH).

¥C NMR (75 MHz, CDCJ): & = 152.98, 147.05, 143.82, 143.56, 138.39, 128.88,37,
121.43, 119.72, 105.45, 77.58, 77.36, 77.16, 76739, 44.57, 38.91, 11.09.

HRMS (ESI):m/z calcd for GeH1oN4O [M+H]": 283.1559; found: 283.1551.

1-ethyl-N-phenyl-2,3-dihydropyrido[3,4-b]pyrazine-41H)-carbothioamide, cat81ur2
/\N/\
N

The crude product was purified by flash column amtography on Si©Qwith EtOAc as
eluent to afford 13% aofat81lur2.

'H NMR (600 MHz, CDCJ): 5 = 8.25 (br s, 2H, CH and NH), 8.00 (= 5.9 Hz, 1H, CH),
7.36 (m, 2H, Ph), 7.31 (m, 2H, Ph), 7.18 (m, 1H),Btb7 (dJ = 5.9 Hz, 1H, CH), 4.46 (br s,
2H, CH,), 3.49 (tJ=5.3 Hz, 2H, CH), 3.41 (m, 2H, CH), 1.22 (tJ= 7.2 Hz, 3H, CH).

13C NMR (151 MHz, CDGJ): § = 180.96 (C=0), 147.68, 144.40, 143.59, 138.98,62,
126.12, 125.18, 120.81, 105.96, 47.27, 44.44, 44.B35.
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Experimental part

HRMS (ESI):m/z calcd for GeH1gN4S [M+H]": 299.1330; found: 299.1324.

N-benzyl-1-ethyl-2,3-dihydropyrido[3,4-b]pyrazine-41H)-carboxamide, cat81ur3

NN

N |3 /\N/\
N. O N. O
s/j\r = 19 X
L EKIY o
N~ T 17 N ~~

The crude product was purified by flash column amtography on Si©Qwith EtOAc as
eluent to afford 73% ofat81ur3 as pale yellow foam.

R = 0.28 (SiQ; EtOAC/NEE=10:1).

'H NMR (300 MHz, CDCJ): & = 8.19 (s, 1 H, H-5), 7.98 (d) = 5.8 Hz, 1 H, H-7), 7.27 (m,
5 H, Phenyl), 6.53 (¢J = 5.9 Hz, 2 H, H-8), 5.75 (m, 1 H, NH), 4.44 {d= 5.8 Hz, 2 H, H-
15), 3.82 (t3J = 4.9 Hz, 2 H, H-3), 3.40 (M, 4 H, H-2 and H-11)19 (t,%J = 7.1 Hz, 3 H, H-
12).

C NMR (75 MHz, CDCJ): & = 155.7 (C=0), 146.6 (7), 143. 64)C143.6 (5), 138.9 (g,
128.6 (Phenyl), 127.5 (Phenyl), 127.3 (Phenyl),. 12C,), 105.3 (8), 47.4 (2), 44.9 (15), 44.6
(11), 39.1 (3), 11.0 (12).

IR (neat): 3183 (w), 2925 (w), 1652 (s), 1598 (1518 (s), 1431 (m), 1351 (s), 1323 (s),
1286 (m), 1270 (m), 1200 (m), 1178 (m), 1120 (W79 (m), 1044 (m), 960 (w), 924 (w),
878 (m), 815 (m), 730 (m), 712 (s) ¢m

HRMS (ESI):mvz calcd for G/H21N4O [M+H]™: 297.1710; found: 297.1709yz calcd for
C17H19N4O [M-H]": 295.1564; found: 295.1560.

N-benzyl-1-ethyl-2,3-dihydropyrido[3,4-b]pyrazine-41H)-carbothioamide, cat81ur4
/\N/\
N

S
Y
N© HN_Ph

The crude product was purified by flash column amtography on Si©@with EtOAc as
eluent to afford 92% afat81ur4.

'H NMR (300 MHz, CDCY): 6 = 8.08 (s, 1H, CH), 7.91 (d,=5.9 Hz, 1H, CH), 7.28 (m, 5H,
Ph), 7.12 (br s, 1H, NH), 6.53 (d= 5.9 Hz, 1H, CH), 4.88 (dl = 5.4 Hz, 2H, Ei,Ph), 4.44
(br's, 2H, CH), 3.42 (m, 4H, Ch), 1.19 (tJ = 7.2 Hz, 3H, CH).

3C NMR (75 MHz, CDCJ): & = 182.11 (C=0), 147.46, 144.40, 143.74, 137.48.12
127.74, 127.61, 120.60, 105.94, 50.10, 47.27, 44460, 11.13.
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HRMS (ESI):m/z calcd for G7H21N4S [M+H]": 313.1487; found: 313.1480.

N-(3,5-bis(trifluoromethyl)phenyl)-1-ethyl-2,3-dihydropyrido[3,4-b]pyrazine-4(1H)-
carboxamide, cat81urlf

NN

N. O

Y Y

= HN CF
N \i;/ 3

CF;
The crude product was purified by flash column amtography on Si©@with EtOAc as
eluent to afford 59% ofat81urlf.
'H NMR (300 MHz, CDCJ): & = 8.34 (s, 1H, NH), 8.20 (s, 1H, CH), 8.02 (s, 28H), 7.93
(d,J = 5.8 Hz, 1H, CH), 7.53 (s, 1H, CH), 6.54 Jd; 5.9 Hz, 1H, CH), 3.90 (§ = 5.1 Hz,
2H, CH), 3.58 — 3.37 (m, 4H, Ci| 1.25 (t,J = 7.1 Hz, 3H, CH).
13C NMR (75 MHz, CDCJ): § = 152.64 (C=0), 147.19, 143.70, 140.42, 132.04Xgs = 33
Hz, CCR), 123.2 (q,lJC_F= 273 Hz,CF3), 120.73, 119.64, 119.55, 116.29, 105.57, 47.57,
44.62, 39.00, 11.08.
HRMS (ESI):m/z calcd for GgH17FgN4O [M+H]™: 419.1307; found: 419.1296.

(rac)-5-ethyl-N-phenyl-5a,6,7,8,9,9a-hexahydropyrido[d;b]quinoxaline-10(5H)-
carboxamide, catllurl

7.
6/ \8

| |
0 N
4)\(’\]\”//

|3| 1 I 20 X N
> Né HN ‘19|/ *‘zll | \(
z HN.
22 N

=

Ph

The crude product was purified by flash column amtography on Si©Qwith EtOAc as
eluent to afford 70% ofatllurl as white foam.

Ri= 0.24 (SiQ; EtAc/NE=10:1).

'H NMR (600 MHz, CDCJ): § = 8.24 (s, 1 H, H-1), 8.09 (d) = 5.8 Hz, 1 H, H-3), 7.36 (m,
2 H, H-20), 7.25 (m, 2 H, H-21), 7.06 (s, 1 H, N;R)01 (tt,2) = 8.4 Hz,"J = 1.2 Hz, 1 H, H-
22), 6.66 (d3J=5.9 Hz, 1 H, H-11), 4.71 (dt) = 12.7 Hz2J = 4.2 Hz, 1 H, H-13), 3.58 (m,
1 H, H-15), 3.56 (m, 1 H, H-12), 3.34 (m, 1 H, H}18.20 (dt2J = 15.1 Hz2J = 2.7 Hz, 1 H,
H-Cy), 1.74 (d3J = 11.3 Hz, 1 H, H-Cy), 1.67 (4) = 12.7 Hz, 1 H, H-Cy), 1.59 () = 12.1
Hz,%J = 3.2 Hz, 1 H, H-Cy), 1.46 (m, 2 H, H-Cy), 1.20,(H, H-16 and 2x H-Cy).
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¥C NMR (150 MHz, CDG): & = 152.6 (17), 147.0 (3), 145.0 (11), 144.4 (1)3.83(19),
128.9 (21), 123.3 (22), 120.5 (14), 119.4 (20),.108), 53.0 (12), 49.4 (13), 39.7 (15), 28.3
(Cy), 26.1 (Cy), 24.8 (Cy), 18.9 (Cy), 12.2 (16).

IR (neat): 3183 (w), 2930 (w), 2861 (w), 1667 (E)96 (m), 1512 (s), 1460 (w), 1440 (m),
1399 (w), 1378 (m), 1355 (m), 1318 (m), 1282 (n23Q (s), 1197 (w), 1169 (m), 1121 (w),
1097 (w), 1070 (w), 1024 (m), 973 (w), 898 (w), §u§, 763 (m), 747 (m), 734 (m), 689 (m)
cm™.

HRMS (ESI):m/z calcd for GeHosN,O  [M+H]™: 337.2023; found: 337.202hyz calcd for

CaoH2aN4O [M-H]™: 335.1877; found: 335.1872.

(rac)-N-benzyl-5-ethyl-5a,6,7,8,9,9a-hexahydropyrido[3;b]quinoxaline-10(5H)-
carboxamide, catllur2

7
6~ s
15 1|2 sla
167 \N‘ N3 /\N
1

N, O =
‘g§ G AT b Y
The crude product was purified by flash column amtography on Si©Qwith EtOAc as
eluent to afford 47% ofatllur2 as white foam.
Ri= 0.48 (SiQ; EtAc/NE=10:1).
'H NMR (400 MHz, CDC}): § = 8.14 (s, 1 H, H-1), 7.98 (d) = 5.8 Hz, 1 H, H-3), 7.24 (m,
5 H, Phenyl), 6.58 (¢J = 5.9 Hz, 1 H, H-4), 5.56 (m, 1 H, N-H), 4.66 (t,= 12.7 Hz3J =
4.2 Hz, 1 H, H-13), 4.47 (dd) = 14.9 Hz2J = 5.9 Hz, 1 H, H-19), 4.32 (dd) = 14.9 Hz2J
=5.6 Hz, 1 H, H-19), 3.54 (m, 1 H, H-15), 3.48 (irH, H-12), 3.31 (m, 1 H, H-15), 2.18 (m,
1 H, H-Cy), 1.63 (m, 2 H, H-Cy), 1. 44 (m, 2 H,&4», 1.15 (m, 5 H, H-16 and 2x H-Cy).
¥C NMR (100 MHz, CDG): & = 155.6 (17), 146.6 (3), 144.9 (11), 144.6 (1)3.93(20),
128.6 (Phenyl), 127.5 (Phenyl), 127.2 (Phenyl),.8204), 106.6 (4), 52.7 (12), 49.6 (13),
44.8 (19), 39.5 (15), 28.3 (Cy), 26.1 (Cy), 24.§)8.9 (Cy), 12.0 (16).
IR (neat): 2938 (w), 2861 (w), 1656 (m), 1595 (&§10 (m), 1474 (m), 1434 (m), 1379 (m),
1357 (m), 1332 (m), 1280 (s), 1236 (s), 1168 ($241(s), 1028 (m), 1000 (w), 970 (m), 942
(w), 882 (m), 807 (m), 767 (m), 723 (m), 702 (nB2€s) cn-
HRMS (ESI):m/z calcd for GiH»7N4O [M+H]": 351.2179; found: 351.2179.
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(rac)-N-(3,5-bis(trifluoromethyl)phenyl)-5-ethyl-5a,6,78,9,9a-hexahydropyrido[3,4-
b]quinoxaline-10(5H)-carboxamide, catllur3

16

NOEKNI‘I)\(

I HN CF
P %Em/ 20\\2|1,C<zs>F3 N ’
NOE kfzz

CFs3 CF3
The crude product was purified by flash column amtography on Si©Qwith EtOAc as

eluent to afford 66% ofatllur3 as off-white solid with mp 112-114°C.

Ri= 0.51 (SiQ; EtAc/NE=10:1).

'H NMR (300 MHz, CDCJ): § = 8.24 (s, 1H, N-H), 8.17 (s, 1H, H-1), 8.01 (&, H-20),
7.95 (d,3) = 5.9 Hz, 1H, H-3), 7.51 (s, 1H, H-22), 6.64 {d= 5.9 Hz, 1H, H-4), 4.76 (df)
=12.6 Hz2J = 4.2 Hz, 1H, H-13), 3.62 (m, 2H, H-12 and H-1B%1 (m, 1H, H-15), 2.26 (d,
2) = 15.1 Hz, 1H, H-Cy), 1.68 (m, 2H, H-Cy), 1.53 (8H, H-Cy), 1.25 (m, 5H, H-16 and
2H-Cy).

¥C NMR (75 MHz, CDCY): & = 152.3 (17), 146.8 (3), 145.0 (11), 144.0 (1)0.24(19),
132.0 (9,2Jc.F = 33 Hz, 21), 123.0 (dJc.r= 273 Hz, 23), 119.8 (20), 119.4 (14), 116.2 (22),
106.8 (4), 53.3 (12), 49.7 (13), 39.6 (15), 28.3)(25.9 (Cy), 24.7 (Cy), 18.9 (Cy), 12.1
(16).

IR (neat): 3205 (w), 2964 (w), 2924 (w), 2859 (53 (s), 1594 (m), 1510 (s), 1452 (w),
1432 (w), 1366 (m), 1314 (m), 1283 (s), 1265 (234 (s), 1215 (m), 1172 (m), 1145 (w),
1125 (m), 1088 (w), 1036 (m), 968 (m), 895 (w), §42, 810 (m), 766 (M), 722 (s), 708 (m),
660 (m) cn-

HRMS (ESI):m/z calcd for GoH23FsN4O [M+H]™: 473.1771; found: 473.176%yz calcd for
C2oH21FsN4O [M-H] *: 471.1625; found: 471.1614.

Z=5

Y
77 |
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(rac)-N-(3,5-bis(trifluoromethyl)phenyl)-5-ethyl-5a,6,78,9,9a-hexahydropyrido[3,4-
b]quinoxaline-10(5H)-carbothioamide, catllur4

~

The crude product was purified by flash column amtography on Si©@with EtOAc as
eluent to afford 40% ofatllur4 as off-white solid with m.p. 128-130 °C.

'H NMR (400 MHz, CDCJ): 5 = 8.98 (br s, 1H, NH), 8.05 (s, 1H, CH), 7.89 s, CH),
7.85 (d,J=5.9 Hz, 1H, CH), 7.58 (s, 1H, CH), 6.60 {ds 6.0 Hz, 1H, CH), 5.65 (df = 4.2
Hz,J=12.7 Hz, 1H, ClJ,), 3.66 (m,J =3.4, 1H, CH), 3.58 (m, 1H, G 3.37 (m, 1H, CHh),

2.23 (d,J = 15.1 Hz, 1H, CH), 1.75 (m, 2H, CH), 1.63 (m, 1H, Ch), 1.50 (m, 2H, CH),

1.23 (t,J=7.1 Hz, 3H, CH).
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¥C NMR (101 MHz, CDG)): & = 180.14 (C=0), 147.03, 144.93, 144.60, 141.12,43
124.58, 121.68, 119.74, 118.54, 107.16, 104.0806%3.32, 39.94, 28.29, 25.11, 24.36,
18.81, 12.38.

IR (neat): 2934 (w), 2360 (w), 1597 (m), 1512 ()70 (w), 1443 (w), 1378 (m), 1359 (s),
1285 (s), 1240 (s), 1166 (s), 1138 (m), 1124 @R71(w), 1000 (m), 973 (m), 884 (w), 846
(w), 804 (m), 771 (m), 680 (s) ¢

HRMS (ESI):m/z calcd for GoHo3FeN4S [M+H]*: 473.1548; found: 489.1537.
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E4.2 Chiral catalysts.

E4.2.1The catalyst®?hEt and CyPhEt were prepared fromS|-(1-isocyanatoethyl)benzene

and amine81d and31b, respectively, according to general procedure lll.

(S)-1-Ethyl-N-(1-phenylethyl)-2,3-dihydropyrido[3,4-b]pyrazine-4(1H)-carboxamide,
PhEt

12 ﬂ):\;(\f [kj

The crude product was purified by flash-chromatpg;aon SiQ with EtOAc as eluent to
afford 69% of PhEt as white foam.

[a]p??= +37.4° (c = 1, CHG).

R = 0.26 (SiQ; EtAc/NE=10:1).

'H NMR (300 MHz, CDCJ): § = 8.23 (s, 1 H, H-5), 8.06 (d) = 5.8 Hz, 1 H, H-7), 7.30 (m,
5 H, Phenyl), 6.56 (d, 7.38) = 5.8 Hz, 1 H, H-8), 5.49 (d) = 7.4 Hz, 1 H, N-H), 5.04 (m, 1
H, H-15), 3.78 (m, 2 H, H-3), 3.40 (§] = 7.3 Hz, 2 H, H-11), 3.36 (m, 2 H, H-2), 1.47 1@,

= 6.9 Hz, 3 H, H-20), 1.20 }J = 7.2 Hz, 3 H, H-12).

C NMR (75 MHz, CDCJ): 5 = 154.8 (13), 146.8 (7), 143.9 {C143.7 (G), 143.5 (5),
128.7 (19 or 18), 127.2 (19 or 18), 125.9 (17),.828), 105.4 (§), 50.5 (15), 47.4 (2), 44.6
(11), 38.9 (3), 22.5 (20), 11.1 (12).

IR (neat): 3205 (w), 2971 (w), 2930.7 (W), 1675 (11594 (s), 1517 (s), 1449 (m), 1337 (s),
1449 (m), 1235 (s), 1220 (m), 1181 (s), 1120 (rBR2L(m), 1043 (m), 941 (w), 911 (w), 883
(m), 800 (m), 749 (s), 680 (s), 663 (M)tm

HRMS (ESI):nvz calcd for GgH23N4,O [M+H]™: 311.1866; found: 311.1866; m/z calcd for
C18H2:N4O [M-H] *: 309.1721; found: 309.1718.
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(rac)-5-Ethyl-N-((S)-1-phenylethyl)-5a,6,7,8,9,9a-hexalropyrido[3,4-b]quinoxaline-
10(5H)-carboxamide, CyPhEt

7
e
16/15\No12\13/9 N
N NP
T)\r _17|// 2|1// _2|3 | NS \(
3 1 20 ~ HN
~ N// H N-lg/ NS N Y

2% Ph
The crude product was purified by flash-chromatpyaon SiQ with EtOAc as eluent to
afford 80% of CyPhEt as off-white foam. The product is obtained as ast@reomeric
mixture with de = 1:1 (determined by NMR).
R = 0.54 (SiQ; EtAC/NE=10:1).
'H NMR (300 MHz, CDCJ): 6 = 8.23 (s, 1 H, H-1"), 8.13 (s, 1 H, H-1), 8.05%#= 5.8 Hz,
1 H, H-3"), 8.04 (d3J = 5.8 Hz, 1 H, H-3), 7.34 (m, 4 H, Phenyl+Pheny7 26 (m, 4 H,
Phenyl+Phenyl’), 7.19 (m, 2 H, Phenyl+Phenyl')26(®,3J = 5.8 Hz, 1 H, H-4"), 6.61 (d)
= 5.9 Hz, 1 H, H-4), 5.35 (m, 2 H, 2xN-H), 5.00,(thH, H-19+H-19"), 4.62 (m, 2 H, H-
13+H-13"), 3.56 (m, 2 H, H-15+H-15"), 3.49 (m, 1##12"), 3.39 (m, 1 H, H-12), 3.32 (m, 2
H, H-15+H-15"), 2.16 (m, 2 H, H-Cy+H-Cy’), 1.62 (8 H, H-Cy+H-Cy’), 1.49 () = 6.9
Hz, 3 H, H-24"), 1.41 (m, 6 H, H-Cy+H-Cy’), 1.36,fd = 7.0 Hz, 3 H, H-24), 1.19 #) =
7.1 Hz, 3H, H-16"), 1.15 () = 7.2 Hz, 3 H, H-16).
3C NMR (75 MHz, CDCY): § = 154.8 (17°), 154. 6 (17), 146.6 (3"), 146.5 (B¥4.9
(11+117), 144.4 (1), 144.3 (1), 144.0 (20+20")812(22), 128.6 (22), 127.2 (23°), 127.1
(23), 126.0 (217), 125.9 (21), 121.0 (14"), 12018)( 106.8 (4°), 106.7 (4), 52.9 (12°), 52.8
(12), 50.5 (19°), 50.4 (19), 49.6 (13"), 49.4 (13,7 (15"), 39.5 (15), 28.4 (Cy’), 28.2 (Cy),
26.1 (Cy’), 26.0 (Cy), 24.8 (Cy+Cy"), 22.6 (24'2.2 (24), 19.0 (Cy’), 18.9 (Cy), 12.1 (16),
12.0 (16).
IR (neat): 3208 (w), 2971 (w), 2933 (w), 2861 (W}37 (w), 1649 (m), 1592 (m), 1506 (s),
1448 (m), 1353 (m), 1317 (m), 1281 (s), 1234 (&)L2L(m), 1173 (m), 1144 (w), 1096 (m),
1066 (m), 1029 (m), 970 (m), 910 (w), 802 (m), 161, 730 (s), 690 (s) ch
HRMS (ESI):mVz calcd for GoH29N4O [M+H]™: 365.2336; found: 365.2338yz calcd for
CooH27N4O [M-H]*: 363.2190; found: 363.2186.
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E4.2.2 General procedure 1V.Synthesis of the isocyanato carboxylic acid estéfd and
subsequent reaction with amine 31b or 31d.

A solution of §-aminoacid methyl ester (1.43 mmol) in & (2 mL) was added to a
solution of ditert-butyl dicarbonate (436 mg, 2.0 mmol) and DMAP (8@, 0.71 mmol) in
CH.Cl; (2 mL) and the reaction mixture was stirred forribh at RT. Then a solution of
amine31bor31d(1.43 mmol) in CHCIl, (2 mL) was added. The reaction mixture was stirred
overnight at RT and then quenched with 1 mL methahwe solvents were removed under
reduced pressure and the crude mixture was purfiedlash column chromatography on

SiO..

(S)-Methyl 2-(1-ethyl-1,2,3,4-tetrahydropyrido[3,4-bjpyrazine-4-carboxamido)-3-
phenylpropanoate, PheOMe
Ay
SﬁTN\(O Ph
LA s
9 11
COOMe
The crude product was purified by flash column amiography on SiPwith EtOAc/MeOH
(10:1) as eluent to afford 50% of product as offite/loil.
[a]p®= +9.6° (c = 1, CHG).
'H NMR (300 MHz, CDCJ): § = 8.05 (d,>J = 5.8 Hz, 1H, H-2), 8.01 (s, 1H, H-1), 7.28 (m,
3H, H-12), 7.09 (m, 2H, H-12), 6.52 [ = 5.8 Hz, 1H, H-3), 5.55 (d]) = 7.9 Hz, 1H, NH-
8), 4.76 (td2J = 5.6 Hz,*J = 7.6 Hz, 1H, H-9), 3.95 (m, 1H, H-7), 3.72 (s, 3#11), 3.52
(m, 1H, H-7), 3.37 (q°) = 7.1 Hz, 2H, H-5), 3.29 (m, 2H, H-6), 3.18 (dd,= 5.5 Hz,2J =
13.9 Hz, 1H, H-10), 3.00 (dd) = 7.4 Hz,2J = 13.8 Hz, 1H, H-10), 1.18 #) = 7.1 Hz, 3H,
H-4).
3%C NMR (75 MHz, CDC)): & = 172.5 (C=0), 155.1, 147.1, 144.0, 143.4, 13679.0,
128.7,127.1, 121.3, 105.3, 54.8, 52.3, 47.3, 4203],, 37.9, 11.1.
IR (neat): 2973 (w), 2933 (w), 1741 (m), 1654 (4597 (m), 1512 (s), 1453 (w), 1434 (w),
1346 (m), 1286 (m), 1237 (m), 1198 (s), 1176 (6RAL(w), 1043 (m), 931 (w), 884 (w), 804
(w), 700 (s), 664 (m) cth
HRMS (ESI):m/z calcd for GoHasN4Os [M+H]™: 369.1927; found: 369.1919.
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(S)-Methyl 2-(1-ethyl-1,2,3,4-tetrahydropyrido[3,4-bjyrazine-4-carboxamido)-3-
methylbutanoate, ValOMe

20
NN

UI¢

N
COOMe

The crude product was purified by flash column amitography on SiPwith EtOAc/MeOH
(10:1) as eluent to afford 68% of product as offitevloil.

[a]p?= +18.4° (c = 1, CHG).

'H NMR (300 MHz, CDCJ): 6 = 8.28 (s, 1H, CH), 8.04 (d,= 5.8 Hz, 1H, CH), 6.54 (d,=

5.8 Hz, 1H, CH), 5.56 (d] = 8.6 Hz, 1H, NH), 4.41 (dd,= 5.1 Hz,J = 8.6 Hz, 1H, GINH),
4.02 (d,J=13.0 Hz, 1H, El,), 3.69 (s, 3H, COOHR3), 3.49 (m, 1H, El,), 3.36 (ddJ=5.1
Hz,J=12.0 Hz, 4H, 2Ch), 2.12 (m, 1H, E(CHs),), 1.18 (t,J = 7.1 Hz, 3H, CHCHs), 0.95
(d,J=6.8 Hz, 3H, CH(®3),), 0.85 (dJ = 6.9 Hz, 3H, CH(El3),).

3C NMR (75 MHz, CDCJ): § = 172.9 (C=0), 155.4, 146.9, 143.7, 143.4, 12105.4, 58.9,
52.04, 47.4, 44.6, 39.1, 31.0, 19.2, 18.0, 11.0.

IR (neat): 2965 (w), 2874 (w), 2362 (w), 1738 (rh®57 (s), 1595 (s), 1502 (s), 1433 (m),
1347 (s), 1287 (m), 1235 (m), 1179 (s), 1118 (rY,8.(w), 1042 (m), 996 (w), 926 (w), 883
(w), 804 (m), 743 (m), 730 (s) ¢

HRMS (ESI):m/z calcd for GeHosN4Oz [M+H]*: 321.1927; found: 321.1920.

(S)-Methyl 2-(1-ethyl-1,2,3,4-tetrahydropyrido[3,4b]pyrazine-4-carboxamido)-3,3-
dimethylbutanoate, TleOMe

5 6
4/”\N/\j7

SE%ij/N o 10
2| 1 HNer<:
N 8

9
COOMe11

The crude product was purified by flash column amiography on SiPwith EtOAc/MeOH
(10:1) as eluent to afford 34% of product as yeltolv

[a]p??= +21.4° (c = 1, CHG).

'H NMR (300 MHz, CDCJ): & = 8.21 (s, 1H, H-1), 7.98 (d,= 5.8 Hz, 1H, H-2), 6.49 (d}=
5.8 Hz, 1H, H-3), 5.59 (d1= 9.0 Hz, 1H, NH-8), 4.25 (d,= 9.1 Hz, 1H, H-9), 3.99 (m, 1H,
H-7), 3.62 (s, 3H, H-11), 3.41 (m, 1H, H-7), 3.84, @H, H-5 and H-6), 1.12 (,= 7.1 Hz,
3H, H-4), 0.89 (s, 9H, H-10).
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3C NMR (75 MHz, CDCJ) 6 = 172.4 (C=0), 155.3, 147.0, 143.7, 143.4, 12108,4, 61.9,
51.6, 47.3, 44.5, 39.1, 34.3, 26.7, 11.0.

IR (neat): 2964 (w), 2872 (w), 1736 (m), 1667 (94 (m), 1502 (s), 1476 (w), 1432 (w),
1340 (s), 1286 (m), 1237 (m), 1208 (s), 1180 (38H4L(s), 1089 (w), 1041 (m), 990 (w), 880
(w), 801 (W), 754 (m), 732 (m) ci

HRMS (ESI):m/z calcd for G;Ho7N4O3 [M+H]™: 335.2083; found: 335.2076.

(S)-Methyl 2-((cis)-5-ethyl-5,5a,6,7,8,9,9a,10-octahydropyrido[3,4-Qliinoxaline-10-
carboxamido)-3-phenylpropanoate, CyPheOMe

COOMe COOMe

The crude product was purified by flash column amitography on Siowith EtOAc/MeOH
(20:1) as eluent to afford 59% GfyPheOMe as yellow oil. Diastereomeric ratio determined
by 'H NMR: de = 1.2:1.

'H NMR (300 MHz, CDCJ): & = 8.14 (s, 1H, Py), 8.06 (d= 6.1 Hz, 1H, Py), 8.04 (d,=

5.9 Hz, 1H, Py"), 7.31 (m, 4H, Ph+Ph’), 7.16 (m,,4h+Ph’), 6.96 (m, 2H, Ph+Ph’), 6.63 (d,
J=6.0 Hz, 1H, Py), 6.60 (d,= 5.7 Hz, 1H, Py"), 5.55 (dl= 7.6 Hz, 1H, NH), 5.40 (d] =

7.9 Hz, 1H, NH'), 4.73 (dt) = 6.4 Hz,J = 12.9 Hz, 2H, CH+CH"), 4.57 (d§,=4.0 Hz,J =

12.1 Hz, 2H, CH+CH’), 3.73 (s, 3H, CO®f), 3.68 (s, 3H, CO0OBy), 3.56 (m, 2H), 3.45
(m, 1H), 3.32 (m, 3H), 3.19 (dd= 5.5 Hz,2J = 13.9 Hz, 1H, CH), 3.10 (dd,J = 5.7 Hz,2J

= 13.8 Hz, 1H, CH), 2.98 (m, 2H), 2.16 (m, 2H), 1.68 (m, 2H), 1.5% @H), 1.41 (m, 4H),
1.17 (m, 10H).

13C NMR (75 MHz, CDCY): § = 172.7 (C=0), 172.2 (C=0), 155.1, 154.8, 14648.1,

144.9, 144.86, 144.7, 144.6, 136.1, 136.0, 1229,0], 128.8, 128.4, 127.2, 126.9, 120.6,
120.3, 106.6, 106.6, 55.0, 54.7, 52.9, 52.6, 323, 49.7, 39.8, 39.5, 38.0, 37.8, 28.3, 28.2,
26.0, 24.8, 18.9, 18.9, 12.2, 12.0.

HRMS (ESI):m/z calcd for GsH31N4Os [M+H]™: 423.2396; found: 423.2389.
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E4.2.3. General procedure V. Grignard reaction.

A solution of Grignard reagent PhMgBr or NphMgBB (&imol) in THF (25 mL) was added
to a solution of the corresponding methyl este4 (hmol) in THF (10 mL) at 0 °C. After
stirring for 48 h at RT the reaction mixture wasqgched by adding 20 ml of saturated aq.
NH,4CI, and the precipitate was filtered off. The &l was extracted with GBI, (3 x 20
ml) and the organic layer was dried over MgS®he crude product was purified by the

column chromatography on SiO

(S)-N-(1-Benzyl-2-hydroxy-2,2-diphenylethyl)-1-ethyl2,3-dihydropyrido[3,4-b]pyrazine-
4(1H)-carboxamide, PhePkOH

/\N/\\
N. O
X
| N/ HN OH

Ph—’l Pﬁh
The crude product was purified by flash-chromatpfyaon SiQ with EtOAc/MeOH (10:1)
as eluent to afford 27% &thePhOH as off-white foam.
[a]p??=-19.6° (c = 1, ChCL,).
'H NMR (300 MHz, CDCJ): 6 = 7.71 (m, 2H, 2CH), 7.63 (d,= 7.2 Hz, 2H, 2CH), 7.52 (s,
1H, CHsy), 7.24 (m, 12H, CH), 6.25 (d,= 6.0 Hz, 1H, CHy), 6.09 (d,J = 8.9 Hz, 1NH),
5.19 (m, 1H, €INH), 3.67 (m, 2H, CH), 3.27 (m, 3H, CH), 2.99 (m, 3H, CH), 1.29 (s, 1H,
OH), 1.09 (tJ= 7.1 Hz, 3H, CH).
3C NMR (75 MHz, CDCJ): § = 171.1 (C=0), 156.0, 146.8, 145.6, 145.0, 1434.8,
139.7, 129.4, 128.3, 128.2, 127.8, 126.6, 126.8,2226.0, 125.6, 121.6, 105.1, 80.8, 60.3,
47.2,44.6, 39.4,29.7, 11.1.
IR (neat): 2917 (w), 2874 (w), 2361 (w), 1734 (4$54 (m), 1600 (s), 1514 (s), 14483 (m),
1343 (s), 1288 (m), 1236 (s), 1177 (s), 1118 (rBp2L(m), 1044 (s), 963 (w), 886 (w), 803
(m), 748 (s), 739 (s) ¢
HRMS (ESI):m/z calcd for GiH3aN40, [M+H]™: 493.2603; found: 493.2594.
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(S)-N-(2-Hydroxy-1-isopropyl-2,2-diphenylethyl)-1-ettyl-2,3-dihydropyrido[3,4-
b]pyrazine-4(1H)-carboxamide, ValPhOH

AN

S

< HN
N

i-Pr
HO Ph

Ph
The crude product was purified by flash-chromatpfyaon SiQ with EtOAc/MeOH (10:1)
as eluent to afford 63% &falPh,OH as off-white solid with m.p. 195-198 °C.
[a]p??=-36.8° (Cc = 1, CHG).
'H NMR (300 MHz, CDCJ): § = 7.97 (s, 1H, CH|), 7.59 (t,J = 6.5 Hz, 4Hm-CHpy), 7.22
(m, 6H,0- andp-CHpy), 6.37 (m, 2H, CiH, and NH), 5.96 (dJ = 5.7 Hz, 1H, CHd,), 5.18 (d,
J=9.4 Hz, 1H, €INH), 4.70 (d,J = 12.9 Hz, 1H, E;NCO), 3.37 (m, 1H, C}j, 3.13 (m,
3H, CH,), 2.85 (m, 1H, Ch), 2.00 (m, 1H, ©(CHs),), 1.17 (d,J = 6.5 Hz, 3H, CH(El3),),
1.04 (t,J=6.9 Hz, 3H, CHCH3), 0.96 (d,J = 6.8 Hz, 3H, CH(El3),).
¥C NMR (75 MHz, CDCJ): & = 156.4, 148.0, 146.2, 145.2, 143.4, 143.3, 128476,
126.2, 126.1, 126.0, 125.4, 121.7, 105.4, 81.8,,618.0, 44.5, 39.5, 29.1, 23.4, 19.4, 11.2.
HRMS (EI): m/z calcd for GH3N4O, [M™]: 444.2525; found: 444.2513.

(cis)-N-((S)-1-Benzyl-2-hydroxy-2,2-diphenylethyl)-5-ethyl-5&3,7,8,9,9a-
hexahydropyrido[3,4-b]quinoxaline-10(5H)-carboxamide, CyPhePhOH

/\NQ /\N\\NQ_
N O . N_ O
Y Y | Y
HN, OH Z HN, OH

X
Ph Ph

Ph Ph

The crude product was purified by column chromaipby on SiQ with EtOAc/NEg (20:1)
as eluent to afford 83% of product as 1.2:1 diast@eric mixture. Diastereomeric ratio can
be determined by NMR, as well as by chiral HPLC (B[@olumn), giving the same results.
This mixture can be resolved by the recrystall@atirom EtOH/ethylacetate mixture, giving
a single diastereomer with de = 92% (determinedtosal HPLC) as white solid with m.p.
200-205 °C (decomp).

Conditions for HPLC: Daicel Chiralpak OD-H columnadytical, hexané/propanol = 95/5,
flow-rate 1.0 mL/min, detection at 254 nm, 25°Cjettion volumes: 5-1QL. Retention
times: 12.3 min (minor diastereomer), 13.8 min @ngaj
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[a]p?2=-22.2° (c = 1, ChLCly).

'H NMR (400 MHz, CDCY): 6 = 7.68 (d,J = 7.5 Hz, 2H), 7.61 (m, 3H), 7.39 — 7.06 (m,
11H), 6.62 (br s, 1H), 6.17 (d,= 8.9 Hz, 1H, NH), 6.09 (d] = 5.9 Hz, 1H), 5.27 (br s, 1H,
CHNH), 4.56 — 4.44 (m, 1H, CH), 3.48 — 3.33 (m, 1HH.L 3.25 — 3.06 (m, 3H, Ci} 2.95
(d,J=11.5 Hz, 1H, Ch), 2.12 (d,J = 15.0 Hz, 1H, CH), 1.74 — 1.57 (m, 1H), 1.57 — 1.32
(m, 4H), 1.12 — 0.95 (m, 4H), 0.96 — 0.84 (m, 1H).

3¢ NMR (75 MHz, CDCJ): 6 = 171.1, 155.7, 147.1, 145.6, 145.0, 144.6, 1443B.7,
129.4, 128.2, 127.7, 126.5, 126.3, 126.2, 126.5,6,2120.7, 106.4, 80.8, 52.6, 49.6, 38.7,
28.2,25.8,24.7,18.8, 11.9.

IR (neat): 3201 (w), 2936 (w), 2918 (w), 2850 (@362 (w), 1725 (w), 1644 (m), 1626 (m),
1598 (m), 1509 (s), 1448 (m), 1343 (s), 1316 (n2B2L(s), 1235 (s), 1172 (m), 1062 (m),
1036 (m), 968 (w), 897 (w), 800 (m), 745 (s), 78Ddm".

HRMS (ESI):m/z calcd for GsHagN4O, [M+H]™: 547.3073; found: 547.3063.

(S)-N-(1-Benzyl-2-hydroxy-2,2-di(1-naphthyl)-ethyl)- tethyl-2,3-dihydropyrido[3,4-
b]pyrazine-4(1H)-carboxamide, PheNphOH

NN
N N

The crude product was purified by column chromapgy on SiQ with EtOAc/MeOH
(20:1) as eluent to afford 34% BheNph,OH as off-white foam.

[a]p??=-8.4° (c = 1, CHCL).

'H NMR (300 MHz, CDCY): & = 8.31 (d,J = 20.5 Hz, 2H, 2CH), 7.78 (m, 11H, CH), 7.47
(m, 6H, CH), 7.21 (m, 1H, CH), 7.06 (br s, 1H, CB)21 (d,J = 9.0 Hz, 1H, OH), 6.02 (dl

= 6.0 Hz, 1H, CH,), 5.44 (br s, 1H, NH), 3.78 (m, 2H, GK3.24 (m, 2H, Ch), 3.01 (m, 2H,
CH,), 2.81 (m, 3H), 0.74 (] = 7.1 Hz, 3H, CH).

3C NMR (75 MHz, CDC)): & = 156.1 (C=0), 145.6, 144.1, 143.7, 143.3, 14239.5,
133.3, 133.1, 132.3, 132.2, 132.0, 129.5, 128.8.312128.3, 128.1, 127.4, 127.4, 127.3,
126.2, 126.0, 125.8, 125.8, 125.6, 125.3, 124.3,212121.5, 105.1, 81.1, 46.8, 44.1, 39.4,
10.6.
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IR (neat): 3055 (w), 2925 (w), 2360 (w), 1657 (rb®00 (s), 1506 (s), 1452 (m), 1340 (s),
1270 (m), 1237 (m), 1178 (m), 1121 (m), 1081 (nQ¥4 (s), 886 (w), 817 (m), 745 (s), 695
(s) cm™.

HRMS (ESI):m/z calcd for GeHz7N4O, [M+H]™: 593.2917; found: 593.2906.

(cis)-N-((S)-1-Benzyl-2-hydroxy-2,2-di(1-naphthyl)-ethyl)-5-ehyl-5a,6,7,8,9,9a-
hexahydropyrido[3,4-b]quinoxaline-10(5H)-carboxamide, CyPheNphOH

SO

o) S0
|\N\( +|\N\N(

N/ HN = H

Bn N Bn
HO—~Nph HO Nph

Nph Nph

The crude product was purified by column chromaipby on SiQ with EtOAc/NEg (20:1)

as eluent to afford 60% @yPheNph,OH as 1.2:1 diastereomeric mixture. Diastereomeric
ratio can be determined by NMR, as well as by ¢iRLC (OD-H column), giving the same
results.

Conditions for HPLC: Daicel Chiralpak OD-H columnadytical, hexané/propanol = 75/25,
flow-rate 0.3 mL/min, detection at 254 nm, 25°Cjettion volumes: 5-1QL. Retention
times: 18.6 min and 20.6 min.

'H NMR (300 MHz, CDCJ): & = 8.31 (m, 8H), 7.79 (m, 33H), 7.42 (m, 16H), 7(86 18H),
6.45 (s, 1H, CH), 6.26 (m, 1H, NH), 6.07 (s, 1H,)Cbl68 (m, 1H, NH), 4.39 (m, 3H), 2.99
(m, 12H), 2.65 (m, 2H), 2.12 (m, 2H), 1.91 (m, 48)62 (m, 4H), 1.30 (m, 19H), 0.89 (m,
11H).

¥C NMR (75 MHz, CDCJ): & = 155.8, 144.9, 144.1, 143.9, 143.2, 142.8, 1423R).5,
139.5, 133.3, 133.2, 133.1, 133.0, 132.2, 132.2,113132.0, 129.4, 129.4, 128.6, 128.4,
128.3, 128.3, 128.3, 128.2, 128.2, 128.1, 128.0,9.2127.6, 127.5, 127.4, 127.3, 126.2,
126.0, 125.8, 125.8, 125.6, 125.5, 125.4, 124.9,.312124.2, 124.1, 124.1, 124.1, 124.0,
120.7, 106.3, 106.1, 81.3, 80.9, 60.4, 52.5, 58928, 49.8, 49.6, 39.7, 38.5, 38.4, 28.0, 27.9,
25.9, 25.7, 24.6, 18.9, 18.9, 18.8, 11.8, 11.1, 8.7

HRMS (ESI):m/z calcd for GaH4aN4O, [M+H]™: 647.3386; found: 647.3375.
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E4.3. Synthesis of the catalyst 53.

(9)-2-(1-Benzyl-2-(1-ethyl-2,3-dihydropyrido[3,4-b]pyazin-4(1H)-yl)-2-oxo-
ethyl)isoindoline-1,3-dione, 51

/\N/ﬁ
N

1.04 g of31d (6.35 mmol, 1.0 equiv.) were dissolved in 15 mLdoy THF. 4.1 mL (8.25
mmol, 1.3 equiv.) of a 2.0 M solution of sodium(bisnethylsilyl)Jamide in THF were added
dropwise to this solution through a rubber septum78° C. After 30 minutes§-2-(1,3-
dioxoisoindolin-2-yl)-3-phenylpropanoyl chlorideéhtPheCl (8.25 mmol, 1.3 equiv.) in 10
mL THF was added dropwise and the reaction wawealioto warm to room temperature
overnight. The reaction was quenched by adding Sofndaturated aq. NA€l. The aqueous
layer was extracted with EtOAc ¢8 20 ml) and CHCI, (3 x 20 ml). The combined organic
layers were dried over MaOy, filtered and evaporated under reduced presswyeld an oil
that was purified through column chromatographysdica gel with EtOAc/NES (20:1) as
eluent to afford 33% of compourd as pale yellow foam.

'H NMR (300 MHz, CDC}): = 8.26 (br s, 1H), 7.91 (d,= 5.7 Hz, 1H), 7.64 (m, 4H), 7.14
(m, 5H), 6.17 (br s, 1H), 5.64 (m, 1H, NICO), 4.23 (br s, 1H, C}H,3.44 (m, 3H, CH), 3.27
(m, 2H, CH), 3.05 (s, 1H, Ch), 1.04 (t,J = 7.1 Hz, 3H, CH).

3C NMR (75 MHz, CDC)): § = 167.8 (C=0), 166.7 (C=0), 147.8, 143.0, 136.33.8,
131.3,129.2, 128.4, 126.7, 123.1, 120.9, 104.2,%5% .3, 44.1, 40.1, 35.0, 10.9.

HRMS (ESI):m/z calcd for GgHosN4Os [M+H]*: 441.1927; found: 441.1917.

(S)-2-Amino-1-(1-ethyl-2,3-dihydropyrido[3,4-b]pyrazin-4(1H)-yl)-3-phenylpropan-1-
one, 52
/\N/\

|\NO

—

N NH,
Ph

Hydrazine hydrate (4.0 mmol, 200 mg, 2 equiv.) wedded to a solution &1 (2.0 mmol,
880 mg, 1 equiv.) in MeOH (10 mL). After stitrrifigr 48 h at RT 5 ml of CkCl, was added
to the reaction mixture and the precipitate waeréd off. The solvent was removed under
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reduced pressure and the residue was purified ghroalumn chromatography on Si@ith
EtOAC/TEA/MeOH (10:1:1) as eluent to afford 83%compound2 as yellow oil.

[a]o??= +50.2° (c = 1, CHG).

'H NMR (300 MHz, CDGJ): & = 8.06 (br s, 1H), 7.96 (m, 1H), 7.03 (m, 4H),%(&, 1H),
6.36 (br s, 1H), 5.91 (s, 2H, NH4.38 (t,J = 7.4 Hz, 1H), 3.01 (m, 9H), 1.28 (m, 3H).

13%C NMR (75 MHz, CDCJ): & = 175.2, 167.8, 146.1, 146.1, 136.7, 129.0, 12828.7,
128.5, 128.3, 128.2, 126.5, 120.7, 105.0, 52.22,441.1, 44.4, 42.7, 34.2, 23.1, 22.2, 14.7,
10.9.

IR (neat): 2972 (w), 2932 (w), 2361 (w), 2342 (4H53 (m), 1597 (s), 1526 (s), 1432 (m),
1349(s), 1288 (m), 1236 (s), 1199 (s), 1170 (s)91(n), 1075 (m), 1042 (m), 943 (w), 878
(w), 803 (m), 746 (s), 668 (m) ¢

HRMS (ESI):nvz calcd for GgH23N4O [M+H]™: 311.1872; found: 311.1863.

(9)-1-(3,5-Bis(trifluoromethyl)phenyl)-3-(1-(1-ethyl-2,3-dihydropyrido[3,4-b]pyrazin-
4(1H)-yl)-1-oxo-3-phenylpropan-2-yl)urea, 53

/\N/ﬁ CF4
(T X1 0
~
N r H H CF
The compound3 was prepared from 3,5-bis(trifluoromethyl)phengtiganate and amirte?
according to general procedure Ill. The crude pebdvas purified by flash-chromatography
on SiQ with EtOAc as eluent to afford 79% of compousRias yellow solid with m.p. 102-
104°C.
[a]p®= +41.0° (c = 1, CHG).
'H NMR (400 MHz, GD, 60 °C):5 = 8.78 (br s, 1H, NH), 7.94 (m, 3H), 7.33 (s, 1694
(m, 5H), 6.00 (m, 1H), 5.47 (br s, 1H, NH), 3.51, (bi), 3.03 (m, 3H), 2.60 (m, 5H), 0.62
(m, 3H).
13C NMR (101 MHz, GDs, 60 °C):06 = 170.83, 154.64, 154.57, 154.47, 144.77, 144.72,
144.66, 144.64, 143.41, 143.35, 141.88, 131.89,5¥31124.95, 122.24, 117.76, 117.73,
114.45, 114.40, 105.36, 57.58, 51.47, 46.74, 461296, 43.71, 39.46, 39.39, 39.28, 39.26,
37.59, 37.56, 26.29, 10.35, 10.06.
IR (neat): 3338 (w), 2937 (w), 2362 (w), 1702 (W55 (w), 1599 (m), 1528 (m), 1474 (m),
1386 (m), 1348 (w), 1275 (s), 1228 (m), 1170 (4R3 (s), 1043 (w), 940 (w), 878 (m), 804
(m), 731 (w), 700 (m) cih
HRMS (ESI):mvz calcd for G7H,6FsNsO, [M+H] *: 566.1991; found: 566.1979.
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E4.4 Kinetic measurements

E4.4.1 General procedure for kinetic measurements.

Three stock solutions were prepared in dry caléatd& mL flasks. Stock solution A: 1.2 M in
acetic anhydride (612.5 mg) and 0.6 M in 1,4-diexaBtock solution B: 1.8 M in NEt
(910.7 mg) and 0.6 M in ethynylcyclohexanol (37&§). Stock solution C: catalyst (x mol%
relative to alcohol, x = 2.5 —15). A nitrogen-fleshdry NMR tube was filled with 0.2 mL
each of stock solution A, B and C. The NMR tube viased with a gas burner and
immediately injected into a Varian Mercury 200 MNMR. FIDs were collected in defined
time intervals and the obtained multiple FiB® NMRs analyzed by integration of the product
peaks with a self-written subroutine using the VNM&ttware package. The conversion was
calculated directly from the intensities of dioxgaa internal standard) and product peaks:

(| eqer 13
/8)

conv. = [10%% (1)

( l Dioxane

Dependence of the conversion vs. tinveas fitted by equation (2):

1
conv. :yo(l_mj (2)

k =k, [ROH], (3)

E4.4.2 Initial rate measurements with catalyst catlur3.

Equation y=a+b*
Value Standard Error  Correlation
coefficient
20 o R2
2.5% cat Intercept | 1.71445E-4 011513  0.98617
1| 25% cat Slope 0.00272  9.28908E-5
18 — | 5% cat Intercept | -3.82692E-5 017192 0.98932 n 2.5% catllur3
5% cat Slope 0.00438  1.17485E-4
7.5% cat Intercept 0.17197 016679  0.99494 ® 50 catllur3
16 - | 75%cat Slope 000702 1.77086E-4 A 0
| 10%cat Intercept -4.4478E-5 0.34804  0.98619 7.5% catllur3
14 4 10% cat Slope 000978 4.72014E-4 v 10% catllur3
15% cat Intercept  -2.55385E-5 035952 0.99264
’\3 4| 15% cat Slope 001418  6.09971E-4 < 15% catllur3
o
<~ 124
C -
.8
® 10
(] J (]
g o
G 87
O
6 —
Yy °
4 4
2
0 — T TT——T——T——

LI |
0 200 400 600 800 1000 1200 1400 1600 1800 2000 2200
Time (s)

172



Experimental part

E4.4.3 Kinetic measurements with 10% catalyst loadg.

Table E4.1.Catalytic activity of the 3,4-diamino and 4-amiyddines?

o A
O// 10 mol% catalyst 0" 0 =
Ac,0, NEt;3

36a CDCl3, 23 T
36b
Catalyst run  ky, I mol* s* Ak, Ci  to, Min typ, Min Aty min
cat81lurl 1 8.56E-05 3.24E-07 1.009 -26 395 1
cat81urlf 1 1200°
cat81ur3 1 4.67E-05 4.69E-07 0.947 -37 723 7
cat81ur5 1 4.49E-05 3.92E-07 0.871 -44 753 7
cat81ur5 2 4.85E-05 3.59E-07 0.899 -49 697 5
averaged 725 20
catllurl 1 7.74E-05 3.27E-07 0.886 -41 436 2
catllurl 2 8.72E-05 7.10E-07 0.995 -41 387 3
averaged 412 17
catllur2 1 8.55E-05 6.42E-07 0.911 -13 395 3
catllur3 1 1.32E-04 1.96E-06 0.896 -68 256 4
catllur3 2 1.40E-04 2.11E-06 0.898 -46 241 4
averaged 249 5
catllur4d 1 9.95E-05 1.01E-06 0.982 -4 339 3
PheOMe 1 2.84E-05 4.20E-07 0.990 -90 1192 18
ValPh,OH 1 4.35E-05 3.93E-07 0.956 -78 776 7
CyPhePhOH 1 7.40E-05 3.43E-07 0.973 -13 457 2
53 1 2.13E-04 7.28E-06 0.582 -71 159 5

 Conditions: 0.2 M alcohol, 2.0 equiv of &2, 3.0 equiv of NEt{ 0.1 equiv catalyst, CD&123.0+1.0 °C.

® Time of 50% conversion (the reaction did not rex88% conversion).
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Fitted conversion plots.
Fitting parameters:

ka = k,[ROH],, wherek; is the rate-constant of the second-order reaction;

tOhas a meaning of time axis offseti( equation 2);

yO0 allows rescaling of the conversion axigiQ equation 2).

= Catalyst cat8lurl

100 - —— Secondorder (User) Fit of conversion
L Lasnnt
1—{""7'77[.1
80 Equation y = y0*(1-1/(2*exp(ka*(t-t0))-1))
Adj. R-Square: 0.9998
Value Standard Error|
conversion yo 100.90709 0.11628
—_ conversion ka 1.71271E-5 6.47794E-8
O\O 60 4 conversion  t0 -1575.46995 36.77677
S
c
kel
o
9 40+ :
c 3
o H
o 8
20 z
" o 70000 140000
' Independent Variable
0 T T T T T T T T T T
0 30000 60000 90000 120000 150000
time (s)
80 - = Catalyst cat81ur3
—— Secondorder (User) Fit of conversion
_——a
704 e
60
Equation y = y0*(1-1/(2*exp(ka*(t-t0))-1))
—~ 504 Adj. R-Square 0.99957
O\C’ Value Standard Error
S conversion yo 94.66195 0.4298
o conversion ka 9.3488E-6 9.37582E-8
8 40 T conversion t0 -2225.28092 86.66406
o
2 304
o . " .
°© A
20 i R L
Lk
- "h..,'_‘:-.“
10 -
“““““
0 T T T T T T T T T T 1
0 20000 40000 60000 80000 100000

time (s)
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= Catalyst cat81lur5

90 . .
] —— Secondorder (User) Fit of conversion
80 S —*
70 . Equation {; y0*(1-1/(2*exp(ka*(t-t0))-
60 Adj. R-Square 0.99906
— Value Standard Error
X ) conversion | yo 87.14735 0.30144
~ 50+ conversion  ka 8.97634E-6  7.83407E-8
g 4 conversion to -2658.45526 117.9368
B 404
¢
§ 01 z -
30 < .
© I T :
] & -
20 e T
104 : .
0 ' : ' : ' : ' mdelpendenlvauab'\e |
0 50000 100000 150000 200000 250000
time (s)
= Catalyst catllurl
100 —— Secondorder (User) Fit of conversion
| L PLLEE
- N e
90 o -
804 Equation y = yo*(1-1/(2*exp(ka*(t-t0))-1))
1 Adj. R-Square 0.99902
70+ Value Standard Error
1 conversion yo 99.49701 0.23327
’\5\ 60— conversion ka 1.74497E-5 1.42075E-7
&/ 4 conversion 10 -2476.87924 86.71368
& 504 R
2 ]
o N e
S 404 . s
c ] .
S .1
S 304 . =
1 5 ! o .
20 Z -
10+ - : :
0 T T T T T T T T T T T
30000 60000 90000 120000 150000
time (s)
100+ = Catalyst catllur2
% 1 —— Secondorder (User) Fit of conversion
80
1 - Equation y = y0*(1-1/(2*exp(ka*(t-t0))-1))
70 Adj. R-Square 0.99927
4 Value Standard Error
@ 60 conversion yo 91.07154 0.26123
< ] conversion ka 1.71055E-5 1.28452E-7
g 50 conversion to -805.83827 57.29175
=
€ 40+ .
g 1 B
© 30+ it }f
[} .
20 ..
104
1 ° Independent Variable -
04 T T T T T T T T T T T T T T ]
0 20000 40000 60000 80000 100000 120000 140000
time (s)
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conversion (%)

conversion (%)

conversion (%)

176

» Catalyst cat1lur3

100'_ —— Secondorder (User) Fit of conversion
90 T LLLLL L
| oamumEEEES
80 Equation y = y0*(1-1/(2"exp(ka*(t10))-1))
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conversion (%)

conversion (%)

conversion (%)

* Catalyst ValPh,OH

100 . .
| —— Secondorder (User) Fit of conversion
90
-
| I
80
1 Equation y = yO*(1-1/(2*exp(ka*(t-t0))-1))
Adj. R-Square 0.99908
704 Value Standard Erro|
1 conversion yo 95.60734 0.34099
60 - conversion  ka 8.70727E-6 = 7.86938E-8
] conversion 0 -4678.14514 128.04497
50
40
30 1 §
204 8
10 7] o 100000 200000
1 Independent Variable
0 T T T T T T T T T T 1
0 50000 100000 150000 200000 250000
time (s)
+ Catalyst CyPhePh,OH
100 4 —— Secondorder (User) Fit of conversion
90 ),)»,um»)""’”
80 _ Equation y = y0*(1-1/(2*exp(ka*(t-t0))-1))
] Adj. R-Square 0.99969
70 - Value Standard Error
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E4.5 Kinetic resolution experiments: general procegre.

A solution of alcohol (1 mmol), NEO.75 mmol, 105.L) and catalyst (0.01 mmol) in 3 mL
of solvent (toluene or Ci€l,) was cooled to —78 °C. Isobutyric anhydride (On7&ol, 124
uL) was added dropwise under vigorous stirring. Afleh 100ul of reaction mixture was
taken off and quenched with 1 mL MeOH. The solvemtye removed under reduced

pressure and the crude mixture was analyzetdyMR and CSP HPLC.

HPLC retention times of alcohols and correspondsogbutyrates.

1. (¥)-1-(1-Naphthyl)ethanol (alcl).

Conditions for HPLC: Daicel Chiralpak OD-column stizal, hexanatpropanol = 99/1,
flow-rate 1.4 mL/min, detection at 254 nm, 25°Cettion volumes: 5-1QL. Retention
times: 4.7 R-ester), 6.0%ester), 46.5%alcohol), 78.8 R-alcohol) min.

2. (cis)-4-Dimethylamino-benzoic acid 2-hydroxy-cyclohexyester (alc3).

Conditions for HPLC: Daicel Chiralpak OD-column btizal, hexana/tpropanol = 90/10,
flow-rate 1.0 mL/min, detection at 254 nm, 25°Qettion volume: 2QL. Retention times:
7.2 (1S 2R-ester), 9.1 (R, 2S-ester), 16.5 @, 2S-alcohol), 29.6 (§ 2R-alcohol) min.

3. Trans-2-Phenylcyclohexan-1-ol (alc2).

Conditions for HPLC: Daicel Chiralpak OD-column gtizal, hexanatpropanol = 99.5/0.5,
flow-rate 1.0 mL/min, detection at 220 nm, 25°Cettion volumes: 5-1QL. Retention
times: 48.8 (§, 2R -alcohol), 54.3 (R, 2S-alcohol) min.

Ha
O\R Ph
o R = H: 3.65 ppm
R=H:562ppm o R = i-PrCO: 4.95 ppm
R =i-PrCO: 6.67 ppm HO_R
a

Scheme E4.1Chemical shifts of hydrogens, lfor alcohols and theiso-butyrates.

Conversion of alcoholslcl and alc2 can be calculated from the integrals cohydrogen

atoms in‘*H NMR spectra of reaction mixture:
y=—l=e oo (1)

Iester+|ROH
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For alcoholsalc1 andalc3 the conversion can be calculated from the enamtimnexcesses of

alcohol and product:

y=— o0 o 2y
€8 + 8o

The selectivitys was then calculated by using equation (3)alod andalc3 and equation (4)

for alcoholalc2:

s= In (1_eeROH )/(1+ €Eron /eester )] (3)[54]
In[(1+ €8 )/(L+ €6y /8, )|

s=Infl1-eaq. )1-y) Z
(e =) @
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Chapter 5: Experimental details

E5.1 Determination of activation parameters.

General procedure for the isobutyrylation of 1-(1-raphthyl)ethanol.

A solution of 2 mmol ()-1-(1-naphthyl)ethan@®0, 6 mmol NE§, 0.33 mmol 1,3,5-
trimethoxybenzene and 0.5 mol % PPY in 8 ml toluesas cooled to —78 °C. 4 mmol (i-
PrCOYO was added dropwise with vigorous stirring. Ev&6+30 minutes 5QuL of the
reaction mixture was taken off and quenched withl1MeOH. The solvents were distilled
off under reduced pressure atINMR spectra were measured. Signals of estét§4 ppm)

and alcohold 5.70 ppm) were integrated. Conversyois given by equation 1.:

e [100%

| + o

y= 1)

ester
Dependence of the conversipns. timet was fitted by equation 2 for the second-order
reaction kinetics:

1

y= yo(l-mj

k = k,[ROH,

(2)
3)

wherek; is a rate-constant of the second-order reactidms a meaning of time axis offset.
With this parameter in the fitting process it's mecessary to measure the starting point of the
reaction exactly. The variabjgallows for rescaling of the conversion axis.

A half-life can be calculated with equation (4):

In15

"= i tror, R

Table E5.1.Rate constants fd?PY-catalyzed acylation , measured at different temijpees.

UT, /K 0.005177 0.0050470.00492247 0.00469| 0.00448 0.004280.004113 0.00403

T, K 193.15 198.15 203.15 213.15 223.15 233]15 243.1248.15

T, °C -80 -75 -70 -60 -50 -40 -30 -25

k, min* 0.00489 | 0.00607 0.00778 0.01007 0.01%33 0.0250D3164| 0.03656

0.00832 0.0115] 0.01822 0.02245

averaged 0.00489 | 0.00607 0.00805 0.010fy9 0.01678 0.0237®3164| 0.03654

In(k) -5.320563 -5.1044 | -4.8220832 -4.5296 | -4.08787-3.73975| -3.45333| -3.3088

Absolute errok | 1.70E-04| 2.37E-04 2.80E-04 | 3.43E-041.02E-03 3.56E-04 4.53E-04] 1.46E-03
Relative errok 0.035 0.039 0.035 0.032 0.061 0.015 0.014 0.040

ko, Mtst 0.000408| 0.0005060.00067083 0.0009 | 0.0014| 0.00198 0.00263¥.003047

In(ko/T) -13.069 | -12.878 -12.621 -12.377  -11.981 -11.6761.432| -11.308
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-80°C:

-75°C:

-70°C:

Conversionvs time plots at different temperatures.

| —— Secondorder_B0AO02 (User) Fit of conversion kin025
100+ g B ==&
1 n
Equation y = y0*2*(1-exp(-ka*(t-t0)))/(2-exp(-ka*(t-t0)))
80 Adj. R-Square 0.99661
] Value Standard Error
conversion kin025 yo 100
é 60 - conversion kin025 0 7.10667 1.3841
c conversion kin025 ka 0.0052 1.52951E-4
o 4
g Equation y = y0*2*(1-exp(-ka*(t-t0)))/(2-exp(-ka*(t-t0)))
2 40 Adj. R-Square 0.99755
8 | Value Standard Error
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E5.2 Synthesis of the catalyst 5I-Me.

((5aS,6R,9S,9aR)-6,11,11-trimethyl-5a,6,7,8,9,9axadydro-6,9-methanopyrido[3,4-
b]quinoxaline-5,10-diyl)bis((3,5-dimethylphenyl)mehanone), 72

The crude product was purified by column chromapgy on SiQ with EtOAc/hexanes
(1:3) as eluent to afford 44% @2 as off-white oil.

'H NMR (300 MHz, CDCJ): & = 7.78 (d,J = 5.5 Hz, 1H), 7.74 (d) = 0.5 Hz, 1H), 7.10 (s,
3H), 7.06 (s, 3H), 6.34 (dd,= 0.4 Hz,J = 5.5 Hz, 1H), 5.04 (d) = 10.9 Hz, 1H, CH), 4.75
(d,J=10.9, 1H, CH), 2.38 (m, 1H, CH), 2.31 (s, 6H, £F2.30 (s, 6H, Ch), 1.95 (m, 1H,
CHy), 1.62 (m, 2H, Ch), 1.47 (m, 1H, Ch), 1.01 (s, 3H, Ch), 0.85 (s, 3H, Ch), 0.16 (s,
3H, CHg).

¥C NMR (75 MHz, CDCJ): 8 = 170.9 (C=0), 170.7 (C=0), 147.8, 143.4, 138.33.2,
138.2, 138.0, 135.2, 135.0, 134.9, 132.8, 132.8,3,3.27.7, 126.4, 126.3, 120.1, 67.6, 66.6,
52.5,51.6, 44.9, 36.2, 27.6, 24.0, 21.3, 21.3,,221.0, 11.3.

IR (neat): 2957 (w), 1662 (m), 1652 (m), 1576 (509 (w), 1446 (w), 1342 (m), 1318 (m),
1256 (w), 1134 (w), 836 (w), 779 (w), 695 (m)tm

HRMS (ESI):m/z calcd for GaHagNzO, [M+H]: 508.2964; found: 508.2953.

(5aS,6R,9S,9aR)-5,10-bis(3,5-dimethylbenzyl)-6,11;frimethyl-5,5a,6,7,8,9,9a,10-
octahydro-6,9-methanopyrido[3,4-b]quinoxaline, 5I-Me

LS

o
Reduction of the compount? (190 mg)was carried out accordingeneral procedure Il
The crude product was purified by column chromaipby on SiQ with EtOAC/TEA (40:1)

as eluent to afford 40 % 6f-Me as off-white foam.
[a]p??= +22.0° (c = 1, CHG).
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'H NMR (300 MHz, CDCJ) 6 = 7.71 (s, 1H, CH), 7.67 (d,J = 5.6 Hz, 1H, CH,), 6.95 (s,
2H, 2CHy), 6.89 (s, 2H, 2CHl), 6.80 (s, 2H, 2CH), 6.32 (d,J = 5.6 Hz, 1H, CH,), 4.70
(m, 2H, N(H,), 4.53 (dd,J = 8.2 Hz,J = 17.3 Hz, 2H, NE&l,), 3.45 (d,J = 8.0 Hz, 1H, N&),
3.40 (d,J = 8.0, 1H, N®), 2.32 (s, 6H, ArCH), 2.30 (s, 6H, ArCh), 2.13 (d,J = 4.6 Hz,
1H, CH), 1.76 (m, 1H, C}), 1.56 (m, 1H, ChH), 1.24 (m, 1H, Ch), 1.13 (ddJ=9.6 Hz,J =
13.5 Hz, 1H, CH), 1.06 (s, 6H, Ck), 0.84 (s, 3H, Ch).

3C NMR (75 MHz, CDCJ) & = 139.1, 138.7, 138.2, 138.2, 138.1, 137.7, 131125, 1, 128.6,
128.4, 124.3, 124.0, 106.9, 69.3, 64.2, 56.9, B, 48.6, 46.4, 36.0, 25.7, 22.2, 21.5, 21.4,
21.4,20.5, 14.2.

IR (neat): 2951 (m), 2874 (w), 2360 (w), 1605 (1H,79 (s), 1565 (m), 1516 (s), 1455 (m),
1390 (m), 1328 (s), 1274 (s), 1250 (m), 1204 (Mp4(m), 1118 (m), 1065 (m), 1036 (m),
922 (w), 864 (w), 830 (s), 802 (s), 688 (s)tm

HRMS (ESI):m/z calcd for GaHa N3 [M+H] ™ 480.3379; found: 480.3370.

E5.3 Benchmark kinetics and KR with the catalyst 5Me.

Table E5.2.Catalytic activity of the cataly&i-Me.?

(jOH/é 10 mol% catalyst OJ\O =
Ac,0, NEt3 O/
36a CDCl3, 23T
36b
4 ) Aty
catalyst run Kk, Imol~s Ak C1 to, Min  ty;p, Min _
min
DMAP 1 2.18E-04 1.39E-06 1.010 -28  155.0 1.7
5b 1 1.90E-03 3.03E-05 1.088 -8 17.8 0.3
5I-Me 1 1.11E-4 2.75E-7 1.031 -9 61 1.0
5I-Me 2 1.01E-4 2.75E-7 1.011 -5 67 1.0
5I-Me  averaged 64 15

& Conditions: 0.2 M alcohol, 2.0 equiv of A2, 3.0 equiv of NE{ 0.1 equiv catalyst, CDgl
23.0+1.0 °C.
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Figure E1.1.Conversion-time plots for the catalysts, 5-Me, 5| andDMAP.

Table E5.3.KR of alcoholsalc1-3using chiral 3,4-diaminopyridines.

OH (@) iPr ,\\\OH
2 eq (iPrc0),0 \g/
3 eq NEt; . OO
OO 0.5 mol % catalyst OO "
toluene, -78 C, 3 h
(rac)-60 (R)-62 (S)-60
mol% : 0/\C YA (YAGS b
Entry Catalyst catalyst Solvent Time (h) e (%) e (%) C (%) s
1 5b 0.5 toluene 6.5 10.7 10.7 49 1.4
2 5l 0.5 toluene 3 5.3 8.7 38 1.3
3 5|-Me 1.0 toluene 9 32.4 13.6 70 1.7
4 5|-Me 0.5 toluene 7 7.0 15.4 31 1.5

& ConversiorC = 100*ea/(eentee).
® Selectivity factois was calculated as described in ref. 54.

¢ ee of recovered alcohol,

established by CSP-HPLC.

9 ee of ester, established by CSP-HPLC.
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Appendix

Chapter 2. Computational details.

Ground state model.

The relative acylation enthalpies were calculated at the optimized level of theory: MP2/6-
31+G(2d,p)//B98/6-31G(d) with inclusion of solvent effects using PCM single point at
RHF/6-31G(d) level with UAHF radii.

The conformational space of flexible 3,4-diaminopyridines has been searched using the MM3
force field or, for selected systems, also with the OPLS force field and the systematic search
routine implemented in MACROMODEL 9.7. All stationary points located at force field level
have then been reoptimized at B98/6-31G(d) level. Thermochemical corrections to 298.15 K
have been calculated for all minima from unscaled vibrational frequencies obtained at the
same level. The thermochemical corrections have been combined with single point energies
calculated at the MP2(FC)/6-31+G(2d,p)//B98/6-31G(d) level to yield enthalpies Hyog at
298.15 K:

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

E, (MP2(FC)/6-31+ G(2d,p)) +[H,y, (B98/6 —31G(d)) - E,, (B98/ 6 — 31G(d))] )

Inclusion of solvent effects effects using PCM single point at RHF/6-31G(d) level with
UAHEF radii gives the final enthalpies:

H,y(MP2 - 5/s0lv) =

2
H,,,(MP2(FC)/6 - 31+ G(2d, p)//B98/6 — 31G(d)) + AG(PCM/UAHF/RHF/6 — 31G(d)) @

In conformationally flexible systems enthalpies have been calculated as Boltzmann-averaged

values over all available conformers:

<H298> = Z W, H 54, 3)

where Boltzmann-factors w; were calculated with equation (4):
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W, = exp(—H298,I. / RT) @)

z exp(—H298,I. / RT)

i=1

Transition state model.

There are generally four possible orientations of the alcohol/anhydride part of the TS for each
catalyst conformer: two orientations of the acetyl group and two variants of the alcohol attack
on the reaction center (from the front face or the back face of the pyridine ring). For
symmetrical aminopyridines such as DMAP (3) and PPY (4) this number reduces to one
possible orientation. Up to four best conformations of the free catalyst were used in other
cases to obtain the initial geometries of TSs, which were then optimized to energy minima
with selected frozen bonds (marked bold in Scheme 2.6), followed by frequency analysis at
the same level and single point calculations at MP2(FC)/6-31+G(2d,p) level.

Subsequent optimisation of the most stable conformations, obtained in the “frozen transition
states” model, followed by frequency analysis at B98/6-31G(d) level and single point
calculation at MP2 level as well as PCM solvation energy calculations, gave structures of the

“optimized transition states”.
The nature of all stationary points was verified through calculation of the vibrational

frequency spectrum. All quantum mechanical calculations have been performed with

Gaussian 03.
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A2.1 Relative acetylation enthalpies for 3,4-diamino and 4-aminopyridines.

Table A2.1. Calculated energies of conformers of 3,4-diaminopyridines and corresponding acetyl intermediates.
Averaged enthalpies <H,o> were calculated at B3LYP/6-311+G(d,p)// B3LYP/6-31G(d) level of theory in a gas

phase.
Hoog <Hao5>
Conformer Euor Haog By B3LYP/6- | s vpi63114G d,p)//[B3LYP/6-311+G(d,p)/
B3LYP/6-31G(d) |[B3LYP/6-31G(d)|  311+G(d,p) BALYP/6A1 G(( d)p) BALYP/631 G(( d)p)
Py
py -248.284973 -248.190708 -248.351162 -248.256898 -248.256898
py ac -401.299539 -401.151170 -401.401972 -401.253603 -401.253603
5c -828.101443
4 -828.333870 -827.888867 -828.547489 -828.102486
8 -828.333347 -827.888200 -828.546863 -828.101716
19 -828.333103 -827.887884 -828.546600 -828.101381
1 -828.332752 -827.887818 -828.546610 -828.101676
2 -828.332627 -827.887663 -828.546281 -828.101317
6 -828.332066 -827.887128 -828.545629 -828.100692
3 -828.331729 -827.886850 -828.545306 -828.100427
15 -828.331711 -827.886648 -828.545429 -828.100365
14 -828.331518 -827.886378 -828.545085 -828.099945
31 -828.331378 -827.886355 -828.545352 -828.100330
35 -828.331252 -827.886285 -828.545189 -828.100222
10 -828.331182 -827.886568 -828.544634 -828.100020
9 -828.331067 -827.887065 -828.544818 -828.100816
74 -828.330983 -827.885946 -828.544849 -828.099813
32 -828.330710 -827.885310 -828.544241 -828.098840
20 -828.330536 -827.885337 -828.544239 -828.099040
28 -828.330456 -827.885512 -828.544136 -828.099193
12 -828.330285 -827.885106 -828.543839 -828.098660
5¢_ac -981.147416
4.ac2 -981.398200 -980.898023 -981.648702 -981.148525
8.ac2 -981.397036 -980.896793 -981.647426 -981.147182
4.acl -981.396749 -980.896636 -981.646942 -981.146829
19.ac2 -981.396577 -980.896339 -981.646992 -981.146754
15.ac2 -981.396071 -980.895960 -981.646652 -981.146541
14.ac2 -981.395925 -980.895614 -981.646430 -981.146119
8.acl -981.395559 -980.895355 -981.645624 -981.145421
15.acl -981.394752 -980.894710 -981.645019 -981.144978
19.acl 981.395212 -980.894840 -981.645316 -981.144944
32.ac2 -981.395072 -980.894752 -981.645465 -981.145145
l.ac2 -981.394685 -980.894733 -981.645496 -981.145544
9.ac2 -981.394685 -980.894732 -981.645496 -981.145543
25.ac2 -981.394557 -980.894348 -981.645067 -981.144858
14.acl 981.394392 -980.894321 -981.644564 -981.144493
18.ac2 -981.394319 -980.894027 -981.644779 -981.144487
2.ac2 -981.394243 -980.894240 -981.644930 -981.144928
6.ac2 -981.394241 -980.894205 -981.644740 -981.144704
Se -750.700337
018 -750.910344 -750.503666 -751.107744 -750.701066
029 -750.909828 -750.503411 -751.107338 -750.700921
019 -750.909733 -750.503224 -751.106973 -750.700463
021 -750.909539 -750.503039 -751.106982 -750.700482
012 -750.909236 -750.502918 -751.106739 -750.700421
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Haog <Hjo5>
Conformer Euo Hoog B B3LYP/6- | 5 v p/6-3114G(dp)/ B3LYP/6-311+G(d.p)/
B3LYP/6-31G(d) [B3LYP/6-31G(d)|  311+G(d,p) BALYP/6AL G(( d)p) BALYP/EAT G(( d)p)
011 -750.908823 -750.502469 751106108 -750.699754
032 -750.908952 -750.502307 -751.106093 -750.699448
010 -750.909034 -750.502423 -751.106604 -750.699993
015 -750.908934 -750.502227 -751.106543 -750.699836
036 -750.908337 -750.501876 -751.105704 -750.699243
024 ~750.908209 -750.501841 751.105845 -750.699477
027 -750.908197 -750.501772 -751.105660 -750.699235
031 -750.908278 -750.501772 -751.105909 -750.699403
023 -750.907536 -750.501152 -751.105033 -750.698649
002 -750.907389 -750.500816 751.104711 -750.698138
Se_ac -903.743174
04 -903.971708 -903.510209 -904.205721 -903.744221
14 -903.971028 -903.509519 -904.205121 -903.743612
12 -903.970979 -903.509510 -904.205066 -903.743597
11 -903.970843 -903.509324 -904.204674 -903.743155
13 -903.970853 -903.509363 -904.204986 -903.743496
10 -903.970470 -903.508855 -904.204357 -903.742742
25 -903.970119 -903.508596 -904.204032 -903.742509
22 -903.970225 -903.508534 -903.970225 -903.508534
21 2903.970141 2903.508575 2904.204018 2903.742453
55 2903.969717 2903.508267 -904.203480 -903.742030
53 -903.969544 -903.508094 -904.203350 -903.741899
16 -903.969771 -903.508228 -904.203689 -903.742146
29 2903.969683 2903.508132 2904.203643 2903.742092
19 2903.969683 2903.508132 2904.203643 2903.742091
52 -903.969520 -903.508040 -904.203009 -903.741529
24 -903.969401 -903.50801 1 -904.203547 -903.742156
28 -903.969401 -903.50801 1 -904.203547 -903.742156
43 2903.969770 2903.508158 2904.204016 -903.742404
20 2903.969309 2903.507635 -904.203473 -903.741799
62 -903.968761 -903.507267 -904.202320 -903.740826
02 -903.968732 -903.506944 -904.202568 -903.740780
35 -903.968360 -903.506618 -904.202202 -903.740460
03 2903.968360 2903.506619 2904.202201 -903.740460
5§ -941.237860
13 -941.441168 -941.000048 -941.679325 -941.238205
10 -941.440895 -940.999777 -941.679107 -941.237989
4 -941.440911 -940.999909 -941.678960 -941.237959
7 -941.441004 -941.000128 -941.678780 -941.237904
6 -941.440604 -940.999799 ~941.678645 -941.237840
2 -941.440994 -941.000103 -941.678630 941237738
1 -941.440452 -940.999271 -941.678237 -941.237056
15 -941.439586 -940.998736 941.677411 -941.236561
5f ac -1094.282271
2.acl -1094.504581 | -1094.008717 | -1094.778484 -1094.282620
1.ac2 -1094.504088 | -1094.007995 | -1094.778589 -1094.282496
4.ac2 -1094.503737 | -1094.007796 | -1094.778423 -1094.282481
4.acl 1094504173 | -1094.008173 | -1094.778430 -1094.282430
lacl 1094504379 | -1094.008223 | -1094.778515 -1094.282358
6.ac2 _1094.502765 | -1094.006845 | -1094.777419 -1094.281499
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Haog <Hjo5>
Conformer Euo Hoog B B3LYP/6- | 5 v p/6-3114G(dp)/ B3LYP/6-311+G(d.p)/
B3LYP/6-31G(d) [B3LYP/6-31G(d)|  311+G(d,p) BALYP/6AL G(( d)p) BALYP/EAT G(( d)p)
6.acl -1094.503184 | -1094.007274 | -1094.777362 -1094.281451
9.acl -1094.503161 | -1094.007187 | -1094.776996 -1094.281022
9.ac2 21094502519 | -1094.006632 | -1094.776773 -1094.280886
5g _1211.548116
6 2 1211.801513 | -1211.244719 | -1212.105737 _1211.548943
41 1211801079 | -1211.244044 | -1212.105354 _1211.548320
13 2 1211.799741 | -1211.242880 | -1212.104198 _1211.547337
10 2 1211.799776 | -1211.242678 | -1212.104273 _1211.547175
72 1211.799188 | -1211.242572 | -1212.103190 _1211.546574
14 1 1211.798325 | -1211.242090 | -1212.102362 _1211.546127
111 1211.799388 | -1211.242269 | -1212.103106 _1211.545987
71 1211.798761 | -1211.241876 | -1212.102630 _1211.545745
13 1211.798604 | -1211.241408 | -1212.102824 _1211.545628
14 2 1211.797636 | -1211.241075 | -1212.101431 _1211.544870
6 3 1211.796911 | -1211.240287 | -1212.101305 _1211.544680
21 1211796936 | -1211.240044 | -1212.101038 _1211.544146
12 1 1211.795729 | -1211.238898 | -1212.100541 _1211.543711
22 1211796311 | -1211.239462 | -1212.100286 _1211.543437
11 1211795842 | -1211.239106 | -1212.100162 _1211.543426
112 1211795115 | -1211.238410 | -1212.099257 _1211.542552
9 2 1211795435 | -1211.238536 | -1212.099379 _1211.542481
6 1 1211.795396 | -1211.238462 | -1212.099328 _1211.542393
43 1211.795500 | -1211.238284 | -1212.099324 _1211.542108
5g ac _1364.592985
4 1 ac2 _1364.865089 | -1364.253036 | -1365.205655 _1364.593602
10 2 ac2 | -1364.864117 | -1364.252150 | -1365.205150 _1364.593183
6 2 ac2 _1364.864254 | -1364.252443 | -1365.204982 -1364.593171
41 acl _1364.862987 | -1364.252093 | -1365.203396 ~1364.592502
6 2 acl _1364.863746 | -1364.251857 | -1365.204279 _1364.592390
10 2 acl 1364863531 | -1364.251562 | -1365.204335 _1364.592367
13 2 ac2 | -1364.863200 | -1364.251285 | -1365.204167 -1364.592252
13 2 acl _1364.862705 | -1364.250687 | -1365.203444 -1364.591426
4 3 acl _1364.860981 | -1364.248711 | -1365.200843 ~1364.588572
43 ac2 _1364.859944 | -1364.247747 | -1365.200569 _1364.588372
6 1 acl 1364859136 | -1364.246935 | -1365.199714 _1364.587513
5h -786.364830
1 -786.527121 -786.160765 -786.732179 -786.365823
16 -786.526243 -786.159865 786.731243 -786.364865
11 -786.526243 ~786.159865 -786.731241 ~786.364863
2 -786.525182 786.159317 ~786.730119 -786.364253
7 -786.525497 -786.159254 -786.730285 -786.364041
13 -786.524594 -786.158573 -786.729975 -786.363954
10 -786.524598 ~786.158371 ~786.729930 ~786.363703
14 -786.524937 ~786.158863 ~786.729705 -786.363631
9 -786.524246 ~786.158321 -786.729014 ~786.363088
12 -786.524020 -786.157456 -786.729574 -786.363010
15 -786.523908 786.157767 ~786.729046 -786.362905
4 -786.523666 ~786.157448 ~786.729003 ~786.362785
6 -786.523126 ~786.157170 ~786.728555 -786.362599
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Haog <Hjo5>
Conformer Euo Hoog B B3LYP/6- | 5 v p/6-3114G(dp)/ B3LYP/6-311+G(d.p)/
B3LYP/6-31G(d) [B3LYP/6-31G(d)|  311+G(d,p) BALYP/6AL G(( d)p) BALYP/EAT G(( d)p)
5h_ac -939.408166
1 acl -939.588728 -939.167438 -939.830243 -939.408952
1 ac2 2939588379 -939.167144 -939.829601 -939.408366
11 ac2 2939587148 -939.165886 -939.828540 -939.407278
11 acl -939.586928 -939.165589 -939.828036 -939.406697
2 acl -939.586014 -939.164903 -939.827385 -939.406274
2 ac2 -939.586001 -939.164875 -939.827064 -939.405938
7 ac2 -939.585730 -939.164623 -939.827002 -939.405895
7 acl -939.585677 -939.164462 -939.826689 -939.405474
12 ac2 -939.585081 -939.163633 -939.826752 -939.405304
14 ac2 -939.584606 -939.163617 -939.825755 -939.404766
12 acl -939.584743 -939.163207 -939.826104 -939.404568
10 acl -939.584105 -939.162900 -939.825762 -939.404557
14 acl -939.584577 -939.163584 -939.825465 -939.404472
13 acl -939.583198 -939.162175 -939.824815 -939.403792
10 ac2 -939.582720 -939.161578 -939.824163 -939.403022
15 acl -939.582831 -939.161680 -939.824164 -939.403013
15 ac2 -939.582726 -939.161526 -939.823762 -939.402562
13 ac2 -939.581881 -939.160863 -939.823294 -939.402276
5i 2906.690099
7 2906.961129 2906.456105 2907.195945 2906.690921
8 -906.960256 -906.455500 -907.195274 -906.690518
1 -906.960018 -906.455260 -907.195139 -906.690381
3 2906.959942 2906.455136 2907.194846 2906.690040
23 2906.959926 2906.454745 2907.194748 2906.689567
25 -906.959896 -906.454577 2907.194714 2906.689395
28 -906.959743 -906.454389 -907.194458 -906.689104
29 -906.959698 -906.454574 -907.194474 -906.689350
5 2906.959160 2906.454106 2907.194062 2906.689008
40 2906.959126 2906.453849 2907.193858 -906.688580
2 -906.958975 -906.454191 -907.193780 -906.688996
31 -906.958871 -906.454108 -907.193877 -906.689114
15 -906.958843 -906.453673 -907.193623 -906.688453
5i_ac -1059.735847
7.acl _1060.025548 | -1059.465249 | -1060.297306 -1059.737007
23.acl -1060.024192 | -1059.464044 | -1060.295957 -1059.735809
29.acl -1060.024158 | -1059.463980 | -1060.295684 -1059.735506
7.ac2 -1060.024153 | -1059.463983 | -1060.295582 -1059.735412
28.acl 1060024115 | -1059.463905 | -1060.295768 -1059.735558
25.acl -1060.024055 | -1059.464000 | -1060.295810 _1059.735755
8.acl -1060.023023 | -1059.463171 | -1060.294933 -1059.735081
29.ac2 -1060.023003 | -1059.462882 | -1060.294234 -1059.734113
23.ac2 -1060.022957 | -1059.462824 | -1060.294383 -1059.734251
28.ac2 -1060.022769 | -1059.462623 | -1060.294107 -1059.733961
46.acl _1060.022756 | -1059.462555 | -1060.293746 -1059.733545
25.ac2 -1060.022738 | -1059.462709 | -1060.294175 -1059.734146
56.ac2 -1060.022704 | -1059.462579 | -1060.294361 -1059.734235
49.ac2 -1060.022667 | -1059.462289 | -1060.294220 -1059.733842
40.acl -1060.022482 | -1059.462277 | -1060.294126 -1059.733921
63.ac2 -1060.022255 | -1059.462195 | -1060.293867 -1059.733807
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Appendix

Haog <Hjo5>
Conformer Euo Hoog B B3LYP/6- | 5 v p/6-3114G(dp)/ B3LYP/6-311+G(d.p)/
B3LYP/6-31G(d) [B3LYP/6-31G(d)|  311+G(d,p) BALYP/6AL G(( d)p) BALYP/EAT G(( d)p)
102.acl -1060.022121 | -1059.461748 | -1060.293989 -1059.733615
5.acl -1060.021972 | -1059.461879 | -1060.293996 -1059.733903
5§ _1221.581593
102 1221788419 | -1221.273782 | -1222.096927 _1221.582290
82 _1221.788358 | -1221.273724 | -1222.096867 _1221.582233
187 1221787692 | -1221.272923 | -1222.096127 _1221.581358
158 _1221.787548 | -1221.272832 | -1222.095974 _1221.581258
7 1221786251 | -1221.271961 | -1222.095034 _1221.580744
195 1221785961 | -1221.271262 | -1222.094647 _1221.579947
85 _1221.785999 | -1221.271431 | -1222.095038 _1221.580470
71 _1221.785976 | -1221.271220 | -1222.094701 _1221.579945
1 _1221.784814 | -1221.270536 | -1222.093249 -1221.578970
214 _1221.785829 | -1221.270879 | -1222.094744 _1221.579794
22 _1221.785954 | -1221.271713 | -1222.094824 ~1221.580583
135 _1221.785661 | -1221.270823 | -1222.094614 _1221.579775
5 ac _1374.632494
102 acl _1374.857819 | -1374.288066 | -1375.202198 _1374.632444
207 acl _1374.856493 | -1374.287048 | -1375.200809 _1374.631364
106 acl _1374.856479 | -1374.287018 | -1375.200771 _1374.631310
187 acl _1374.856372 | -1374.286665 | -1375.200594 _1374.630887
22 ac2 _1374.855849 | -1374.288993 | -1375.200292 _1374.633436
155 acl _1374.855432 | -1374.286040 | -1375.199728 _1374.630335
33 acl _1374.854656 | -1374.285227 | -1375.198851 _1374.629422
102 ac2 _1374.855228 | -1374.285692 | -1375.200446 _1374.630910
46 acl _1374.854920 | -1374.285445 | -1375.199735 _1374.630260
214 acl _1374.854447 | -1374.284529 | -1375.198907 _1374.628989
82 ac2 _1374.854738 | -1374.285149 | -1375.199986 _1374.630397
123 acl _1374.854302 | -1374.284837 | -1375.198763 _1374.629297
187 ac2 _1374.853730 | -1374.284096 | -1375.198853 _1374.629219
158 ac2 _1374.853121 | -1374.283567 | -1375.198325 _1374.628771
22 acl _1374.852862 | -1374.283411 | -1375.197797 _1374.628346
182 ac2 _1374.852862 | -1374.283412 | -1375.197796 _1374.628346
5Kk ~1132.962481
13 1133176740 | -1132.679811 | -1133.459951 _1132.963021
2 1133.176526 | -1132.679837 | -1133.459580 _1132.962890
15 1133.176396 | -1132.679542 | -1133.459578 _1132.962724
6 1133.176317 | -1132.679582 | -1133.459404 _1132.962669
10 1133.175350 | -1132.678143 | -1133.459159 _1132.961952
1 _1133.175398 | -1132.678370 | -1133.458791 _1132.961762
4 _1133.175332 | -1132.678206 | -1133.458872 _1132.961746
7 1133.175241 | -1132.678468 | -1133.458500 _1132.961727
12 1133.174178 | -1132.677206 | -1133.457903 ~1132.960932
9 _1133.174447 | -1132.677811 | -1133.457277 _1132.960641
16 1133174614 | -1132.677437 | -1133.457749 _1132.960572
5k ac ~1286.006517
1.ac2 _1286.239216 | -1285.687367 | -1286.559127 _1286.007278
2.acl _1286.239661 | -1285.687892 | -1286.558775 ~1286.007007
2.ac2 _1286.239197 | -1285.687440 | -1286.558754 _1286.006997
lacl _1286.239374 | -1285.687446 | -1286.558718 _1286.006789
4.ac2 _1286.238498 | -1285.686583 | -1286.558492 _1286.006577
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Appendix

Haos <Hao5>
Conformer Euo Hoog B B3LYP/6- | 5 v p/6-3114G(dp)/ B3LYP/6-311+G(d.p)/
B3LYP/6-31G(d) [B3LYP/6-31G(d)|  311+G(d,p) BALYP/6AL G(( d)p) BALYP/EAT G(( d)p)
10.ac2 _1286.238548 | -1285.686417 | -1286.558543 _1286.006413
4.acl _1286.238836 | -1285.686857 | -1286.558240 -1286.006261
12.ac2 _1286.238058 | -1285.686018 | -1286.558010 ~1286.005969
6.ac2 _1286.238064 | -1285.686287 | -1286.557572 ~1286.005794
13.ac2 _1286.238234 | -1285.686222 | -1286.557785 _1286.005773
12.acl _1286.238272 | -1285.686313 | -1286.557664 _1286.005705
6.acl _1286.238498 | -1285.686654 | -1286.557497 -1286.005652
15.ac2 _1286.238268 | -1285.686371 | -1286.557323 -1286.005426
15.acl _1286.237592 | -1285.685651 | -1286.557114 -1286.005173
16.ac2 _1286.237780 | -1285.685944 | -1286.556976 _1286.005141
10.acl _1286.237429 | -1285.685287 | -1286.557101 _1286.004958
13.acl _1286.237257 | -1285.685252 | -1286.556533 _1286.004528
7.acl _1286.236155 | -1285.684322 | -1286.555457 -1286.003624
7.ac2 _1286.235804 | -1285.683846 | -1286.555510 -1286.003553
51 _1288.919884
1 _1289.190133 | -1288.598196 | -1289.512328 ~1288.920391
2 _1289.189469 | -1288.597319 | -1289.511396 -1288.919246
3 _1289.187642 | -1288.595703 | -1289.509658 _1288.917718
4 _1289.188650 | -1288.596397 | -1289.510818 _1288.918566
51 ac _1441.963936
3acl 1442253201 | -1441.606192 | -1442.611644 _1441.964635
lacl 1442253098 | -1441.606205 | -1442.610722 _1441.963829
lac2 1442252637 | -1441.605746 | -1442.610610 _1441.963719
2ac2 1442251977 | -1441.604954 | -1442.610530 _1441.963507
4acl 1442251930 | -1441.604945 | -1442.610037 _1441.963052
2acl 1442251938 | -1441.604866 | -1442.609947 _1441.962875
4ac2 1442250842 | -1441.603457 | -1442.609277 _1441.961892
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Appendix

Table A2.2. Calculated energies of conformers of 3,4-diaminopyridines and corresponding acetyl intermediates.
Averaged enthalpies <H,os> were calculated at MP2(FC)/6-31+G(2d,p)//B98/6-31G(d) level of theory with

inclusion of solvent effects in chloroform at PCM/UAHF/RHF/6-31G(d) level.

E
E B98/6- | Haos BOS/6- ot Guons Hags MP2-5 | <Hagg> MP2-5
Conformer 31G(d) 31G(d) g/llizéfzcg/g) kJ/mol with soly with solv
Py
Py 243181767 | -248.087627 | -247.589439 | -9.00 | -247.498727
Py ac | -401.140004 | -400.991691 | 400215516 | -142.55 | -400.121498
5a 2591698885
1 2503.418065 | -593.130880 | -591.981245 | -14.56 | -591.699606
2 2503417088 | -593.130024 | -591.980224 | -1452 | -591.698690
3 2503416648 | -593.129499 | -591.979898 | -14.18 | -591.698150
4 2503415838 | -593.128722 | -591.978867 | -14.14 | -591.697137
5 2503.415488 | -593.128357 | -591.979020 | -15.06 | -591.697625
6 5503415277 | -593.127870 | -591.978978 | -15.19 | -591.697357
7 2503.414082 | -593.126927 | -591.977706 | -14.56 | -591.696097
5a_ac 744352678
T 746420416 | -746.078238 | -744.649502 | -121.08 | -744.353441
2 746420285 | -746.077937 | -744.649302 | -121.29 | 744353151
3 746419224 | 746.076995 | -744.648332 | -121.13 | 744352239
4 74641917 | -746.07687 | 744648337 | -121.50 | 744352314
5 746419086 | -746.076798 | -744.648046 | -121.17 | 744351909
6 746419086 | -746.076799 | -744.648047 | -121.17 | 744351911
7 746419131 | 746.076892 | 74464761 | -120.12 | 744351122
g 746419131 | -746.076893 | 74464761 | -120.08 | 744351108
9 746418954 | 746.076873 | -744.647375 | -12033 | 744351125
10 746417975 | -746.075703 | -744.646556 | -120.16 | -744.350051
0 746418056 | -746.075775 | -744.646790 | -121.00 | -744.350596
5c 1825516838
8 828.001801 | -827.557348 | -825.963011 159 | 825517952
4 1828.002033 | -827.557927 | -825.961857 | -029 | -825.517862
2 828.000917 | -827.556782 | -825.962331 159 | 825517501
T 1828.000859 | -827.556620 | -825.961300 | 050 | -825.517252
45 1827.098449 | 827.554199 | -825.961499 | 054 | -825.517042
7 1827.098623 | -827.554291 | -825.961033 | -029 | -825.516313
28 1827.098803 | -827.554666 | -825.960348 | -1.13 | -825.516641
31 1827.099580 | -827.555168 | -825.960747 | -0.67 | -825.516590
0 1827.098462 | -827.554037 | -825.060445 | 138 | -825.516546
4 1827.099940 | -827.555453 | -825.961145 | 038 825516515
19 828.001334 | -827.556945 | -825.961050 | 050 | -825.516470
35 1827.099401 | -827.555214 | -825.960485 | -0.08 | -825.516330
24 1827.098368 | -827.553719 | -825.961522 151 1825516300
29 1827.097857 | -827.553895 | -825.961163 | 238 1825516293
74 1827.099336 | -827.555047 | -825.961453 | 259 | 825516176
8 1827.098400 | -827.554182 | -825.960170 | -050 | -825.516143
2 827.098831 | -827.554466 | -825.960875 1.55 1825515920
10 1827.099587 | -827.555798 | -825.960577 | 2.2 | 825515752
20 827.098871 | -827.554462 | -825.959779 | -0.63 | -825.515609
6 828.000231 | -827.556070 | -825.959679 |  0.00 | 825515518
5 1827.098289 | -827.554336 | -825.959602 | _ 0.63 1825515410
3 1827.099923 | -827.555845 | -825.959378 | -0.13 | -825.515349
3 1827.097956 | -827.553764 | -825.959326 | 050 | -825.515326
37 1827.997356 | -827.553339 | -825.960019 180 | 825515317
2 1827.996082 | -827.551755 | -825.959506 |  0.25 1825515083
16 1827.098495 | -827.554530 | -825.959383 1.05 1825515020
s 1827.099816 | -827.555598 | -825.959146 | -021 | -825.515008
3 1827.999030 | -827.554465 | -825.959228 | -0.79 | -825.514965
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Appendix

Etot

i B98/6- | Haos BIS/6- Guons Hags MP2-5 | <Hagg> MP2-5
Conformer 31G(d) 31G(d) g/ﬁzélzg/g) kJ/mol with soly with soly

33 827.997960 | -827.553715 | -825.958884 | -0.84 | -825.514958
30 827.096071 | -827.551745 | -825.958965 | -046 | 825514314
39 827.996272 | -827.552243 | -825.958790 | 0.00 | -825.514761
54 1827.997251 | -827.552678 | -825.959050 | -0.63 | 825514716
21 827997575 | -827.553365 | -825.058567 | 092 | -825.514708
40 827.995914 | -827.551958 | 825059180 |  1.92 | -825.514491
36 827.996256 | -827.551867 | -825.058899 |  0.38 825514367
23 827.098327 | -827.553927 | -825.058346 | -1.00 | -825.514328
27 827997507 | -827.553932 | -825.058726 | 2.5 825514196
62 1827.996669 | -827.552236 | -825.958568 | 0.2 825.514055
25 827.098959 | -827.554428 | -825.058275 | 059 | -825.513968
44 827995953 | -827.551966 | -825.056942 | 201 | -825.513720

9 827998539 | -827.554271 | -825.957891 0.00 | 825513622
50 827995321 | -827.551318 | 825058026 | 130 | -825.513528
61 827995667 | -827.551628 | 825057431 | 021 | -825.513471
56 827996281 | -827.552182 | 825057329 | 033 | -825.513358
84 827995101 | -827.550835 | -825.057461 | -0.46 | -825.513280
71 827996169 | -827.551664 | -825.057109 | -0.96 | -825.512970
e 827.995723 | -827.551388 | 825056643 | 021 | -825.512388
70 827095463 | -827.551442 | 825057181 | 230 | -825.512284
34 827996538 | -827.552717 | -825.056559 | 172 | -825.512084
52 827.094934 | -827.550548 | -825.055925 | -0.63 | -825.511779
51 827995061 | -827.550749 | -825.056102 |  0.92 | -825.511439

5¢ ac -978.172026

4 ac2 | -981.009738 | 980.510214 | -978.635898 | 97.11 | -978.173362
R ac2 | -981.008871 | -980.509343 | -978.636382 | -95.14 | -978.173092
14 ac2 | -981.007715 | -980.508061 | -978.635139 | 96.73 | -978.172330
19 ac2 | -981.008161 | -980.508659 | -978.634270 | 9837 | -978.172234
18 ac2 | -981.006058 | -980.506745 | -978.633412 | 9757 | -978.171261
28 ac2 | -981.005256 | -980.505950 | -978.632709 | 9929 | -978.171219
15 ac2 | -981.007559 | -980.508157 | -978.633548 | -97.07 | -978.171118
7 ac2 | 981005275 | -980.505633 | -978.633051 | -98.62 | -978.170970
4 acl 2981.008377 | -980.508860 | -978.633957 | -9498 | -978.170614
24 ac2 | -981.005387 | -980.505514 | -978.634049 | 9556 | -978.170573
32 ac2 | -981.006796 | -980.506897 | -978.633339 | 97.36 | -978.170523
9 ac2 | -981.006145 | -980.506839 | -978.632171 | -98.74 | -978.170474
I ac2 | -981.006145 | 980506835 | -978.632175 | -98.74 | -978.170474
8 acl 2981.007471 | -980.507807 | -978.634464 | -9322 | -978.170306
20 ac2 | -981.005323 | -980.506023 | -978.632273 | -97.99 | -978.170294
2 ac2 | -981.005931 | 980.506561 | -978.632962 | 9636 | -978.170292
33 ac2 | 981.003643 | -980.504461 | -978.631101 | -100.42 | -978.170165
12 ac2 | -981.005026 | -980.505679 | -978.633145 | 9540 | -978.170133
39 ac2 | -981.001894 | -980.502403 | -978.631169 | -100.83 | -978.170084
36 ac2 | 981002797 | -980.503315 | -978.631808 | -99.12 | -978.170078
SI ac2 | -981.005279 | -980.505672 | -978.631822 | 99.33 | -978.170047
16 ac2 | -981.004050 | 980.504797 | -978.631596 | -98.95 | -978.170033
23 ac2 | 981005279 | -980.505667 | -978.631822 | 9920 | -978.170027
14 acl | -981.006245 | 980.506950 | -978.633147 | 9493 | -978.170012
25 ac2 | 981006114 | -980.506500 | -978.632019 | -98.58 | -978.169959
31 ac2 | 981.005400 | -980.505904 | -978.631966 | -97.70 | -978.169681
6 ac2 | -981.005731 | -980.506421 | -978.631555 | -98.11 | -978.169615
29 ac2 | -981.002864 | -980.503610 | -978.631441 | -98.24 | -978.169614
62 ac2 | -981.003872 | -980.504134 | 978.632039 | 97.65 | -978.169496
S4 ac2 | 981.004234 | -980.504825 | 978631878 | 97.15 | -978.169472
11 ac2 | -981.003345 | 980.503732 | -978.630885 | -100.29 | -978.169471
22 ac2 | 981002963 | -980.503348 | -978.631951 | -9745 | -978.169451
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Etot

o B98/6- | Hays BIS/6- Gups | Haos MP2-5 | <Haoe> MP2-5
Conformer 31G(d) 31G(d) g/ﬁzélzg/g) kJ/mol with soly with soly
19 acl | -981.006886 | -980.507036 | -978.632354 | 9661 | -978.169300
13 ac2 | -981.004675 | -980.505205 | -978.631924 | -96.15 | -978.169075
5 ac2 | 981003903 | -980.504552 | -978.631117 | -97.82 | -978.169024
3 ac2 | -981.005293 | -980.506252 | -978.630817 | -97.36 | -978.168859
10 ac2 | -981.003397 | 980.504479 | -978.630219 | -98.58 | -978.168846
28 acl | -981.004066 | -980.504723 | -978.631076 | -97.36 | -978.168816
15 acl | -981.006349 | 980.507075 | -978.631825 | -95.19 | -978.168806
18 acl | -981.004561 | 980.505576 | -978.631191 | 9602 | -978.168779
7 acl 2981.003961 | -980.504583 | -978.631197 | -96.86 | -978.168711
32 acl | 981.005477 | -980.505744 | 978631575 | 96.15 | -978.168463
74 ac2 | 981.003569 | -980.504216 | -978.631325 | 9535 | -978.168290
2 acl 2981.004853 | -980.505508 | -978.631409 | -95.10 | -978.168286
I acl 2981.005024 | -980.505653 | -978.630568 | -96.99 | -978.168137
9 acl 2981.005024 | -980.505654 | -978.630564 | -96.99 | -978.168134
35 ac2 | 981.004173 | -980.504566 | -978.630623 | 97.32 | -978.168083
20 acl | -981.004108 | -980.504987 | -978.630502 | -96.15 | -978.168002
31 acl | -981.004364 | -980.505108 | -978.630571 | 9632 | -978.168000
30 ac2 | 981.001043 | -980.501606 | -978.629664 | -98.99 | -978.167926
21 ac2 | -981.002546 | -980.503071 | -978.629393 | -99.79 | -978.167925
13 acl | -981.003410 | -980.504060 | -978.630103 | -97.24 | -978.167788
SI acl | -981.003960 | -980.504546 | -978.630031 | -97.53 | -978.167765
23 acl | -981.003960 | -980.504547 | -978.630030 | -97.53 | -978.167765
33 acl | -981.002586 | -980.503366 | -978.620433 | 9832 | -978.167662
12 acl | -981.003939 | -980.504284 | -978.631524 | 9393 | -978.167645
37 ac2 | -981.000607 | -980.501235 | -978.628873 | -100.08 | -978.167620
24 acl | -981.003864 | -980.503959 | -978.631858 | -93.55 | -978.167586
62 acl | -981.002662 | -980.503177 | -978.630497 | -96.02 | -978.167585
16 acl | -981.002832 | -980.503584 | -978.629817 | 97.15 | -978.167572
25 acl | -981.004891 | -980.505200 | -978.630323 | -96.78 | -978.167501
5S4 acl | -981.003237 | -980.503535 | 978.630434 | 9565 | -978.167162
6 acl 2981.004558 | -980.505168 | -978.629769 | -9640 | -978.167096
11 acl | -981.002164 | 980.502419 | -978.629120 | 9853 | -978.166914
40 ac2 | -981.000783 | -980.501307 | -978.628902 | -98.03 | -978.166764
61 ac2 | 981.001674 | -980.502264 | -978.628809 | -97.99 | -978.166721
5 acl 2981.002705 | -980.503410 | -978.629376 | -96.15 | -978.166702
3 acl 2981.004123 | -980.504970 | -978.629051 | -96.57 | -978.166678
10 acl | -981.002365 | -980.503437 | -978.628491 | 9552 | -978.165945
35 acl | -981.002860 | -980.503411 | -978.628771 | 9544 | -978.165672
74 acl | -981.002283 | -980.502951 | -978.629416 | 9330 | -978.165621
27 ac2 | 981001546 | -980.502242 | -978.627623 | -97.61 | -978.165498
34 ac2 | 981.001603 | -980.502453 | -978.627988 | 9540 | -978.165172
70 ac2 | -981.000425 | -980.501026 | -978.627545 | 96.65 | -978.164959
S0 ac2 | -980.998757 | -980.499285 | -978.626349 | 9920 | -978.164693
Se 743 348429

029 750606553 | -750200824 | 748755443 | 1.00 | -748.349332

018 750607112 | -750201112 | 748755673 |  2.01 743 348908

021 750606375 | -750.200488 | 748755172 |  L.13 743 348854

012 750605976 | -750.200302 | 748754386 | .17 | -743.348766

010 750605854 | -750.199821 | 748754930 | 046 | -748.348722

015 750605703 | -750.199816 | -748.754722 | 088 | 748348501

019 750606566 | 750200615 | -748.754755 | 172 | -748.348151

011 750605748 | 750200113 | 748754430 | 075 | -748.348508

002 750604419 | -750.198622 | 748754286 |  0.54 | 748348282

024 750604956 | -750.199256 | -748.754038 | -0.29 | 743348450

031 2750605009 | -750.199008 | -748.754147 | 1.00 | -748.347763

032 750605803 | -750.199873 | 748753254 | -0.13 | -748347372
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Appendix

Etot

o B98/6- | Hays BIS/6- Gups | Haos MP2-5 | <Haoe> MP2-5
Conformer 31G(d) 31G(d) g/ﬁzélzg/g) kJ/mol with soly with soly
027 750604951 | -750.199015 | -748.753218 | _ 0.63 748 347044
023 750604370 | -750.198666 | -748.752974 | 025 | 748347366
036 750605140 | -750.199262 | 748753148 | _ 0.33 748 347142
014 750603217 | -750.197343 | 748753121 | 042 | 748347406
003 750603738 | -750.197727 | 748753217 | 0.71 743 346934
007 750602899 | -750.197006 | -748.752897 | 025 | -748.347100
008 750602986 | -750.197172 | 748752735 | 029 | -748.347033
005 750602410 | -750.196208 | 748752514 | -0.79 | 748346615
001 750601281 | -750.195324 | 748752157 | -0.84 | -748.346519
004 750602579 | -750.196602 | 748752167 | 050 | 748346381
020 750601727 | -750.195632 | 748751943 | 033 | 748345975
025 750602496 | -750.196713 | 748751256 | 029 | 748345584
017 750602253 | -750.195939 | 748751667 | -0.67 | -748.345608
006 2750600497 | -750.194606 | -748.750536 | -0.54 | 748344852
033 750601180 | -750.195008 | 748750495 |  -0.63 | 748344652
009 750600303 | -750.194225 | 748750287 |  -0.84 | 748344528
022 750601743 | -750.195660 | 748750165 | 046 | 748344258
034 750601358 | -750.195251 | 748749690 |  -0.75 | 748343870
040 750601007 | -750.194934 | 748749445 | 017 | 748343346
026 750599800 | -750.193846 | -748.748793 | -1.00 | -748.343132
041 750599734 | -750.193769 | 748748251 | -1.13 | -748.342716
030 750599831 | -750.193543 | 748748504 |  0.54 | -748.342009
Se_ac 2901.002684
04 2903612034 | -903.151115 | 901427163 | -97.91 | -901.003535
13 2903611153 | -903.150164 | 901426547 | -99.87 | -901.003598
12 2903611208 | -903.150313 | 901426323 | -98.66 | -901.003006
14 2903.611285 | -903.150338 | 901426274 | -100.58 | -901.003637
10 2903.610912 | -903.149873 | 901425934 | -99.66 | -901.002854
0 2903611202 | -903.150244 | 901425667 | -98.66 | -901.002287
» 2903.610538 | -903.149472 | 901425300 | -101.55 | -901.002910
16 2903.610131 | -903.149100 | 901425047 | -101.09 | -901.002517
02 2903.609317 | -903.148009 | -901425265 | -100.12 | -901.002091
53 2903.609918 | -903.149110 | 901424762 | -97.82 | -901.001212
19 2903.610056 | -903.149049 | 901424942 | -101.17 | -901.002469
29 2903.610056 | -903.149052 | 901424937 | -101.17 | -901.002467
21 2903.610418 | -903.149444 | 901424386 | -100.50 | -901.002190
20 2903.609568 | -903.148619 | 901424844 | -101.13 | -901.002412
25 2903.610415 | -903.149507 | -901424794 | -100.33 | -901.002100
53 2903.610048 | -903.148798 | 901425134 | -100.71 | -901.002242
24 2903.609600 | -903.148883 | 901424547 | -101.46 | -901.002475
23 2903.609600 | -903.148880 | 901424546 | -101.46 | -901.002471
05 2903.608313 | -903.147341 | 901424639 | -101.04 | -901.002153
55 2903.610063 | -903.149151 | 901424559 | -98.83 | -901.001287
35 2903.608866 | -903.147812 | 901424466 | -100.67 | -901.001754
03 2903.608866 | -903.147810 | 901424466 | -100.67 | -901.001752
07 2903.608521 | -903.147446 | 901424428 | -101.75 | -901.002110
52 2903.609957 | -903.148966 | -901423780 | -96.61 | -900.999586
s 2903.608067 | -903.147197 | 901423405 | -99.96 | -901.000606
33 2903.608109 | -903.147038 | 901423473 | -9849 | -900.999915
03 2903.608109 | -903.146985 | -901423304 | -100.16 | -901.000330
47 2903.608109 | -903.146984 | -901423305 | -100.16 | -901.000330
45 2903.607707 | -903.146490 | 901423247 | -101.17 | -901.000564
62 2903.609133 | -903.148272 | 901422877 | -98.74 | -900.999625
09 2903.607344 | -903.146331 | 901423012 | -101.67 | -901.000723
46 2903.607344 | -903.146327 | 901423013 | -101.67 | -901.000720
64 2903.608309 | -903.147318 | 901422950 | -99.41 | -900.999823
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Appendix

Etot

o B98/6- | Hays BIS/6- Gups | Haos MP2-5 | <Haoe> MP2-5
Conformer 31G(d) 31G(d) g/ﬁzélzg/g) kJ/mol with soly with soly
44 2903.607030 | -903.146207 | 901422725 | -9933 | -900.099734
58 2903.608369 | -903.147403 | 901422741 | -98.24 | -900.999193
49 2903.607280 | -903.146400 | 901422600 | -10033 | -900.099934
40 2903.607274 | -903.146155 | 901422809 | -98.07 | -900.999044
59 2903.608786 | -903.147659 | 901422802 | -99.41 | -900.999539
17 2903.607456 | -903.146299 | 901422574 | -102.97 | -901.000636
01 2903.605978 | -903.144756 | -901422600 | -101.80 | -901.000150
23 2903.607291 | -903.146298 | 901422016 | -101.84 | -900.999811
18 2903.607291 | -903.146289 | 901422017 | -101.80 | -900.999788
27 2903.606929 | -903.145717 | 901422139 | -101.13 | -900.099444
2% 2903.607397 | -903.146025 | 901422258 | -102.26 | -900.099834
56 2903.606854 | -903.145870 | 901421662 | -98.32 | -900.998128
50 2903.606398 | -903.145217 | 901421140 | -99.33 | -900.997792
51 2903.606943 | -903.145885 | 901421008 | -98.37 | -900.997415
34 2903.606565 | -903.145688 | 901420714 | -100.79 | -900.098227
63 2903.605809 | -903.144761 | 901420641 | -99.91 | -900.997648
37 2903.606520 | -903.145356 | 901420540 | -101.67 | -900.998100
0 2903.604988 | -903.143725 | 901420616 | -101.63 | -900.998062
06 2903.604988 | -903.143722 | 901420616 | -101.63 | -900.998059
3 2903.604763 | -903.143401 | -901420700 | -99.91 | -900.997393
57 2903.606160 | -903.145004 | 901420214 | -10021 | -900.097224
61 2903.605005 | -903.144112 | 901419945 | -99.79 | -900.996969
60 2903.605814 | -903.144336 | 901420185 | -101.25 | -900.997272
st 2938344926
6 2041062462 | -940.622577 | -938.783610 | -5.06 | -938.345653
4 2041062845 | -940.622744 | 938783815 | 448 | -938.345420
2 2041.062964 | -940.622926 | -938.784047 | -2.80 | -938.345077
s 2041061682 | -940.621588 | -938.783857 | 259 | -938.344751
3 2041.063112 | -940.622726 | -938.784121 | -138 | -938.344262
10 2041062892 | -940.622604 | -938.784221 | -0.75 | -938.344219
I 2041062444 | -940.622379 | 938783124 | 238 | -938.343968
7 2041.063065 | -940.623052 | -938.783669 | 029 | -938.343768
9 2041.062076 | -940.622092 | -938.782384 | 297 | -938.343532
16 2041.061804 | -940.621404 | -938.782401 | 347 | -938.343323
2 2041.060270 | -940.619658 | -938.782590 | -2.64 | -938.342982
14 2041062221 | -940.622378 | -938.782413 | -0.67 | -938.342826
51 ac 21090.999723
2 acl | -1094.070524 | -1093.575470 | -1091.459203 | 9548 | -1091.000515
2 a2 | -1094.069510 | -1093.574222 | -1091.458027 | -98.74 | -1091.000348
4 ac2 | -1094.069039 | -1093.573899 | -1091.456561 | 99.91 | -1090.999477
9 acl | -1094.069156 | -1093.573911 | -1091.457714 | -97.11 | -1090.999457
9 ac2 | -1094.068112 | -1093.572822 | -1091.456644 | -100.00 | -1090.999441
6 ac2 | -1094.068051 | -1093.573005 | -1091455343 | -101.88 | -1090.999100
4 acl | -1094.069887 | -1093.574522 | 1091457509 | 9652 | -1090.998909
6 acl | -1094.068873 | -1093.573644 | 1091456366 | -98.99 | -1090.998842
1 ac2 | -1094.069398 | -1093.573913 | -1091.456641 | 9740 | -1090.998255
I acl | -1094.070036 | -1093.574785 | -1001.457152 | 94.14 | -1090.997757
15 ac2 | -1094.062929 | -1093.567514 | -1091.453700 | -103.60 | -1090.997743
16 ac2 | -1094.067883 | -1093.572376 | -1091.455127 | -99.41 | -1090.997484
16 acl | -1094.068522 | -1093.573165 | -1091.455605 | 9640 | -1090.996964
7 acl | -1094.067309 | -1093.572188 | -1091454477 | 9828 | -1090.996790
10 acl | -1094.068042 | -1093.572954 | -1091.454559 | 95.65 | -1090.995901
13 acl | -1094.067473 | -1093.572262 | -1091.453617 | -97.82 | -1090.995665
12 acl | -1094.066580 | -1093.571072 | -1091.454213 | 94.68 | -1090.994769
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E
i B98/6- | Haos BIS/6- ot Guons Hags MP2-5 | <Hagg> MP2-5
Conformer 31G(d) 31G(d) g/ﬁzélzg/g) kJ/mol with soly with soly
5g 11207.819503
41 T1211312399 | -1210.756414 | -1208.381461 | 13.60 | -1207.820297
6 2 C1211.312697 | -1210.756905 | -1208.380677 | 12.47 | -1207.820136
10 2 | -1211.311004 | -1210.755073 | -1208.380786 | _ 13.14 | -1207.819851
132 | -1211.310918 | -1210.754982 | -1208.380161 | 12.43 | -1207.819491
72 C1211.310484 | -1210.755045 | -1208.378297 | 10.04 | -1207.819033
43 C1211.307244 | -1210.751179 | -1208.380018 | 13.93 | -1207.818646
6 1 C1211.306988 | -1210.751164 | -1208.379320 | 13.72 | -1207.818269
11 C1211.310772 | -1210.754625 | -1208.379032 | 12.97 | -1207.817945
141 C1211.309577 | -1210.754309 | -1208.376787 | 9.58 | -1207.817869
13 C1211.309836 | -1210.753816 | -1208.379027 | 13.72 | -1207.817780
121 C1211.306964 | -1210.751178 | -1208.379308 | 1536 | -1207.817673
71 C1211.310182 | -1210.754349 | -1208.377495 | 1050 | -1207.817662
21 C1211.308233 | -1210.752278 | -1208.377545 | 1096 | -1207.817414
63 C1211.307907 | -1210.752542 | -1208.376699 | 1050 | -1207.817334
22 C1211.307557 | -1210.751815 | -1208.376185 | 8.83 | -1207.817080
112 | -1211.306443 | -1210.750668 | -1208.376622 | 1117 | -1207.816593
11 C1211.307037 | -1210.751253 | -1208.377501 | 13.81 | -1207.816458
92 C1211.306770 | -1210.750901 | -1208.375445 | 845 | -1207.816357
142 | -1211.309056 | -1210.753429 | -1208.376021 | 10.96 | -1207.816218
10 3 | -1211.307435 | -1210.751457 | -1208.375572 | 10.46 | -1207.815609
23 C1211.301507 | -1210.745834 | -1208.374434 | 870 | -1207.815446
91 C1211.303419 | -1210.747798 | -1208.371177 | 9.00 | -1207.812130
5g ac -1360.472770
4 1 ac2 | -1364319820 | -1363.708516 | -1361.055082 | -77.66 | -1360.473355
43 acl | -1364.316651 | -1363.705476 | -1361.056803 | -72.72 | -1360.473325
43 ac2 | -1364.315092 | -1363.703943 | -1361.055270 | 7531 | -1360.472806
10 2 ac2 | -1364.318656 | -1363.707628 | -1361.054256 | -77.28 | -1360.472662
6 2 ac2 | -1364.318791 | -1363.707870 | -1361.053435 | -77.86 | -1360.472172
13 2 ac2 | -1364.317774 | -1363.706771 | -1361.052658 | -79.16 | -1360.471806
6 | acl | -1364.314227 | -1363.703035 | -1361.053552 | -76.94 | -1360.471666
12 [ acl | -1364.308866 | -1363.697456 | -1361.049916 | -86.11 | -1360.471303
4 1 acl | -1364.317938 | -1363.706999 | -1361.053512 | 7427 | -1360.470859
10 2 acl | -1364.318127 | -1363.707324 | -1361.053333 | -73.35 | -1360.470466
6 2 acl | -1364.318393 | -1363.707546 | -1361.052601 | 7422 | -1360.470025
13 2 acl | -1364.317343 | -1363.706437 | -1361.051833 | 7527 | -1360.469596
5h 783954589
I 786211003 | -785.845253 | 784319500 | 435 | -783.055407
0 786210144 | -785.844351 | 784318658 | -5.82 | -783.955080
7 786209518 | -785.843845 | 784317937 | 590 | -783.054510
14 786208937 | -785.843458 | 784317282 | 582 | -783.954018
2 786207914 | -785.842026 | 784317745 | 485 | -783.953705
2 786208914 | -785.843775 | 784317084 | 439 | -783.953619
10 786208438 | -785.843003 | 784317385 | -3.89 | -783.053522
3 786208416 | -785.842067 | 784317316 | 402 | -783.953397
6 786206906 | -785.841416 | 784315807 | 749 | -783.953169
s 786207729 | -785.842314 | 784316707 | -3.89 | -783.952773
4 786207467 | -785.841833 | 784315847 | -6.61 | -783.952731
9 786208078 | -785.842878 | 784315466 | 469 | -783.952051
5h ac 2936608509
I acl 2939215919 | -938.795126 | -936.990756 | -103.34 | -936.609326
11 ac2 | -939.214397 | 938.793616 | -936.989281 | -105.90 | -936.608835
I ac2 | 939215697 | 938794921 | -936.990057 | -101.00 | -936.607751
7 ac2 | -939.212999 | -938.792484 | -936.987507 | -10640 | -936.607518
11 acl | -939.214299 | 938793614 | -936.988645 | -103.60 | -936.607417
2 acl 2939213085 | -938.792539 | -936.987561 | -105.39 | -936.607158
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Appendix

E
o B98/6- | Hays BIS/6- ot Gups | Haos MP2-5 | <Haoe> MP2-5
Conformer 31G(d) 31G(d) g/ﬁzélzg/g) kJ/mol with soly with soly

14 ac2 | 939211901 | 938791668 | -936.986127 | -107.53 | -936.606849
12 ac2 | 939212274 | 938791416 | -936.987575 | -103.97 | -936.606317
7 acl 2939213104 | -938.792579 | -936.987082 | -104.01 | -936.606174
2 ac2 | -939.213226 | -938.792736 | -936.987278 | -103.00 | -936.606055
14 acl | 939212078 | 938791542 | -936.985822 | -10523 | -936.605364
12 acl | -939.212080 | 938791160 | -936.986777 | -101.38 | -936.604470

5i 2903.840410
8 2906595579 | -906.091657 | 904345117 | 142 | -903.841737
1 2906595372 | -906.091429 | 904344356 | 343 | -903.841719
23 2906595387 | -906.090992 | 904345404 | 029 | -903.841120
40 2906594764 | -906.090325 | 904344489 | 197 | -903.840800
4 2906594103 | -906.090168 | 904343978 | -1.80 | -903.840729
18 2006594275 | -906.090044 | 904343854 | 222 | -903.840467
2 2006594448 | -906.090614 | 904343052 | 2.68 | -903.840238
102 2906594376 | -906.089987 | 904343771 | -2.09 | -903.840179
0 2906593174 | -906.088977 | 904345278 | 2.55 | -903.840110
5 2906594709 | -906.090505 | 904343251 | 259 | -903.840035
9 2906594123 | -906.090280 | 904343095 | 201 | -903.840017
29 2906595359 | -906.091171 | -904.343975 | 038 | -903.839930
23 2906595495 | -906.091246 | 904344081 | 0.08 | -903.839800
25 2906595457 | -906.091096 | 904344001 | -0.25 | -903.839736
3 2906595480 | -906.091518 | 904343722 | 0.13 2903.839712
59 2906592955 | -906.088865 | 904343993 | 0.67 | -903.839648
192 2906592790 | -906.088812 | 904342317 | -3.18 | -903.839550
122 2906592911 | -906.088767 | 904342345 | -3.14 | -903.83939
20 2906594350 | -906.090409 | 904343020 | -0.79 | -903.839382
3 2906594125 | -906.090562 | 904343275 | 126 | -903.839234
13 2906592865 | -906.088903 | 904342899 | -0.54 | -903.830144
7 2906596591 | -906.092456 | 904343974 | 1.84 | -903.839137
26 2906593686 | -906.089286 | 904345536 | 527 | -903.839128
19 2906593695 | -906.089603 | 904343544 | 092 | -903.839101
132 2906593131 | -906.088655 | 904343244 | 059 | -903.838991
118 2906593156 | -906.088943 | 904342882 | -0.79 | -903.838971
50 2906593007 | -906.088960 | 904343927 | 218 | -903.838961
131 2906593000 | -906.088647 | 904343140 | -0.67 | -903.838952
31 2006594329 | -906.090437 | 904342542 | -0.75 | -903.838937
6 2906594190 | -906.090147 | 904341988 | 247 | -903.838885
63 2906593588 | -906.089351 | 904342678 | -1.09 | -903.838855
56 2906594069 | -906.089777 | 904343037 | -0.04 | -903.838760
95 2906593168 | -906.089336 | 904343008 | 1.6 | -903.838698
14 2906592946 | -906.088722 | 904342570 | -0.92 | -903.838697
55 2006593345 | -906.089414 | 904343295 | 176 | -903.838695
30 2906593579 | -906.089335 | 904342547 | -0.96 | -903.838669
62 2906593096 | -906.089263 | 904342464 | 0.00 | -903.838631
24 2906592921 | -906.088713 | 904342822 | 042 | -903.838456
49 2906594088 | -906.089945 | 904343268 |  1.80 | -903.838440
57 2906593161 | -906.089212 | 904343221 | 222 | -903.838428
65 2906592825 | -906.089232 | 904342512 | 130 | -903.838425
52 2906593387 | -906.089124 | 904343222 | 142 | -903.838417
W 2906594155 | -906.090204 | 904342898 |  1.55 | -903.838358
35 2906594093 | -906.090133 | 904342114 | 029 | -903.838265
80 2906592975 | -906.089323 | 904343249 |  3.51 2903.838258
82 2906593151 | -906.089370 | 904341125 | -2.13 | -903.838157
54 2906592780 | -906.089255 | 904342615 |  2.51 2903.838134
9 2906593220 | -906.088807 | 904342181 | -0.88 | -903.838103
27 2906594029 | -906.089684 | 904341988 | -1.13 | -903.838074
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Appendix

Etot

o B98/6- | Hays BIS/6- Gups | Haos MP2-5 | <Haoe> MP2-5
Conformer 31G(d) 31G(d) g/ﬁzélzg/g) kJ/mol with soly with soly
75 2906593164 | -906.088727 | -904342036 | -1.09 | -903.838013
g 2906593429 | -906.089545 | 904341655 | 033 | -903.837898
10 2906593231 | -906.089179 | 904341092 | 192 | -903.837773
58 2906592928 | -906.088835 | 904342730 | 2.59 | -903.837649
12 2906593168 | -906.089258 | 904341086 | -0.88 | -903.837511
46 2906594240 | -906.089811 | 904343016 | 2.85 | -903.837504
43 2906593265 | -906.088920 | 904341786 | 042 | -903.837281
74 2906592991 | -906.088684 | 904341182 | -0.96 | -903.837242
7 2906593022 | -906.088749 | 904341417 | 0.54 | -903.836937
86 2906592787 | -906.088736 | 904340325 | -0.79 | -903.836577
s 2906594679 | -906.090618 | 904341907 |  3.56 | -903.836491
5i_ac 21056.495463
7 acl | -1059.604369 | -1059.044723 | -1057.018841 | -98.58 | -1056.496740
29 acl | -1059.603285 | -1059.044040 | -1057.018766 | -96.36 | -1056.496222
25 acl | -1059.602986 | -1059.043743 | -1057.018176 | -97.07 | -1056.495905
23 acl | -1059.603144 | -1059.043872 | -1057.018425 | -96.27 | -1056.495821
28 acl | -1059.603134 | -1059.043647 | -1057.018231 | -96.90 | -1056.495652
46 acl | -1059.602284 | -1059.042811 | -1057.018814 | 9427 | -1056.495245
63 ac2 | -1059.601250 | -1059.042257 | -1057.016767 | -98.11 | -1056.495144
40 acl | -1059.601422 | -1059.042034 | -1057.016358 | -99.66 | -1056.494931
56 ac2 | -1059.601853 | -1059.042393 | -1057.017464 | 9636 | -1056.494705
8 acl | -1059.601652 | -1059.042745 | -1057.015841 | -98.74 | -1056.494542
3 acl | -1059.600451 | -1059.041607 | -1057.015860 | -98.49 | -1056.494530
49 ac2 | -1059.601931 | -1059.042498 | -1057.017937 | -94.56 | -1056.494519
T acl | -1059.600597 | -1059.041575 | -1057.014617 | -101.88 | -1056.494399
7 ac2 | -1059.603076 | -1059.043578 | -1057.017045 | -96.02 | -1056.494121
S acl | -1059.600773 | -1059.041674 | ~1057.015189 | -99.79 | -1056.494008
19 ac2 | -1059.599848 | -1059.040823 | -1057.015965 | -96.73 | -1056.493784
75 ac2 | -1059.600556 | -1059.040913 | -1057.015954 | 98.37 | -1056.493777
102 acl | -1059.600964 | -1059.041355 | -1057.015841 | -98.58 | -1056.493777
9 acl | -1059.599530 | -1059.040677 | -1057.014189 | -100.21 | -1056.493503
29 ac2 | -1059.602431 | -1059.043013 | -1057.017507 | -92.80 | -1056.493435
15 acl | -1059.600505 | -1059.041353 | -1057.017247 | 9255 | -1056.493346
35 ac2 | -1059.600644 | -1059.041497 | -1057.015707 | 9648 | -1056.493308
25 ac2 | -1059.601773 | -1059.042580 | ~1057.016478 | -94.52 | -1056.493285
72 ac2 | -1059.600694 | -1059.041330 | ~1057.015790 | -96.60 | -1056.493253
6 acl | -1059.599409 | -1059.040415 | -1057.013836 | -100.79 | -1056.493232
28 ac2 | -1059.601883 | -1059.042443 | -1057.016524 | -94.68 | -1056.493147
55 ac2 | -1059.600230 | -1059.040706 | -1057.016342 | 9535 | -1056.493137
31 acl | -1059.600491 | -1059.041326 | -1057.015108 | -97.40 | -1056.493042
23 ac2 | -1059.602089 | -1059.042582 | -1057.016951 | -93.26 | -1056.492965
27 ac2 | -1059.600384 | -1059.040997 | -1057.015152 | -97.65 | -1056.492960
20 acl | -1059.600315 | -1059.041010 | -1057.014946 | -97.91 | -1056.492931
2 acl | -1059.599960 | -1059.040904 | -1057.013451 | -101.00 | -1056.492865
18 acl | -1059.600217 | -1059.040844 | -1057.014491 | -98.99 | -1056.492823
63 acl | -1059.600060 | -1059.041120 | -1057.015123 | 9598 | -1056.492740
§ ac2 | -1059.600814 | -1059.041766 | -1057.014840 | -95.86 | -1056.492301
40 ac2 | -1059.600221 | -1059.040939 | -1057.014609 | -97.07 | -1056.492298
49 acl | -1059.600777 | -1059.041418 | -1057.016378 | -92.55 | -1056.492270
56 acl | -1059.600666 | -1059.041359 | -1057.015789 | -93.85 | -1056.492226
3 ac2 | -1059.599401 | -1059.040303 | -1057.014508 | -96.65 | -1056.492222
I ac2 | -1059.599513 | -1059.040503 | -1057.013142 | 99.50 | -1056.492028
46 ac2 | -1059.600781 | -1059.041347 | -1057.016457 | -90.88 | -1056.491636
S ac2 | -1059.599582 | -1059.040515 | -1057.013521 | -97.53 | -1056.491600
102 ac2 | -1059.599492 | -1059.040205 | -1057.014292 | -96.02 | -1056.491579
75 acl | -1059.599607 | -1059.039997 | -1057.014592 | -94.64 | -1056.491029
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Appendix

Etot

o B98/6- | Hays BIS/6- Gups | Haos MP2-5 | <Haoe> MP2-5
Conformer 31G(d) 31G(d) g/ﬁzélzg/g) kJ/mol with soly with soly

35 acl | -1059.599912 | -1059.040826 | -1057.014568 | -93.05 | -1056.490924
15 ac2 | -1059.599450 | -1059.040105 | -1057.015652 | 90.67 | -1056.490832
72 acl | -1059.599700 | -1059.040262 | -1057.014359 | -94.18 | -1056.490793
27 acl | -1059.599613 | -1059.040411 | -1057.014072 | 9427 | -1056.490774
2 ac2 | -1059.598807 | -1059.039910 | -1057.011813 | -98.53 | -1056.490446

5i 11217.910363
1 T1221300472 | -1220.787113 | -1218.426019 | 2.43 | -1217.911735
102 C1221.302906 | -1220.789129 | -1218.420923 | -7.53 | -1217.910014
187 C1221.302230 | -1220.788302 | -1218.420066 | 879 | -1217.909485
46 T1221.299400 | -1220.786171 | ~1218.417271 | 1402 | -1217.909371
7 C1221.300922 | -1220.787456 | -1218.420254 | -5.61 | -1217.908924
85 C1221.300735 | -1220.786939 | -1218421235 | 3.60 | -1217.908809
23 C1221.299636 | -1220.786175 | -1218420075 | -5.44 | -1217.908686
82 C1221.302848 | -1220.789187 | 1218421419 | 2.43 | -1217.908683
214 C1221.300369 | -1220.786137 | -1218419442 | 874 | -1217.908541
61 C1221.299675 | -1220.786121 | -1218418254 | 9.67 | -1217.908382
158 C1221.302118 | -1220.788136 | -1218.420520 | 456 | -1217.908274
195 C1221.300761 | -1220.786865 | -1218.420000 | -5.65 | -1217.908264
71 C1221.300703 | -1220.786764 | -1218.419907 | 6.02 | -1217.908264
207 C1221.299925 | -1220.786709 | -1218417510 | -10.38 | -1217.908246
106 C1221.299854 | -1220.786331 | -1218418068 | 9.67 | -1217.908226
17 C1221.299839 | -1220.786345 | -1218419359 | 5.86 | -1217.903096
31 C1221.299523 | -1220.786194 | -1218.418592 | 7.41 | -1217.908083
2 C1221.300344 | -1220.786825 | -1218.418231 | 837 | -1217.907900
112 C1221.299490 | -1220.785759 | 1218419279 | 5.94 | -1217.907810
217 C1221.299857 | -1220.786633 | -1218.418334 | 6.690 | -1217.907660
126 C1221.299902 | -1220.786623 | -1218.418410 | 649 | -1217.907601
137 C1221.300116 | -1220.786807 | -1218.418535 | 623 | -1217.907600
135 C1221.300217 | -1220.786237 | 1218420028 | 322 | -1217.907275
160 C1221.299959 | -1220.786488 | -1218418634 | 5.52 | -1217.907267
155 C1221.299090 | -1220.786023 | -1218416219 | -10.67 | -1217.907216
227 C1221.300138 | -1220.786156 | -1218419562 | 423 | -1217.907189
277 C1221.299584 | -1220.786379 | -1218417691 | 6.61 | -1217.907004
172 C1221.299151 | -1220.786123 | -1218.417032 | -7.03 | -1217.906631
123 C1221.299443 | -1220.785987 | -1218416700 | 870 | -1217.906558
182 C1221.299370 | -1220.786085 | -1218415962 | -10.08 | -1217.906518
32 [1221.295325 | -1220.782134 | -1218.417955 | 3.60 | -1217.906135
255 C1221.299702 | -1220.786054 | -1218418791 | -1.80 | -1217.905828
84 C1221.298567 | -1220.785130 | -1218416755 | 6.44 | -1217.905772
152 C1221.297812 | -1220.784179 | 1218415933 | 870 | -1217.905614

5{_ac 21370.564416
33 acl | -1374313136 | -1373.744397 | -1371.099821 | 90.63 | -1370.565599
102 ac2 | -1374.312839 | -1373.744081 | -1371.097101 | -96.73 | -1370.565187
82 ac2 | -1374.312327 | -1373.743559 | -1371.097518 | -93.18 | -1370.564240
46 acl | -1374.312730 | -1373.743987 | -1371.095838 | -9740 | -1370.564194
106 acl | -1374.314494 | -1373.745936 | -1371.097840 | -90.96 | -1370.563927
187 ac2 | -1374.311409 | -1373.742739 | -1371.095803 | -96.40 | -1370.563850
158 ac2 | -1374.310765 | -1373.741953 | -1371.095977 | -95.81 | -1370.563659
182 ac2 | -1374.310528 | -1373.741791 | -1371.095227 | -96.90 | -1370.563397
22 acl | -1374.310528 | -1373.741791 | -1371.095227 | -96.90 | -1370.563397
102 acl | -1374.315742 | -1373.746520 | -1371.099042 | -88.07 | -1370.563366
187 acl | -1374.314317 | -1373.745353 | -1371.097370 | 9075 | -1370.562971
7 ac2 | -1374.300841 | -1373.741193 | -1371.095886 | 9355 | -1370.562871
207 acl | -1374.314521 | -1373.745965 | -1371.096363 | 9138 | -1370.562612
155 acl | -1374.313468 | -1373.744718 | -1371.096410 | -91.76 | -1370.562608
135 acl | -1374.309488 | -1373.740839 | -1371.096361 | -91.17 | -1370.562437
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Appendix

E
o B98/6- | Hays BIS/6- ot Gups | Haos MP2-5 | <Haoe> MP2-5
Conformer 31G(d) 31G(d) g/ﬁzélzg/g) kJ/mol with soly with soly

227 ac2 | -1374.300488 | -1373.740848 | -1371.006370 | -91.00 | -1370.562423
123 ac2 | -1374.300098 | -1373.740367 | -1371.093731 | -98.11 | -1370.562370
22 ac2 | -1374.313638 | -1373.744899 | -1371.097535 | -87.45 | -1370.562102
137 ac2 | -1374.308448 | -1373.739844 | -1371.094872 | 9393 | -1370.562044
71 acl | -1374.309452 | -1373.741294 | -1371.004126 | -94.56 | -1370.561983
214 ac2 | -1374.309310 | -1373.740279 | -1371.093798 | -97.45 | -1370.561882
160 ac2 | -1374.308411 | -1373.739702 | -1371.094651 | -9435 | -1370.561878
123 acl | -1374.312210 | -1373.743568 | -1371.095873 | -89.83 | -1370.561445
85 ac2 | -1374.309378 | -1373.740538 | -1371.093119 | 97.19 | -1370.561298
106 ac2 | -1374.308588 | -1373.740205 | -1371.090645 | -101.67 | -1370.560987
135 ac2 | -1374.308657 | -1373.739794 | -1371.093967 | -94.10 | -1370.560945
227 acl | -1374.308716 | -1373.739743 | -1371.004001 | 9427 | -1370.560932
255 acl | -1374.308955 | -1373.740132 | -1371.094958 | -91.17 | -1370.560860
17 acl | 1374307978 | -1373.739900 | -1371.092086 | 95.69 | -1370.560462
214 acl | -1374.312368 | -1373.743183 | -1371.005843 | -88.58 | -1370.560395
195 ac2 | -1374.308094 | -1373.739561 | -1371.091520 | -96.78 | -1370.550847
255 ac2 | -1374.308871 | -1373.740232 | -1371.093167 | -91.88 | -1370.559523
217 ac2 | -1374.308068 | -1373.739442 | -1371.001340 | -96.06 | -1370.559303
85 acl | -1374.307492 | -1373.738716 | -1371.090503 | 95.60 | -1370.558141
I acl | -1374.306489 | -1373.737992 | -1371.089571 | 93.89 | -1370.556834

5k Z1129.494665
Sk 6 | -1132.719571 | -1132.223683 | -1129.991588 | 0.59 | -1129.495476
Sk 2 | <1132.719743 | -1132.224095 | -1129.990748 | 121 | -1129.494637
Sk 16 | -1132.717991 | -1132.222095 | -1129.989202 | 138 | -1129.492781
Sk 9 | -1132.717803 | -1132.222100 | -1129.988772 | 2.05 | -1129.492289
Sk 4 | -1132.718542 | -1132.222495 | -1129.990984 | 251 | -1129.493981
Sk 14 | -1132.717516 | -1132.222752 | -1129.987748 | 339 | -1129.491693
Sk 13| -1132.720046 | -1132.223977 | -1129.992325 | 406 | -1129.494711
Sk 15 | -1132.719620 | -1132.223722 | -1129.991243 | 4.18 | -1129.493751
Sk 1 | -1132.718643 | -1132.222572 | -1129.990748 | 531 | -1129.492652
Sk 10 | -1132.718590 | -1132.222200 | -1129.991153 | 598 | -1129.492492
Sk 7 | -1132.718577 | -1132.222727 | -1129.990500 | 6.86 | -1129.492037
Sk 12| -1132.717365 | -1132.221306 | -1129.990284 | 9.00 | -1129.490799

5k_ac [1282.147863
Sk 2 acl | -1285.726811 | -1285.175964 | -1282.666285 | -86.73 | -1282.148474
Sk 6 ac2 | -1285.724706 | -1285.173928 | -1282.663656 | 9343 | -1282.148463
Sk 2 ac2 | -1285.725949 | -1285.175058 | -1282.665334 | -89.04 | -1282.148355
Sk 0 acl | -1285.725437 | -1285.174418 | -1282.665419 | -88.32 | -1282.148040
Sk 6 acl | -1285.725512 | -1285.174914 | -1282.664508 | -89.04 | -1282.147821
Sk 9 ac2 | -1285.722401 | -1285.173515 | -1282.661184 | 9268 | -1282.147596
Sk 16 acl | -1285.724411 | -1285.173429 | -1282.663035 | -90.71 | -1282.146602
Sk 4 ac2 | -1285.724972 | -1285.173806 | -1282.663722 | -88.99 | -1282.146452
Sk 1 ac2 | -1285.725819 | -1285.174714 | -1282.664002 | -87.86 | -1282.146363
Sk 13 ac2 | -1285.724837 | -1285.173744 | -1282.662904 | -90.63 | -1282.146328
Sk 15 ac2 | -1285.725375 | -1285.174421 | -1282.665132 | -83.89 | -1282.146130
Sk 4 acl | -1285.725693 | -1285.174551 | -1282.664360 | -86.23 | -1282.146063
Sk 16 ac2 | -1285.724828 | -1285.173855 | -1282.663331 | -88.41 | -1282.146031
Sk 15 acl | -1285.723602 | -1285.173469 | -1282.662132 | -89.04 | -1282.145910
Sk 1 acl | -1285.726252 | -1285.175297 | -1282.664111 | -84.18 | -1282.145219
Sk 10 ac2 | -1285.724986 | -1285.173959 | -1282.662922 | -86.86 | -1282.144978
Sk 12 ac2 | -1285.724473 | -1285.173331 | -1282.662928 | -86.02 | -1282.144551
Sk 13 acl | -1285.723877 | -1285.172770 | -1282.661463 | -89.62 | -1282.144491
Sk 7 ac2 | -1285.722445 | -1285.171115 | -1282.660277 | -92.80 | -1282.144294
Sk 14 acl | -1285.721651 | -1285.171621 | -1282.659651 | 9029 | -1282.144011
Sk 7 acl | -1285.723188 | -1285.171928 | -1282.661620 | -88.12 | -1282.143921
Sk 12 acl | -1285.725071 | -1285.174042 | -1282.663278 | -82.42 | -1282.143642
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E
o B98/6- | Haos BIS/6- o Gutwo | Hoog MP2-5 | <Hagg> MP2-5
Conformer 316(d) 316(d) g/ﬁzélzg/g) kJ/mol with solv with solv

Sk 14 ac2 | -1285.720973 | -1285.170353 | -1282.658527 | 9171 | -1282.142839
Sk 10 acl | -1285.723876 | -1285.172589 | -1282.661382 | 85.19 | -1282.142540

51 [1284.973428
I [1288.674630 | -1288.083688 | -1285.568297 | 971 | -1284.973658
2 [1288.673958 | -1288.082890 | -1285.567733 | 13.05 | -1284.971692
3 [1288.672207 | -1288.081221 | -1285.565655 | 2092 | -1284.966701
4 [1288.672877 | -1288.081718 | -1285.564962 | 1640 | -1284.967556

51 ac [1437.624915
Tacl C1441.681515 | -1441.035695 | -1438.241929 | 7590 | -1437.625017
lac2 | -1441.680630 | -1441.034903 | -1438.240962 | -78.78 | -1437.625243
2acl C1441.680095 | -1441.033915 | -1438.240092 | -75.14 | -1437.622534
dac2 | -1441.679775 | -1441.033834 | 1438240106 | 77.19 | -1437.623567
3acl [1441.680924 | -1441.034925 | -1438.240386 | 6724 | -1437.619996
3ac2 | -1441.677032 | 1441032019 | -1438.235746 | 6958 | -1437.617235
Jacl [1441.679966 | -1441.033950 | -1438.238863 | 7033 | -1437.619635
dac2 | -1441.678282 | -1441.031988 | -1438.236760 | -75.65 | -1437.619278
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Appendix

Table A2.3. Calculated energies of conformers of 4-amino- and 4-guanidinylpyridines and corresponding acetyl
intermediates. Averaged enthalpies <H,og> were calculated at MP2(FC)/6-31+G(2d,p)//B98/6-31G(d) level of
theory with inclusion of solvent effects in chloroform at PCM/UAHF/RHF/6-31G(d) level.

E
Eq B98/6- |  Haos BIS/6- ot G | HagMP2-5 | <Hap> MP2-5
Conformer 316(d) 31G(d) g/llzzéfzci/g kJ/mol with solv with solv
Py
Py 248181767 | 248087627 | 247589439 | 9.00 | 247498727 | -247.498727
Py ac | -401.140004 | -400.991691 | -400215516 | -142.55 | -400.121498 | -400.121498
DMAP
DMAP | -382.100962 | -381.928959 | -381.179977 | -13.68 | -381.013184 | -381.013184
DMAP ac | -535.001159 | -534.864305 | -533.836116 | -131.34 | -533.659287 | -533.659287
PPY
PPY 459499042 | 459289458 | 458383907 | -1690 | -458.1807599 | -458.1807599
PPY ac | -612.493384 | 612228939 | -611.043991 | -130.58 | -610.8292813 | -610.8292813
6a 2535362849
TCAP b | -536.905604 | -536.658613 | -535.602351 | -2033 | -5353631033
TCAP a | -536.904889 | -536.657992 | -535.601147 | -20.75 | -535.3621533
6a_ac 2683016947
TCAP ac2 | -689.905522 | -689.603408 | -688.268359 | -133.80 | -688.0172068
TCAP acl | -689.004728 | -689.602521 | -688267441 | -133.72 | -688.0161653
6b 458.1883116
caMe | -459.503374 | -459.293804 | -45839138 | -17.07 | -458.1883116
6b_ac 2610.838384
acl 61249845 | 612234055 | -611.052154 | -132.51 | 610.8382294
ac2 612498722 | 612234281 | -611.052535 | -132.34 | -610.8384997
Ta 2607721061
3a 2609437278 | 609.163890 | -607.990831 | 9.50 | -607.721061
7a_ac 760369530
ac2 762440075 | 762111592 | -760.655492 | -112.05 | -760.369687
acl 762439141 | 762110580 | -760.654585 | -113.60 | -760.369292
7a_Nac® 760372579
Nac2 762419100 | -762.091098 | -760.650873 | -130.54 | 7603725911
Nacl 762417554 | 762000243 | -760.647493 | -122.26 | -760.3667484
7b 2646839338
i 643.739813 | 648437021 | -647.190473 | 502 | -646.889593
P 643737139 | 648434075 | -647.189498 | 577 | -646.888632
7b_ac 799539929
A2 801745225 | 801387184 | -799.857844 | -106.15 | -799.5402334
Acl 7801744402 | 801386219 | -799.857176 | -106.15 | -799.5394234
AC3 7801740146 | -801.382030 | -799.854065 | -106.02 | -799.5363299
Acd 1801739262 | 801381071 | -799.853080 | -106.94 | -799.5356203
7b_Nac® 799542958
Nac2 801726548 | 801368811 | -799.856508 | -116.78 | -799.5432502
Nac3 1801726255 | 801368531 | -799.856334 | -116.44 | -799.5429597
Nacd 801721772 | 801364235 | -799.852345 | -123.89 | -799.5419952
Nacl 801718232 | 801360445 | -799.848735 | -125.69 | -799.5388208
7c 842.696676
P 845025804 | 844773120 | 843.151656 | 435 | -842.6973152
i 1845.026266 | 844773664 | -843.151150 | 3.89 | -842.6970664
8 845024920 | 844772280 | 843.151380 | 552 | -842.6966375
3 845225141 | 844772591 | -843.150273 343 | 842.6964166
7 845004944 | 844772307 | -843.150164 | 3.51 | -842.6961901
9 845024639 | 844771780 | -843.151589 | 682 | -842.6961324
6 845025043 | 844772409 | -843.150398 | 477 | -842.6959472
4 845025399 | 844772609 | -843.150866 | 5.69 | -842.6959088
5 845025251 | 844772595 | -843.150973 657 | -842.6958146
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Etot

E B98/6- | Hags BOS/6- Guns | Haos MP2-5 | <Hagg> MP2-5
Conformer 31G(d) 31G(d) 1;/[1}12((;2?/5) KJ/mol with soly with soly

7c¢_ac -995.347569

P 2998231706 | 997724119 | 995.818900 | -97.11 | -995.3483003

I 2998232565 | 997724897 | 995.819661 | -94.89 | -995.3481347

9 2998230048 | 997723126 | 995.819330 | -95.73 | -995.3479697

3 2998231953 | 997724053 | -995.820285 | -9238 | -995.3475707

10 2998230527 | -997.722839 | 995818092 | -97.03 | -995.3473608

1 2998230519 | 997722723 | 995.818036 | -96.27 | -995.3469073

2 2998230476 | 997722694 | 995818050 | -96.02 | -995.3468401

4 2998231443 | 997723537 | 995318836 | -94.14 | -995.3467861

14 2998230740 | 997722574 | 995818674 | -95.19 | -995.346764

g 2998231579 | 997723492 | 995819356 | -92.97 | -995.3466794

6 2998231366 | 997723577 | -995.818758 | -93.64 | -995.3466346

3 2998230521 | -997.722593 | 995818395 | -9485 | -995.3465935

5 2998231417 | 997723514 | 995818758 | -93.55 | -995.3464863

7 2998231393 | 997.723380 | 995819127 | -92.55 | -995.3463645
7d 26065703889

3d 2608248922 | 607997703 | 606815152 | -1695 | -606.5703889
7d_ac 2759219846

acl 761253972 | 760947690 | -759.480966 | -118.83 | -759.2199440

ac2 761253112 | 760946828 | 759480190 | -120.29 | -759.2197221
7e 2645739143

3 2647550815 | 647269999 | -646.015591 | -12.00 | -645.7393798

2 647551603 | 647270936 | 646014767 | -12.80 | -645.7389753

I S647.549715 | 647268968 | -646.012418 | -12.76 | -645.7365310
7e _ac -798.390625

1 7800.558357 | 800222515 | -798.682759 | -115.02 | -798.3907258

2 7800.559119 | -800.223296 | -798.683274 | -113.39 | -798.390639

4 7800.554459 | 800218868 | -798.679798 | -112.34 | -798.3869951

3 7800.553670 | -800.217939 | -798.679003 | -113.22 | -798.3863953
7e Nac® -798.387359

Nacl 7800.534459 | -800.198985 | -798.675115 | -126.19 | -798.3877043

Nacd 7800.534032 | -800.198552 | -798.674792 | -125.56 | -798.3871353

Nac3 7800.528229 | -800.193138 | -798.669482 | -134.56 | -798.3856422

Nac2 7800.525202 | -800.190078 | -798.666451 | -135.69 | -798.3830086
7t 841545967

5 844.036400 | -843.605886 | 841976620 | -1.92 | -841.546837

4 844.036216 | -843.605834 | -841.977251 2.01 841546103

7 844.035767 | -843.605382 | 841975710 | -1.92 | -841.546056

g 844.036125 | -843.605687 | 841976356 | -0.08 | -841.545048

6 844.036255 | -843.605695 | 841975393 | -2.89 | -841.545934

2 844.037044 | -843.606530 | 841975303 | -1.97 | -841.545539

3 844.037044 | -843.606530 | 841975303 | -1.97 | -841.545539

I 844.037144 | 843606699 | 841975565 | -0.17 | -841.545185

9 844.035455 | -843.605001 | 841974594 | 259 | -841.545126

10 844.035456 | -843.604966 | 841974249 | -2.80 | -841.544825

W 844.035576 | -843.604960 | 841973940 | 247 | -841.544265

2 844.035410 | -843.604857 | 841973606 | 247 | -841.543994

3 844.034772 | 843604406 | 841973025 | 247 | -841.543600

14 844.033715 | -843.603332 | 841972631 | -1.09 | -841.542663
7t ac 2994197438

1 2997.046466 | 996560962 | 994645085 | -102.26 | -994.198530

6 2997.044593 | 9965590081 | 994643719 | -103.76 | -994.197727

3 2997.044744 | 996559383 | -994.642986 | -105.02 | -994.197625

9 2997.044342 | 996558805 | -994.643316 | -10401 | -994.197394

7 2997.044580 | -996.559030 | -994.643666 | -103.01 | -994.197359

2 2997.045386 | 996550941 | -994.644275 | -101.09 | -994.197333
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E
E B98/6- | Hags BOS/6- ot Guns | Haos MP2-5 | <Hagg> MP2-5
Conformer 31G(d) 31G(d) 1;/[1}12((;2?/5) KJ/mol with soly with soly
4 2997.043785 | 996.558338 | 994642910 | -103.64 | -994.196937
3 2997.044277 | 996559610 | 994642851 | -101.17 | -994.196718
5 2997.044780 | 996559270 | 994643901 | -100.16 | -994.196540
5 2997.043032 | 996557678 | 994642475 | -102.47 | -994.196150
g 2097044453 | 996558957 | -994.642756 | -102.01 | -994.196114
14 2997.043336 | 996557947 | -994.642060 | -103.09 | -994.195936
10 2997.043432 | 996557812 | -994.642227 | -103.22 | -994.195921
2 2997044284 | 996558670 | -994.642550 | -102.13 | -994.195835
1 2997.044204 | 996.558647 | -994.642787 | -100.96 | -994.195634
16 2997.041856 | 996556543 | -994.641937 | -10134 | -994.195222
17 2997.041856 | 996556543 | -994.641936 | -10134 | -994.195221
19 2997.040761 | 996555274 | -994.642548 | 9447 | -994.193043
18 2997.040348 | 996554837 | -994.641995 | 9569 | -994.192930
7g 2953218523
py3g 22 | 955003158 | 955499018 | 953.621331 | -5.06 | -953219118
py3g 23 | 955.001028 | 955496807 | 953.621346 | 3.97 | -953218727
h3g 1 | -955.903126 | -955.499183 | -953.619806 | -5.86 | -953.218095
h3g 3 | 955.000586 | -955497080 | -953.617966 | 736 | -953.217264
h3g 4 | 955001220 | 955497343 | -953.619450 | -3.97 | -953217076
h3g 2 | 955002205 | 955498497 | -953.617240 | -7.74 | 953216481
h3g 6 | 955807733 | 955494130 | -953.616828 | -427 | -953.214860
h3g 7 | -955.807976 | -955.494064 | -953.617214 | 406 | -953.214849
py3g 74 | 955.897697 | 955494087 | 953.616685 | 435 | -953.214732
7g ac -1105.870495
3 J1108.912657 | -1108.454069 | -1106.292039 | -98.11 | -1105.870819
7 C1108.911987 | -1108.453133 | 1106291541 | 99.62 | -1105.870630
2 C1108.913135 | -1108.454221 | 1106291777 | 9740 | -1105.869961
5 C1108.912567 | -1108.453657 | -1106.291288 | 98.62 | -1105.869940

? ¢7* Nac’ indicates acetylation at the nitrogen atom in 4-position.

Table A2.4. Acetylation enthalpies and structure parameters of 4-amino- and 4-guanidinylpyridines at the
MP2/6-31+G(2d,p)//B98/6-31G(d) level of theory. Values in brackets indicate acetylation at the nitrogen atom in

4-position.
AH,, On the basis of the energetically lowest conformer Averaged
B3LYP/6-
311+G(d,
Catalyst | p)/B3LY qnra r(C- AH,. (MP2-5) AAGq,, AH,e (MP2- AHqe (MP2-
P/6- (A™ | Nypm]* |  [K)/mol] [kJ/mol] S/solv) >/solv)
31G(d) [kJ/mol] [kJ/mol]
[kJ/mol]
py 0.0 0.368 153.3 0.0 0.00 0.0 0.0
DMAP -82.1 0.302 148.3 -77.2 15.86 -61.3 -61.3
Ta -113.1 0.273 146.8 -98.9 (-88.0) 31.00 (12.51) -67.9 (-75.5) | -67.5 (-75.5)
PPY -93.1 0.295 147.9 -87.5 19.87 -67.6 -67.6
7d -118.9 0.270 146.7 -102.0 31.67 -70.3 -70.1
7b -120.5 0.271 146.8 | -105.6 (-102.9) | 32.43 (21.80) -73.2 (-81.1) | -73.0 (-81.0)
Te -123.1 0.268 146.7 -109.0 34.77 -74.1 -73.8
Te -126.7 0.268 146.6 -107.0 (-86.5) | 32.26 (19.46) -75.0 (-67.1) | -75.4 (-66.8)
7f -130.1 0.266 146.6 -109.1 33.22 -75.9 -75.5
Tg -133.1 0.266 146.6 -116.4 40.5 -76.0 -76.7
6a -108.9 0.283 147.3 -102.3 20.08 -82.3 -82.3
6b -96.0 0.292 147.8 -90.3 18.28 -72.0 -71.7

* Charge and distance parameters of the most favorable conformer
® In units of elemental charge e
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Table A2.5. Acetylation enthalpies and structure parameters for 3,4-diaminopyridines, as calculated at MP2/6-
31+G(2d,p)//B98/6-31G(d) level with inclusion of solvent effects at PCM/UAHF/RHF/6-31G(d) level. Data for
4-aminopyridines DMAP, PPY and 6a are also shown.

Catalyst On the basis of the energetically lowest conformer Averaged
ab a | AH,. (MP2-5 AAGyqy AH,. (MP2- AH,. (MP2-
Anea (Ac)™ | r(C-N)[pm] [kJ(/mol] ) (ki/mol] | 5/solv) ([kJ/mol] 5/s0lv) ([kJ/mol]
py 0.368 153.3 0.0 0.0 0.0 0.0
DMAP 0.302 148.3 -77.2 15.9 -61.3 -61.3
PPY 0.295 147.9 -87.5 19.9 -67.6 -67.6
6a 0.283 147.3 -102.3 20.1 -82.3 -82.3
S5a 0.282 147.4 -108.6 27.0 -81.6 -81.4
5b 0.276 147.1 -119.6 33.3 -86.3 -85.2
5¢ 0.274 147.0 -121.8 36.1 -85.7 -85.1
Se 0.280 147.3 -117.2 34.4 -82.8 -82.7
5f 0.279 147.4 -127.4 43.1 -84.3 -84.1
5g 0.273 147.0 -121.8 42.3 -79.5 -80.1
5h 0.280 147.2 -116.3 34.5 -81.8 -81.8
5i 0.275 147.0 -121.9 37.3 -84.6 -84.8
5j 0.268 146.9 -122.1 40.5 -81.6 -82.1
5k 0.276 147.4 -124.1 44.7 -79.4 -79.9
51 0.282 147.4 -123.0 47.3 -75.7 -75.4
S5a 0.282 147.4 -108.6 27.0 -81.6 -81.4
* Charge and distance parameters of the most favorable conformer
® In units of elemental charge e
¢ AAGgyp, = AH,. (MP2-5/s0lv) — AH,, (MP2-5)
Table A2.6. Comparison of different basis sets for the MP2 single points
Conformer E B98/6- H,o5 B98/6- E MP2/6- <H,9g> “MP2- E MP2/6- <H,9g> “MP2-
31G(d) 31G(d) 311+G(2d,p) 6/solv™* 311+G(3df,2p) 7/solv’™
Py
Py -248.181767 -248.087627 -247.656777 -247.562637 -247.754374 -247.660234
Py ac -401.140004 -400.991691 -400.330778 -400.182464 -400.484202 -400.335889
DMAP
DMAP -382.100962 -381.928959 -381.289295 -381.117291 -381.442355 -381.270352
DMAP ac -535.091159 -534.864305 -533.993468 -533.766615 -534.202318 -533.975465
PPY
PPY -459.499042 -459.289458 -458.513262 -458.303677 -458.697778 -458.488194
PPY ac -612.493384 -612.228939 -611.221396 -610.956952 -611.461694 -611.197249
6a
TCAP b -536.905604 -536.658613 -535.752726 -535.505735 -535.966387 -535.719396
TCAP ac2 -689.905522 -689.603408 -688.466596 -688.164481 -688.736063 -688.433948
7a
7a -609.437278 -609.163890 -608.168122 -607.894735 -608.412135 -608.138748
7a ac2 -762.440075 -762.111592 -760.881481 -760.552998 -761.181388 -760.852905
7b
7b 1 -648.739813 -648.437021 -647.379176 -647.076384 -647.638806 -647.336014
7b_ac2 -801.745225 -801.387183 -800.095240 -799.737198 -800.410741 -800.052699
Sa
Sa 1 -593.418065 -593.130880 -592.151774 -591.864589 -592.391322 -592.104137
Sa acl -746.420416 -746.078238 -744.868480 -744.526302 -745.163729 -744.821551
5b
S5b 6 -749.405682 -749.021776 -747.789867 -747.405960 -748.092581 -747.708675
5b ac2 -902.413587 -901.973819 -900.511669 -900.071901 -900.870467 -900.430699
5k
5k 13 -1132.720046 | -1132.223977 | -1130.301147 | -1129.805079 | -1130.751595 | -1130.255527
5k 2 acl -1285.726811 | -1285.175964 | -1283.023612 | -1282.472765 | -1283.529626 | -1282.978779

* "MP2-6/solv" = MP2/6-311+G(2d,p)//B98/6-31G(d) with solvation energies calculated at PCM/UAHF/RHF/6-

31G(d) level

® “MP2-7/solv” = MP2/6-311+G(3df,2p)//B98/6-31G(d) with solvation energies calculated at
PCM/UAHF/RHF/6-31G(d) level

209




90Vv6LT 1TTI- 090%v8C 1CCI- 0Sy06C'1CCI- 6S°C¢ 8¢°0C 09°¢ 96SL18°1CTI- SE80LOYTTI- 119965 ¥CCI- s
S} uozox
80T 1L L0O9- 6SS8ILLO9- 0901CL L09- 67’8 €6'C 0S°6- 1€8066°L09- 068€91°609- 8LTLEY 609 el
€L
CISYPLTLOT- 9G98¥ L' TLOT- CELISL'TLOT- S| L9'1 0¥'9- YSTIITCTLOT- 160961 vL0O1- 1S08S9°¥LO1- 1dosy
s)
pozmundo
* * 69LISL'TLOT- * * 11°9- C8ITITCLOI- 18T961vLO1- 120859 ¥LO1- ST Add
S} uozoxy
9S0SLT 8SY- [€E€9L1'8SH- 19L081°8St- 61 LTS 0691- LO6ESE S~ 85168 651~ 0661 65~ Add
(Add) ¥
0CLLLS V66~ COLI8S V66~ 001€8S 166~ 7801 LT°0 9T ¢- £52900°S66- 9¢91€8°966- £€06STL66- 1dosy
)
pozmundo
6LLILS 66" 118085 ¥66- CTIE8S V66~ cLEl 1483 £€6'C 817900°S66- 008tY£8°966- C106ST L66- st dVINA
S} uozoxy
80CIT10° I8¢ 66710 18¢- P8ICI0 I8¢~ 6178~ 8811~ 89°¢I- LLO66LT I8¢~ 6S68C6°18¢- 796001°C8¢- dVINA
WAVIND €
SEY8S0198- £€97¢90°198- 6%78850°198- cLe S6'8- ¥9°C [0TLOY 198~ §90€86°C98- €Ir0€E €98~ 1dos)
S]
poziundo
906850°198- 66L£90°198- 0¥7€090°198- 4 [vL- L9'1 8STLOY 198~ 960186°C98- 9LE0EE €98~ s) Ad
S1 UQZO0J1J
€€096Y LT 80€L6Y LY 9CL86Y LY - 61 LTS 00°6- 6EV68S LY - LT9L80 8¥C- LILI8T 8% C- Ad
Ad
9¢6¥69°08¢- €9100L°08¢- [6€689°08¢- 68°CC 19°9¢- £€e'8- LSTY6L 08¢~ CCOSLY 18¢- 098¢€8S 18¢- cyue
97€69°08¢- [TL869°08¢- 870889°08¢- 6'0C ELYE §9°9- L6SE6L 08¢ 688SLY 18¢- C66€8S 18¢- yue
que
888CLYCET €00LL8TET 8CTL6LY TET 0€'C £€9°0- 8L'L- 196020°¢EC- SCOTEY €ET- CSYILS €CC- oe
Je
AJ0S AJ0S AJ0S Jouw/ [y Jouw/ [y Jou/ [y (d'p2)D+1¢ (P)OIE (P)DIE
ym G-zdIN ®6°H s G-zdIN 3°H qm G-zdIN ®6°H “I%0) “I%0) 10y -9/(DDTdN *'d -9/864 ®6°H -9/864 4 Jsuriojuo)
€AJOS TAJOS 1AJOS €AJOS TAJOS [AJOS

TIpel Sulned ynm (p)O1¢€-9/864 .. EA[0S,, JTIPeI Sul[ned yIm (P)DT¢-9/dHY :..TAIOS,, ‘TIPeI JHV ) YA (P)DT€-9/IHY . [A]OS,, {ULIOJOIO[YD
ur sa1310uo jurod J[3uIs NDJ UOIBNO[ED 10 SPOYIQA "[OAJ] USSOYD JB WIOJOIOYD Ul SO0} JUIAJOS JO uoIsnjour yim L1093 Jo [9A9] (p)D1¢-9/869//(dP2)D+1¢-9/(04)7dIN
18 poJe[NO[Bd AIOM A0S M G-ZJIN B6CH,, sord[eyiud [eur, soje)s uonisuen Surpuodsariod pue sourpLIAdourueIp-4¢¢ JO SISULIOJUOD JO SAISIOUD PIje[nofe)) *L TV dqeL

‘saurpriAdouruie- pue ourmeIp-4*¢ 10§ SAId[RYIUd UOBAI)IR IANR[NY T'TV

xipuaddy

210



poziundo

LYY1T6°8111- €S6YT6' 81 1- L8YSE6° 8111~ 10°C€ 08°7C S8t 110€EY 6711~ €6TL9S ISTI- 999990°ZS11- 78 q
901126811~ TI9%T6°8Y11- 0v9S€6' ST 1- ¥9°7¢ €h'€T [ 8887 6111~ 10€L9S°IST1- £59990°CS11- €s) q
112126'8%11- 8€OVT6' 8111+ L69SE6°8111- 08°C¢ 18°€C €S- CLISEY 6711~ 8¥¥L9S IS 1~ 916990°CST1- [s) ®
00L126°8%11- hIST68Y11- LT09€6°8111- L6'TE €6'CC $9°6- YOIEEY 6F11- 0SSLIS ISTI- 698990°ZS11- s e
S} UdZOoJJ
SLSESESES- 9EHPSESES- SOI£9€°S€ES- 69t 9T €€°0C- 16€209°S€S- €19859°9¢6- £09506'9€S- q €9
L6YTSE SES- T9TESESES- ¥S1T9€ €S- 09t 65T SL0T LY1109°S€S- T66L59°9€6- 688706 9€S- D
€9
* €920S+°09C1- 1€009t°09C1- * S0'€¢ Iv'L 0%810°19C1- 798€Y€ €9T1- 11668 €9T1- wdopsy |
YLSSHY 091~ ThS6ry 09T1- 086650971~ 86°SH 96°6¢ 918 €SH810°19C1- 68ThYE €9T1- 569668 €9T1- wdotsy |
6€LSYY 09T~ 1¥00St" 09T 1~ €6109%°09C1- LE]Y LOLE ol TLE6I0 19T vL8YYE €9T1- $80006°€9T1- dozsy |
S)
poziundo
160Stt°09C1- CIL6YY 09T~ 666LSt°09C1- €€°6¢ 0T'LT as 9%S10°1921- S656£€°€9T1- 986768 €9T1- €81 7 qL
TIESHY 09T~ S96611°09C1- Y0T8SY 091~ L6'TY SL6T 4K 655910191~ 80S0t€" €9T1- 1LLS68€9T1- IS} T qL
TLESYY 09T~ 8L661 09T 1- T6€85°09C1- 16°LY 78°6¢ el vL6810° 191~ YrSTHE €9T1- 668L68°€971- | vS¥ T AL
8Py Sty 09T 1- 948611 09T 1- R188SH°09C1- 18°St LTYE 1L°01 8I6L10°19CI- LTITYE €9T1- LY1L68°€9T1- | TSv T AL
LTLSYY 09T~ [L86t1°09C1- SEL6SH 09T~ €0'8¥ SI'LE ST 147610 19C1- TI8YYE€9T1- 1€2006°€9C1- €811 qL
0L8St"09T1- 1710St°09C1- ¥6865°09C1- Y9 vt €pee 8L L8T810'19T1- TS6EYE €9T1- 99€¢668°€971- | vS¥ 1 AL
¥819%°09C1- 9¢€10St"09C1- $8665+°09C1- 96" 81't¢ €€'8 L1€810°19C1- 1SHPYE €921~ 719668 €9T1- 11 1 9L
SILSYH 09C1- $900S+°09C1- LET09Y" 09T~ 86'8Y SI'LE 1L°01 €5€610°19C1- STOYYE €9TI- 790006°€9Z1- | TSV 1 AL
S} UdZOoJJ
090088 99~ €68188°9t9- ££9888°9t9- vL91 611 LL'S- 867681 L9~ SLOYEY 879~ 6S1LEL 879~ 4
11088 979~ 979188°9%9- £65688 9%9- 6L°61 06°S1 70°6- €LY061 LYY~ 120LEY 879~ €186€L 819" I
qL
S6L6LT1TTI- SSO¥8T1TTI- LOL6BT 1TTI- SEveE 6S° 1T €€'8 €89818°1CCI- 66€1L0YTTI- Y0TL6S ¥TT- 1dops)
RIE€6LT1TTI- S61¥8T 1TTI- ThP06T 17T~ 71°8C 1€°61 60°1- 606518171~ 75T690°¥TTl- YEIS6SYTTI- 1dogs)
SSS6LT1TTI- €PSY8T1TTI- T6£067°17C1- 96°6C 9891 161 98918171~ LE6690¥TT1- 818S6S+TTI- 1dozs)
S]
pozmundo
€0008T° 121~ 088+87 121~ LSY06T° 1T~ €6'ce €r'1e 649 869818°1TTI- 9P TLOYTTI- 9LTL6S ¥TTI- v$)
0bS6LT 1TTI- €EPYT1TTI- 9¢5062° 17T~ €€'8T 84'G1 ¥S°0- £06S18 1TT1- 95690 +TT1- 121565 +2C1- €s)
S1T6LT1TTI- YTIH8T 1TTI- 8¥06T°17T1- 9 1€ 86'8T 88T 006918171~ 1Z10L0¥TT1- TT8S6SYTTI- 78
AJos AJos AJ0S fouw/ [ fow/ [ fow/ [y (d'P)O+1¢ (P)OI1¢E (P)oT1E
IM G-CdIN H | WM G-CdIN 3H | WM G-ZdIN *°H L) L) %) -9/(DATdN -9/8649 %°°H -9/864 'd Iaurioyuo)
m\LOm N\Lom ~>~Om m\éom N>~Om TLOm

xipuaddy

211



€88081°LL- 88Y 181 LYL- TSOP61 LyL- 1t'LT 78°ST vL'8- L909LS L¥L- 6€9120°6L" S8€901 61L- 11
0LTI8T LYL- 886181 LYL- 8TOY61 LyL- 0L'LT 78°ST 91°8- YLEILS LYL- 17020 6L- S66701 6L 01
SE68LT LYL T6V6LT LyL- 89¥€61 LL- 96°6C 61'8C 0T'8- SOVLS LyL- 769020°61L" 1050t 61L- 6
SOY08T LL- 9€8081 LYL- 98TH61 LyL- L0O'8T ¥6'9C LE°8- TTSSLS LyL- 61€120 6L THLSOY 6L L
6v6081 LyL- LOSTST LyL- 019561 LyL- ST0¢ 6L°8C vT'8- LLEILS LYL- 9LLITO 6L 78950t 61L- 9
€TOI8T LYL- 1THI8T LyL- THIS61 LyL- 80°6C €0'8¢ 66°L- 19S9LS Ly L- TLLITO 6YL- ¥€290t 61L- t
9L86L1 LYL- 0081 LyL- 111S61 LyL- €1'ee SL0¢E L8'L- 1679LS Ly L- ¥SLITO 6L 0€650t 61L- 4
SISIST'LyL- €LOTST LYL- 6SS61 LyL- 86°8T 11°LT €0'8- YL69LS Ly L- 60 6L €T0LOY 6L I
qs
* * 610LLTSOTI- * * Sy 785818°S0T1- 0€8T+0'80T1- 1L9T785°80T1- dogzsy ¢
£9885T°S0TI- ¥¥ST9T'S0TI- 010CLT SOTI- 96" ¥¢ 68T £0°0 89S118°S0TI- 88.8€0°80C1- 0£€8.5°80T1- dogsy 7
69€65T°S0TI- 00,297 S0TI- ¥S09LT'SOTI- S6'LY 0T 6€ [AR4 LO9L18'SOTI- 16L140°80T1- 99/185°80T1- wdopsy
0¥6097°S0T1- 8SSH9T°S0T1- €YTLLT SOTI- St'Ly S6°LE ¥9't 8%6818°S0TI- LY0EY0'80T 1~ €86785°80C1- wdopsy |
S)
pozimundo
* * €917LT'SOTI- * * 80°0 LYST18°S0TI- S€68£0°80C1- 8868.5°80C1- S
* * L9Y¥LT SOTI- % * 84S 182918°S0T1- 9Z11+0'80T1- 758085°80T1- TSV €
19vLST'S0TT- 109092°S0Z1- 8YLELTSOTT- LE8Y AN 19°G €6TS18°S0TI- 08L0%0°80Z1- 061085°80Z1- ¥S1 ¢
€6£85T°S0TI- 618197°S0T1- YTSILT SOTI- 90°S€ L09T 65°0 Y9CT18°S0T1- $€98€0°80C1- TST/LS 80T~ €)1
¥8€65T°S0TT- 0€LT9T°S0TT- 86LSLTSOTT- 98'Lt 80°6¢€ LL'Y 8TELISSOTI- €061+0°80C1- 909185°80T1- ¥S1 ¢
1€¥65T°S0TT- 608797°S0T1- €L8YLT SOTI- €e6¥ 90t 6L'8 ST8LISSOTI- 0S+Tr0'80T1- $50785°80C 1~ 11 1
€1909T°S0C1- 0€TH9T'SOTT- TS89LTSOTI- 0L'LY 0T'8¢ 90°S 12H818°S0T1- ¥86T+0'80T1- $T9785°80C1- S T
198097°S0Z1- Y6197 S0TT- €8€9LT°S0TI- LS'LY €0'8¢ 789 09.818°S0T1- 0STEY0'80T1- 0€6785°80T1- v 1
S} QDNO.@
8Y€L89 165~ S06L89° 166" L60969° 165~ 1’8 $6'9 9G¥ 1- 90LLL6 T6S- LT69TT €65~ 807 11 €65~ L
€50689° 166" 868689165~ 96€L69° 165~ 1979 6t 61°S1- 8L68L6 165~ 0L8LTI €65~ LLTSTY €65 9
$S€689° 166" 6LT069° 165~ 979L69° 165~ $9°9 €T 90°ST- 0T06L6 165~ LSE]TT €65~ 88YSTH €65~ S
75889165~ 102689165~ LETL69 T6S- Sh'8 699 [AR4S L988L6 165~ TTLYTI €65 8€8STH €65~ t
675689165~ 661069 165~ 1S1869° 165~ Sh'8 699 81°¥1- 8686L6 165~ 66Y6T1° €65~ 8991+ €65~ ¢
686689165~ L18069° 165~ 069869° 165~ €¢'8 S1'9 SYI- ¥TT086 165~ £T00€ 1 €65~ 880LIH €65~ 4
86069165~ €68169° 166" 909669° 165~ 808 69°S 9G¥ 1- SHPTI86° 165~ 0880€1°€65- S9081+° €65~ I
eg
9/8126°8%11- 0SE€STO'SYTT- 8CT19€6°8Y11- 9 1€ vETT 86°G- LOCEEY 6711~ 1995 T1ST1- 606990°CST1- ydogsy e
)
AJos AJ0S AJ0S fou/ Y fou/ Y fou/ (d'p)D+1¢ (P)O1E (P)O1E
IM G-CdIN H | WM G-CdIN 3H | WM G-ZdIN *°H L) L) %) -9/(DATdN -9/8649 %°°H -9/864 'd Iaurioyuo)
mZOm NZom ﬁzom MZOm NZOm TLOm

xipuaddy

212



898168 L1T1- 85968 L1T1- ¥76806'L1T1- 0€°1¢€ 9¢°9T 19°6- ¥STOTY 81T1- 9SHL8L°0TT1- 7T600€°17T1- L
* €68968°L1TI- 1L€606°L1T1- * vL81 0°Y1- 1LTLIY'81TI- 1L198L°0TT1- 60¥667 17T~ 9
124868 L1TI- €6v006°L1T1- 118806 L1TI- 1€°6C L8°61 6L°8- 99007t 81C1- 70€88L°0TTI- 0€CT0E° 17T~ L8]
S9TL6S'LITI- 68T668°L1TI- ¥10016°L1C1- ¥6°ST €9°0C €S°L- €760y 81CI- 6C168L°0TT1- 90620€°17T1- 201
$66968 L1T1- €LT668°LITI- SELII6'LITI- €1y SI°6¢ 9T 6109C'81C1- €11L8L°0TCI- TLY00€° 17T~ m
1S
6£€0SL°09¢€1- 909€SL°09¢€ 1~ S9L69L09€1- 91°6S 86°0S 918 0€S60t 19€1- 8LTTE6'E9€E1- S€689S H9ICT- dogsy |
9291SL09¢€1- TT9PSL09€1- S6EELL09ET- ¥S 0L 89°79 6€°¢1 69951t 19¢€1- 7805€6°€9¢€1- LSTTLS ¥9€ET- wdopsy |
S60TSL09¢€1- 9b€5SL 09¢€ 1~ 0TLELL 09ET- 66°89 9t°09 il 09%S1t 19€1- Y967€6 €9¢1- 0S0ZLS ¥9¢€1- | dogsy 11
LLEESL 09ET- T199SL°09¢€1- 9€9¥LL 09E 1~ SH'89 96°6S ¥9°T1 €1991 19€1- 8865€6°€9¢1- €STELS PICT- dozsy |
S]
poziundo
* * 679L9L°09¢€1- * * 66°'L L16L0% 19€1- L6T0E6°€9€1- 1¥SL9SH9¢€1- st 11
* * £9989.°09¢1- * * €0°L 60%80t 19€1- 8T60€6°€9¢€1- L66L9SH9¢ET- €1 11
9L66¥L 09¢1- 001€SL°09€1- 10L89L°09¢€1- SH'LS ST6h 8T8 8.8801 19¢€1- 0671€6°€9¢1- T1S89S+9¢1- ISt 1
SEY9L 09€1- 1SE6¥L°09¢€1- L8T69L09€ 1~ 08°1L v1°%9 0811 SE80TH 19¢€1- 7€80€6°€9¢€1- 988/9S+9¢1- ¥S1 T
916¥L°09¢€1- 8997SL09¢€1- 08+69L 09€1- ¥7'89 £0°6S 06't1 6L0TIY 19€1- T0ST€6°€9¢€1- LTH89S ¥9¢€1- ¥S1 €1
0T60SL09¢€1- L8THSL09€T- £6969L°09¢1- 16°LS €e6¥ 798 95+60t 191~ STPTE6'€9¢1- S0689S+9¢1- €)1
¥9T8YL 09€1- T€STSL'09€T- 01869L 09€1- ST'69 L9°09 89°C1 02911t 19€1- YEIT1E6°€9¢T- 91895 +9¢1- S €1
09¢6¥L 09¢1- 88€TSL09¢€T- TSTOLL 09€ET- 1T1L 97°¢9 9¢'91 0bTEIY 19€1- 90+£€6°€9¢€1- €9T0LS ¥9€T- ¥S1 ¢
86581 09¢1- 6¥81SL°09¢€1- Y1Y0LL 09T~ 0569 9609 e YOSTIY 19€1- T061€6°€9¢€1- 66895 +9¢1- S T
YrS8YL 09€T- TELISL'09ET- €990LL 09¢€1- ILTL SE'€9 £9° €1 10921+ 19€1- CI¥TE6°€9¢1- 961695 +9¢1- ¥$1 9
6980SL°09¢€1- 0v0FSL 09€T- T9LTLL 09ET- €€°69 00'19 Tad! SOTYIH 19€1- 950¥€6°€9¢1- 9880LS ¥9¢1- S v
S8T0SL 09¢1- LSEESL09€ET- TI8TLL 09ET- ST'69 7609 LY'TT 91ZEIY 19€1- 1STEE6°€9¢€T- 806695 +9¢1- 781 9
0€€0SL09¢€1- LEVESL 09€ET- T6STLL09ET- 6STL €h'€9 ana 9TEHIY 19€1- 86THE6°€9¢CT- 8TOTLS¥9¢CT- pSt 11
YHEISL 09€T- 88¢HSL 09¢€T- T00€LL 09€T- ¥8°0L 879 L6'ET YLESTY TOET- SLOSE6'E9¢CT- STITLS Y9¢CT- vS1 1
88/7SL09€1- €019SL°09¢1- 089€LL 09€T- LOL9 LE'8S W THESTY 19€1- LT0SE6°€9¢€1- 9Z0TLS ¥9€1- S 11
98.7SL09¢€1- 6909SL°09¢€1- TEEPLL 09T~ 1L°69 6019 ana 18Y91+ 19€1- $665€6°€9¢1- TH1ELS P9ET- S 1
S} QoNo.@
8€OT8T LYL- 099181 L¥L- LOSY6T LyL- 9¢°LT €L'ST 6L'8- Ov19LS LyL- CILITO6YL- €6£901 6L 91
SEPOST LbL- TLOTST LYL- 0LSY6T LyL- 96T 8L°LT 99°L- LSTOLS L¥L- $60020°61L" 86SY0t 61L- SI
YE98LT LYL- 9LT6LT LYL- TETEOT LL- £0°0€ 79'8C 8T'8- YOSYLS LyL- LEYOTO 6¥L- STLYOY 6YL- vl
QICI8T LYL- YI1C81 LyL- 10SS61 LyL- 16'8C 89T €e's- YY69LS LY L- €92020°61L- LLSYOY 6¥L- ¢l
TS6081°LYL- LSSTS8T LyL- LLSY6T LL- LS'LT 86°ST 0T'8- 8619LS L¥L- £80070"6¥L" 8T8YOY 6¥L- 41
AJos AJ0S AJ0S fouw/ [ fow/ [ fow/ [y (d'P)O+1¢ (P)OI1¢E (P)DI1€E
IM G-CdIN H | WM G-CdIN 3H | WM G-ZdIN *°H L) L) %) -9/(DATdN -9/8649 %°°H -9/864 'd Iaurioyuo)
mZOm NZom ﬁzom MZOm NZOm TLOm

xipuaddy

213



€SELLY 6T11- L8LSLY 6T11- 1SLE6Y 6TI1- YT LY LY € 8I'Y vT1666T11- TLETTTELT- T961L°TELT- SIS
LS66LY 6T11- 967187671 1- 186£67°6C11- €E6€ 78°S¢ 15T 86066°6C1 - 0STTTTEL - YSSILTELT- v IS
LY16LY'6T11- Y€S08Y°6T1 1- LEIYOY 6T11- 88'IY vT'8¢ 171 SLO66'6TI1- 01¥TTTELT- YLOILTELT- 7S
STI6LY 6T11- L8908Y'6T11- 11LY6Y 6T11- 8611 88°0F 90t €E€T66°6C11- 86£TTTEII- S00TL'TELT- €1 S
1686LY'6C11- €678y 611" 9L¥S6Y 6T11- 1S 1% 8°LE 650 651666711~ 89€TTTEII- LS6ILTELT- 9 3§
ETS
% % TTSESY €81~ * * 964 1€565TTE81- 656T0LSEST- v1969°9¢81- TSV 5SS
* * 06EP8Y 1€81- * * 10°€C 1626STTE81- PEEE0L SET- 1LY69% 9€81- ST L0T
* * 18758y 1€81- * * 09°€T 859097 €81~ 9TPY0L SE]1- S190LY 9€81- 79 901
* * 0vE98Y 1€81- * * €67 089€97°TE81- LLLEOL SEST- SY6697°9€81- Is¥ 1
* * 1€5987 1€81- * * 0t'ST 988797 TE81- €Y610L SEST- STOILY 9€81- Is) 68
* 9¢90Ly 1€81- YrL68Y 1€81- * 8y vL 1€+ SHS9TTE]I- 0TLI0L SE81- €91€LY 9€81- 1S) 201
8IVL9Y 1€81- QIVILY 1€81- Y1881 1€81- 90'98 96°GL 9p'1¢ 01TL9TTE]T- 68SY0L SE81- 0091L¥'9€81- 79 8S1
92089 1€81- 9817LY 1€81- S6988Y €81~ 69°68 LLYL At 8€6997°T€81- €9050L°S€81- 8ECTLY 981~ 71 S8
95189 1€81- STITLY 1€81- 261687 1€81- 6768 L8'8L 90't¢ 80,897 €81~ 8€090L SE€81- T8STLY'9€81- TSV €€
LEV69Y 1€81- 1THELY 1€81- YLIT6Y 1€81- 6198 €L'SL 71°6¢ ST6897 €81~ 78090L'S€81- TPLTLY 9€81- 79 201
69L891°1€81- 8LSTLY 1€81- 129164 1€81- SYL8 SYLL SY'LT LYT89T TE8I- 9$590L SE81- SILTLY 9€81- IS) §S1
91697 1€81- CYLTLY 1€81- Y16164 181~ 80°68 8S°6L ST6T 175697 T€81- 0bPLOL SE]T- LTO6ELY 9E81- IS} €€
S)
pozmundo
12691°9€8 1~ TS SS1
781697°9€81- ST L0T
CYPOLY 9€81- 79 901
SE€9697°9€81- [
16V1L19€81- ST <8
TTLILY 9€81- 79 8S1
10V 1LY 9€81- 7Y 68
S8LTLY 9€81- TSV €€
€60€LY 981~ I1sY 201
€L6TLY 9E81- 79 201
TTLTLY 9E81- ST 861
* 96CTLY 1€81- €8y16v 1€81- * L86L 0562 L1T69TTE81- CTYLOL SE]T- €T6ELY 9E8T- 181 €€
S} Q@NO.@
069Y68 L1T1- 126968°L1T1- 608806°L1T1- LY'€€E 19°LT 09°¢- SETITY8ITI- 6£698L°0TC1- SELO0E 1TTI- S8
AJos AJ0S AJ0S fouw/ [ fow/ [ fow/ [y (d'P)O+1¢ (P)oOT1E (P)oT1E
UM G-ZdIN B°H | Unm G-TAIN BPH | yim G-ZdIN BO°H NSy MOy B9 -9/(Dd)TdIN ' -9/86€ *6°H -9/864 'd IOULIOJU0))
mZom NZOm ﬁzom MZOm NZOm TLOm

xipuaddy

214



Y1YES6 ¥8TI- Y98%56 81~ T691L6¥8T1- £0 19 YTLS SO'€l €€LL9S S]TI- 068780'88T1- 856£L9°88C1- 4
61SYS6¥8T1- 06855681~ 8S9€L6° 78T~ 96°6S 9¢°96 1L'6 L6T89S°S8T1- 889€80°88C1- 0€9¥.9°88C1- I
IS
1SHSY0 EvLT- LEOGYO ELT- 16€990° €Y L1~ 1668 0508 Y6 7€ T8Y8T] VLI~ €SSECT LYLI- 8CCT]S LYLI- dozsy ¢
089770 L1~ CIE]Y0 EHLI- €€T890°€HLI- L6 81°¢8 88°0¢ SIE]TY EHLI- TIPS LYLI- LEVT]S LYLI- wdotsy 9
00S9¥0° L1~ 19050 €Y L1~ L98990° €Y L1~ 91°88 8T'LL 69°7€ ¥0L8T8 EYL1- 660V€ 1" LyLT- 97,788 LYL1- | dogsy ¢
L16SY0 €YLT- €870S0°€HL1- €18€90°€HLI- SEYL 6879 9¢°LT STLTIS SHLI- 1¥80€ 1" LyL1- 1€€6L8 LyL1- | 1dogsy ¢
S68LY0 EHLI- 0S1TSOEYLI- 7900L0° €L~ 88°06 1L°6L 89°C¢ 96L0€8° E€YLI- TO9IET LYLT- 0v66L8 LyL1- | dopsy 61
0VL9Y0 €YLIT- TLLOSO SYLI- €200L0°EYLI- 0,68 T1I6L 86°8T 996678 VL1~ Y68TET LYLIT- €S6188°LYLI- dopsy 9
TIT6Y0 YL~ SSEESOEYLI- 1¥81L0°EYLI- 79°88 YL LL 0T'6C 6STIER EYLI- STETET'LYLI- 615088 LYL1- wdopsy
S]
poziundo
* * LILEYO VLI~ * * YL LT S89TT] EYLI- 1160€1" LYLT- CIE6LY LYLI- €1 €1
* * $65590°€HL1- * * 08°1C 981TT8 VLI~ 6L60E1 LYLT- LIT6LY LYLT- st €1
* * 8€1990°€YLI- * * S0°€T LETETY EVLI- S6S0ET"LYLI- CIS8LY LYLI- €1 9
* * 791990°€YL1- * * 9 1€ S8Y9T8 EYLI- 68C6C1 LYLI- QTILLY LYLI- SN
% * 89TL90 €YLI- % * €6'ce 10S8T8 VLI~ YOSHET LYLT- T19T88°LYLI- 5 €1
% % L8YL90 EYLI- % * 6L°6T 10,978 €YL1- 1Y€0ET LYLT- 80T8LY LYLI- S T
% % 008L90°€YL1- % * 60T 111878 €YLI- LO6TYET LYLT- S8ET8Y'LYLI- 11 9
091SY0 VLT~ LLL8YO VLT~ LTT990'EYLT- 006 508 €LbE 91878 VLI~ OLSEET LYLIT- TLTT8Y LYLI- S v
0TTOY0" YL~ TSTOSO'EYLI- SH8L90°EHLI- €5'8L S6°L9 9L 1T LTEYTY EYLI- 66€0€T LYLT- Y6S8LY LYLT- 78 9
Y979%0 €Y LT~ ¥92050 €HLT- T61890°CHLI- 07'88 OLLL €9°0¢ 9CT8T] VLI~ SSIYET LYLI- Y9188 LYLT- pS1 €1
0169%0° €L~ 6860S0° LI~ 1000L0 €YLT- 6L°68 80°6L 91°6T 86£6T78 LI~ LOTEET LYLT- 984188 LYLI- ¥$1 9
OLYLYO SYLT- YESTISO EPLT- Y1€890°€HLT- L8°88 0T'8L aR43 6€9678° E€YLI- LYOSET LYLT- L9CT8Y LYLI- ¥S1 ¢
Y68LY0 EYLT- 181250 €HLI- 9T€0LO YL~ 9606 1L°6L 60T LESOE] EYLI- 619TET LYLT- L166L8 LYLT- pS1 61
TIT6V0° SYLT- SSEESOEHLI- T¥8T1LO EYLT- 79°88 YL LL 0T'6T 6STIE] EPLI- STETET'LYLI- 615088 LYLI- ¥S1 ¢
S} QDNO.@
SS89LY 6TI1- S8E]LY6TII- 66L06%"6T11- 196t 651t 006 82066 6C11- 1€1CTTEIT- 9CLILTETT- A
8SHILY 6TT1- T6SLLY 6T11- €6916%°6C11- 6€° € 79°6€ 6€°¢ SLL86'6TIT- SLTTTTETT- TSLIL'TETT- v1 9IS
LS6SLY 6T11- Y69LLY 6T 1- LEOT6Y 6TT1- 80°61 S 98°9 0S066°6C11- €LTTTTETT- 8G8ILTETT- LIS
1L99LY 6T11- TTI8LY 6T11- 68TT6Y 6711+ S0'¢P ST'6¢ S0°C LLS86'6TT1- 012CTTEIT- 08LILTETT- 6 IS
SOY8LY 6TI1- SS86LY 6TIT- 6¥T61 6T11- L6'TY 91°6€ 86°'S ST166°6T11- 122CTTEIT- 6SSTLTEIT- 01 IS
0bL8LY 6T11- €P108% 6C11- 759761 6T11- v 1t 91°8¢ €6 SLO66°6TT1- LSTTTTETT- Y98TL'TETT- [RTS
L6SLLY 6T11- STE6LY 6TIT- 18LT6¥'6C11- 90t vL9¢ 8¢'T 0T686°6C11- 01T TEIT- 66LTLTETT- 91 IS
AJos AJos AJ0S fouw/ [ fow/ [ fow/ [y (d'P)O+1¢ (P)OI1¢E (P)DI1€E
IM G-CdIN H | WM G-CdIN 3H | WM G-ZdIN *°H L) L) %) -9/(DATdN -9/8649 %°°H -9/864 'd Iaurioyuo)
m\LOm N\Lom TLOm m>~om N>~Om TLOm

xipuaddy

215



“JUAMIISANS-N € JO APIS Y} UO JOBIU0D USFOIPA-041.10-0)8)dJ. I} UTBIUOD 4,5} PUL 7S} SIOULIOJUOD [S PUR YS ‘qS ‘BS SISA[RIBD 10 44
‘(rpe1 Surned -o°1) s1ojowered uosoyd oY) YIm paSIoAU0d 9q JoU Ued JYDS INOJ «

* * SE6LYS 8681~ * * 1S1Y 9r6L0t 6681~ 8€LE66TO61- 1¥6L£8°€061- dogzsy ¢
SLITTS 8681~ 8€T9TS 8681~ 6956158681~ 1€Y11 ¥9°€01 8¢'TH 79L80t 6681~ T6LT66 7061~ €H85E8 €061~ dozsy |
S)
pozmundo
* * 0T10tS 8681~ * * 96°6¢ 0LTL6E 6681 S0£886°T061- 6061€8°€061- 191 ¢
* % 896158681~ % * €THE 96£86€ 6681~ 820686°T061- 0THTE] €061~ €81 T
* % 61LEHS 8681~ * * TTEE 6166 6681 ¥86686 7061~ €01€E8°€061- 11 1
% % 91 1+HS 8681~ % * 8Y't¢ L6900t 6681~ 067686 7061~ 6£6T€8°€061- €)1
* * 6115758681~ % * 9T’ TH SL9Y0t 6681~ YhL166 7061~ S0TSE] €061~ ¥S1 ¢
* * 10S9t5°8681- * * 99°L¢ STHYOL 6681~ €TE166'2061- Y067€8 €061~ vs1 1
* * LLL6YS 8681~ * * 8¢ TH LSS0 6681~ 1562662061~ 8985€8°€061- S 1
* % 88055 °8681- * * Wy 006L0t" 6681~ 0€6£66 7061~ S0TSE] €061~ S T
S} QUNO.@
10S6¥6 ¥8C1- SE€60S6'¥8TI- 965L96'¥8T1- 18°€9 009 091 7967955871~ 8TL180°88TI- LLSTLY 88T~ t
€LL]Y6Y]TI- 6£20S6' 78T 1- 10,996 ¥8T1- 66°L9 v1%9 60T $59596°68T 1~ 122180°88C1- L0OTTLY 88T1- 3
AJos AJ0S AJ0S fouw/ [ fow/ [ fow/ [y (d'pD)D+1¢€ (P)OI1¢E (P)DI1€E
IM G-CdIN H | WM G-CdIN 3H | WM G-ZdIN *°H L) L) %) -9/(DATdN -9/8649 %°°H -9/864 'd JIawIoyuo)
mZOm NZom TLOm szm NZOm TLOm

xipuaddy

216



08vELE TCTI 89V8LEITTI- LIEYSEICTI- 96'6C 9891 161 9%8918°1¢CCI- 298€91°'vCTI- 818565 vTCI- 1dogzsy
S
poziundo
8CSILL LO9- 6L8SLL LO9- 08E€8LLLO9- 67’8 €6'C 056" 1€8066°L09- 01CITT 609" 8LTLEY 609~ el
€L
18CS00°6V11- SYRA{INS AN erS610°6vI1- v 1¢ ¥€'CC 86°S- LOgEEY 6111~ 998059 ISTI- 606990°CSTI- 1dogsy e
s)
pozmundo
$8666¢°SES 9¥800% S¢S~ SIS60Y ' SES- 69 &'e €e0e 1S€T09°S€ES- £€20S0L°9¢¢S- ¥09506°9¢S- QHS
9€L86E°SES 10S66£°SES- €6E80Y'SES- 09t 65T SL0C LYTT109°GES- [€TPOL9€ES 688106°9¢S- (Y
€9
0€T9T8 ' TLOT- €LTOE]TLOT- 6vEEES ILOT- S¢Sl L9'1 0¥'9- PSTIITCLOT- S8OLLLTYLOT- 1S08S9°¥L0T- 1dosy
s)
poziundo
661 8Sh- LITITT 8SY- LY9STT 8SY- c6'1- LTS 0691~ LO6ESE S~ 144943 X9 a 0661 65~ Add
(Add) ¥
996L59 ¥66- 620799166~ 9€€€99'¥66- 801 LT°0 9T’ ¢- £52900°S66- CL8Y16°966- €€06ST L66 1dosy
s)
paziundo
[0¥7S0 18¢- C69550°18¢- LLEISO I8¢ 678" 8811~ 89°¢l- LLO66LT T8¢ CSITL6'18¢E- 796001°C8¢- dVINA
WdVINQD €
66LLT1'198- LT9TET' 198 €I1T8CTI 198 CLE S6'8- ¥9°C 10CLOY 198~ 6CYCS0°€98- €Ir0€E €98~ 1dos)
s)
paziundo
L998TS LY - V66CS LY 09€IES LY T 6’1 LTS 00°6- 6EV68S LY - 19C0C1°8vC- LILI8T 8% C- Ad
Ad
ELELEL08E 009T¥rL 08¢~ 8T8IEL 08¢ 68°CC 19°9¢- €e'8- LSTY6L 08¢ 6S€81S I8¢ 098¢8S°18¢- cque
LY9SEL 08¢ 90601L 08¢~ €1T0€L°08¢- 6'0C ELYE §9°9- L6SE6L 08¢ YLO8TIS 18¢- C66€8S°18¢- que
yue
Y9SCI6°TEC 6L9€16°CEC Y0¥916°CEC- 0€'C £€9°0- 8L'L- 196020°¢€C- [€€69Y €ET- CSYILS €CC ole
Je
AJOS AJ0S AJOS Jou/ [y Jouw/ [y Jouw/ [y (d'p2)D+1¢ (P)DOI1€ (P)DI1€E
yIm G-zdIN ¥CD qm G-zdIN #¢D ym G-zdIN ¥9CD 180 “I9%0) “I%0) -9/(DDTdN *'d -9/864 26D -9/864 4 JaurioJuoy)
€AJOS TAJOS [AJOS €AJOS TAJOS 1AJOS

‘TIper Sulned ynm (P)O1¢€-9/864 . EA[0S,, JTIPeI Sulned yim (P)D1¢-9/dHY :..TAIOS,, ‘IPel JHV ) YA (P)DT€-9/IHY . [A]OS,, {ULIOJOIOYO

ur so1310u0 jurod 9[3uIs N UONB[NO[ED I0J SPOYIIA [OAS] USSOYD J8 WLIOJOIO[YD UT SJOJJO JUSA[OS JO UOISN[oul yim K109y3 Jo [9A9] (P)D1€-9/869//(dAP2)D+1€-9/(DA)TdIN
1B PAJRINOTED AIOM A0S TIIM G-TJIA 86¢D),, SAISIOUD 9013 [l "SOJels uonisuen; urpuodsarrod pue souIptIAdourueIp-4¢ JO SISULIOJUOD JO SAISIAUS 931 PAje[Nofe)) *§°TV d[qEL

xipuaddy

217



0101¥T LyL- SI9TYT LyL- SEOVST LYL- LS'LT 86°ST 0T'8- 8619LS LyL- TH1080°61L- 8T8YOY 61L- 4
9v00¥C LL- 1S90¥T LyL- SISEST LYL- 1t'LT 78°ST vL'8- L909LS L¥L- 708080 61L" S8€901 61L- 11
YLITYT LyL- T6ETYT LyL- TEESST LYL- 0L'LT 78°ST 91°8- YLEILS LY L- SH8080°61L" S66¥01 6L 01
SY06ET LYL- T096€T LyL- 8LSEST LYL- 96°6T 61'8C 0T'8- S9VLS LyL- 708080 61L" 1050t 6%L- 6
S660vT LiL- 9TYIYT LyL- 9L8YST LyL- L08T ¥6'9C LE8- TTSSLS LyL- 606180 61L" TrLSOY 6L L
YV IYT LyL- 900THT LyL- 6019ST LyL- ST0¢ 6L°8C vT'8- LLEILS LyL- SLTTR0 6YL- 78950t 61L- 9
0961¥T LyL- 8SETYT LYL- 6L09ST LyL- 80°6C €0'8¢ 66°L- 19S9LS Ly L- 60L780 61L" ¥€290t 61L- ¥
8910¥T LyL- Y690YT Ly L- €OPSST LyL- €I'ze SL0¢E L8'L- 1679LS Ly L- 90780 61L" 0€650t 61L- 4
96TTYT LL- vS8TYT LyL- 0v79ST LyL- 86°8T 11°LT €0'8- YL69LS Ly L- 0£TE80°61L" €T0LOY 61L- I
qs
€8€61€°S0TI- Y1LTSESOTI- 89099¢°50T1- S6'LY 0T 6€ 484 LO9LT18SOTI- SO81€1°80CI- 99/185°80T1- ydopsy
9S+6¥€ S0TT- LETESESOTI- €0979¢°S0T1- 96" ¥¢ 68T £0°0 89S 118°S0T1- 18€671°80T1- 0£€8.5°80T1- ydogsy ¢
YTH99¢€°S0T1- * * 4R 78S818°S0T1- GETTET'R0TI- 1L9T785°80T1- ydogzsy ¢
6L90S€°S0T1- L6THSESOTI- 78699¢°S0T1- S¥'Ly S6°LE ¥9't 8+6818°S0T1- 98.T€1°80T1- £86785°80C1- wdopsy |
s1
paziundo
SEETYL 165 T68THL 165~ ¥801SL 165" t'8 $6'9 961~ 90LLL6E 165" v16181°€65- 807 11 €65~ L
€88TYL 165~ 8TLEYL 165~ 98T1SL 165 199 6t 61°61- 8L68L6 165~ 00L181 €65~ LLTSTY €65 9
€08EYL 165~ LTLYYL 165 ¥LOTSL 165" $9'9 €T 90°G1- 0T06L6 165~ S08781°€65- 88YSTH €65~ S
88TEYL 165 LSSEYL 165 €6LISL 165 St'8 699 [AR4E L988L6° 165~ 8LEE]T €65 8€8STH €65 ¥
S60vYL 165 SOLYYL 165 LILTSL 165 St'8 699 8I't1- 8686L6° 165~ S90¥81°€65- 849911 €65~ ¢
0LYPYL 165 86TSYL 165~ ILTESL 165 €e'8 SI'9 SYl- ¥TT086'165- SOSHR1°€65- 880L 11 €65~ 4
8Y6TYL 165 LS8SYL 165~ 0LSESLT6S- 808 69°S 951~ SPTI86°165- vr8P81 €65~ S90811° €65~ I
eg
LTO6LYS 09T~ $69L55°09C1- * S0°€€ 1L 07810 19C1- 9ZS ¥ €9T1- 11668 €9T1- ydopsy |
9€STHS 09T 1- £0S9¥S 091~ 6955091~ 86°SH 96°6¢ 918 €SH810°19C1- 1SCTIYY €9C1- $59668°€9T1- dorsy |
9¥THS 091~ ¥9L9%S°09C1- 9169550921~ LE8Y LOLE ol TLEGTO 19T~ L6S T €9T1- $80006°€9T1- ydogzsy |
S}
pozmundo
695T0¥6°'9%9- $680TH6 9%9- S0£88Y6°9%9- vL91 611 LL'G- 867681 L9~ TLTY6Y 879~ 6STLEL 879~ 4
S6LOTY6 979~ 919STH6'9t9- 9627505699~ 6L°61 06°ST 20°6- €LY061 LYY~ LS6L6Y 879~ €186€L 819" I
qL
YOTPLE TTTI- ¥968LE 1TTI- 910¥8€ 171~ SEHe 6S° 1T €e'g €89818°1TCI- 80LS91+TTl- Y0TL6S ¥TTI- 1dops)
T90VLETTTI- 6€68LE1TTI- 98158€° 171~ 18T 1€°61 60'1- 606518 17T~ 966€91°+7T1- YEIS6S YT 1dogsy
AJOS AJos AJOS fow/ [y fow/ fow/ [ (d'po)O+1¢ (P)DI1€E (P)DI1€E
MM G-TJN D | UM G-TdIN %°D | UM G-TdIN 36D 1) L) L) -9/(DATdN -9/864 %°¢D -9/864 'd Jawioguo)
mZOm N\Lom TLOm MZOm NZOm TLOm

xipuaddy

218



109%SS°6C11- 7509556211~ 61CT0LS 6C11- SO'€H ST6¢ S0'C LL886'6TT1- €000€°TET1- 08LIL'TEIT- 6 IS
$8€96S°6CI1- SE8LSS6TII- TLYOLS 6TT1- L6'TH 91°6€ 86°'S SI166°6T11- 6100€°CETT- 6SSIL'TEIT- 01 S
€99965°6C11- 9908556211~ SLSOLS 6TII- ¥ 1Y 91°8¢ 1€°6 SLO66'6TT1- 0S00€ TET 1~ Y981L'TEI - 1 3¢
L8LSSS 6TI1- SO0TLSS 6TI1- 1L90LS 6C11- 9t 0t ¥L9¢ 8¢'T 0T686°6C11- 66667 TE11- 66L1LTEIT- 91 S
9r9%SS 6T 1- 08095S°6C11- YHOILS 6T 1- YT LY LY’ €Y 81t ¥T166°6C11- T010€TETT- T961L°TENT- ST S
SOLLSS 6TII- ¥1065S 6C1 1~ 6TLILS 6TI1- €€°6¢ 78°6¢ 15 86066 6711~ ¥200€ TET - YSIL'TEIT- v IS
125955611~ 806LSS6T11- 110TLS 6C11- 881t vT'8¢ 171 SLO66'6TT1- LYT0E TETT- YLOIL'TETT- TS
£019SS 6C11- 999.56°6T11- 0691LS 6C11- 86"t 88°0t 90t €€T66'6T11- 9600€ TET 1~ S00TL'TETT- €1 S
79695S°6C11- ¥9€85S 6T 1- LYSTLS 6T11- 1S 11 8°LE 65°0 65166 6C11- SLOOS TETT- LS6IL'TEIT- 9 3¢

ETS
869€8G°1€81- 859/L8S°1€81- SSHH09° 1€81- 9098 96°GL 9t 1€ 01TL9TTET- LT80TY'SE]1- 0091Lt'9¢€81- 7S1 861
€6798S 1¢€81- €SH06S 1€81- £96909 1€81- 69°68 LLYL LA 8€699C7°TE81- [€€ETRSERT- 8CCILY 9€81- 7Sh S8
9S8 1€81- SI1€68S 1€81- 78€909°1€81- 6268 L8'8L 90'¥€ 80,897 TE81- 67TET] SERI- T8STLY 9€81- TS €€
LS8S8S T€81- 148685 1€81- ¥6SL09 1€81- 6198 €L'SL 16T ST689T TESI- 70STTRSE]1- THLTLY 9€81- 781 201
6£8985° 1€81- 89065 1€81- 769609 1€81- SY'LS St'LL SY'LT L¥T89T TE81- 819¥78°SE81- QILTLY 9E81- IS} 8G1
150985°1€81- L968S T€81- 6£8809° 1€81- 80°68 8S°6L ST6C 145697 €81~ 99¢H78°GE]1- LT6ELY 9€81- IS} €€

S}

paziundo
1608L6°L1T1- €T€086°L1TI- 12266 L1T1- LY €€ 19°LT 09°¢- SETITH'ITI- 6£€0L8°0TT1- SE€LO0E 1TTI- S8
19CTLL6 LTI~ €P16L6°LITI- TEI66'L1T1- 0€°1¢€ 9¢°9C 19°6- ¥STOTY' 811~ 168698°07C1- 7T600€°17T1- L
€TY6L6’LITI- 106166 L1T1- * vL81 011- [LTLIY 81TI- 669898°07C1- 60¥667 171~ 9t
YEY6L6 LITI- 90S186°L1TI- TTHT66'L1T1- 1€°6C L8°61 6L°8- 9900t 81C1- 8€TILY0TTI- 0€TT0E° 17T~ L8]
1¥6086°L1T1- €96786°L1TI- 689€66'L1T1- ¥6°'ST €9°0C €SL- €T60TH'81CI- +08CL8°0TT1- 90620€°17T1- 201
8688L6°L1TI- 9LT186°LITI- 8€9€66°L1TI- €Iy SI°6¢ €h'C 61097 81C1- L10698°0TC1- TLY00€° 17T~ H_

[g
€58L18°09¢1- 0TI1S8°09€1- 6LTL98°09¢1- 91°6S 86°0S 918 0€S60% 19€1- T6L6T0Y9¢E1- SE6895H9¢€ 1~ ydogsy |
1228%8°09¢1- L1TIS809€1- 066698 09¢ 1~ ¥S°0L 89°79 6€°€1 69951+ 19¢€1- LLOTEOY9ET- LSTTLS ¥9€1- ydopsy |
LSS8¥8°09¢1- 808158°09¢1- 7810L8°09¢1- 66°89 9t°09 Tl 09tSIH 19€1- 9THIE0¥9E1- 0S0ZLS ¥9¢1- | 1dozsy 1
99¢6¥8°09¢ 1~ 1097S8°09¢€ 1~ ST90L8°09¢€1- S$'89 96°6S ¥9°C1 €1991H'19€1- LL6TE0 Y9S- €STELSYICT- ydogzsy |

S}

pozmundo
12E1VT LyL- YOIV LbL 060SST LyL- 9¢°LT €L'ST 6L°8- Ov19LS LL- 966180 61L" €6£901 6L 91
6vPOvT LL- 9801+ LL- Y8SHST LyL- 9t'6T 8L°LT 99°L- LSTOLS L¥L- 601080 61L" 86SY0t 61L- SI
S9L8ET LYL- LOS6ET LyL- €9CEST LYL- £0°0€ 79'8C 8T'8- YOSYLS LyL- 895080 61L" STLYOY 6YL- 1
AJOS AJos AJOS fow/ [y fow/ fow/ [ (d'po)O+1¢ (P)DI1€E (P)oT1E
MM G-TJN D | UM G-TdIN %°D | UM G-TdIN 36D 1) L) L) -9/(DATdN -9/864 %°¢D -9/864 'd Jawioguo)
mZOm N\Lom TLOm mZOm NZOm TLOm

xipuaddy

219



‘(pes Surned "9°1) siojoweted udsoyd Y} YIM PISIOAU0D 9q 10U UBd JYDS INDJ

SSLL99"R681- * * 1S 11 9r6L0t 6681~ 8GSETT €061~ 1¥6L€8°€061- ydogzsy ¢
78TEY9'8681- SPELY9 8681~ 9L90L9'8681- 1€Y11 ¥9°€01 8¢ TH 79L801" 6681~ 668€11°€061- €H8SE]C061- ydogzsy |
S}
paziundo
97SSE0'S8TI- 0969€0°S8T1- 185€50°S8TI- 18°€9 009 091 796¥95°S8T1- €VLLIT 88TI- LL8TLY 8]TI- ¥
LT9SE0'S8TI- €60L£0°S8TI- SSSES0°S8TI- 66°L9 v1°%9 60T $59696°68T1- SLO891'88TI- L0OTTLY 88T~ ¢
$898€0°S8TI- SE100°S8TI- £96950°S8T1- ¥0'19 YTLS SO€l €E€LLIS S]TI- 191891°88C1- 856£L9°88C1- 4
L6Y6£0°S8T1- 8980t0°S8T1- 9€9850°'S8T1- 96°6S 9¢€°96 1L6 L6T89S°S8TI- 9998918871~ 0€9%,9°88C1- I
IS
611291 €PLI- YLEIIT EVLT- 98TH8T VLI~ 8806 1L°6L 89°C¢ 9SL0€8 E€YLI- 916SYT LyLI- 0v66L8 LYL1- | dopsy G|
YLE6ST EVLI- 90¥€91" €L~ LS9T8T VLI~ 0L'68 T16L 86°8C 996678 €YL1- 8TSSYT LYLI- €S6188°LYLI- ydopsy 9
910291 €¥L1- 6S1991°€YLI- SPOVR1 EYLI- 79°88 YL LL 0T'6C 6STIE8 EYLI- 6CISYT LYLT- 615088 LYL1- ydopsy ¢
S}
pozmundo
9€EHSS 6T T~ €L09SS°6T11- 9TH0LS 6TT1- 80°61 S 989 0S066°6C11- 1T10€TE11- 8G8ILTEII- LIS
AJOS AJos AJOS fow/ [y fow/ fow/ [ (d'po)O+1¢ (P)DI1€E (P)DI1€E
MM G-TJN D | UM G-TdIN %°D | UM G-TdIN 36D 1) L) L) -9/(DATdN -9/864 %°¢D -9/864 'd Jawioguo)
mZOm N\Lom TLOm MZOm NZOm TLOm

xipuaddy

220



‘(rper Surned “9°1) s1ojowesed uasoyd ay) Yim paSIdAu0d aq jouued YOS D «

L£98°0 S9LLO 9€96°0 €5LE0 60L8°0 LS990 OIS6'0 89500  €L660  €EE€0  09LL°0 19000  seurpukdouruerp-y¢
880 €615°0 75960 1€£20°0 98150 87950 S6860 16990 10760 68060 11660  9LILO sourpLikdourure-f
88LS°0 81850 PL6E0 9911°0 16LS°0  ¥EVS'O  +vTOV'0 880 bL8Y'O0  T89S0  I19€€0  €S91°0 sysA[ejeo e
NM SJURIDIJJS0I UONB[AIIO))

9T 1¢81- 99°CS- $8'L9- v9'CC- €08I-  LO'ES-  ¥b'99- % IP'SI-  8T6h-  €TY9-  9TLLT- [
v8' v 1T €9°6t- 6v'C9- v8vT-  9€TT- 66'6v-  LI'6S-  T®TT- LE6I-  OFbb- 98bS-  b068°C- qas
€8°61- 9L 86'St- 95°€s- TLoz-  IS8I- 0TLE- ILYS- 60°61- 6L91- 9V Iv-  €TIS-  8IE6E S
66°L1- 91- v9'Th- £€9'65- 0081~ 66°SI-  L¥'€pr-  91'6S-  TS9I-  9€PI-  60°6E-  SL'SS-  9ESLb- s

6L €1~ €101~ Sdls 88'86- SSpI-  6TTI-  I¥ b 8879 * % 690V~ STT9  €LT6- IS
6v'S1- 0€l- 06°€€- ssee- LU9T-  IL€l-  LSPE-  0€LE-  SLEIl- 6011 96T v6EE 180L°C- ©9

s 8l1- TL9t- 8%'8T- 79'9¢- T8I~ TL9I- 6¥'8T-  SELT- * % L9ve- 6Lve- LvoTh  (RdD ¥
8L'8- 06'G- 89'8T- S0'¢e- 678" $0'9- L8LT-  88°0¢ L1'L- 0S - 10€T- $8°LT- vhH9b- qaL
z8°01- LL'8- 1L°ST- 0S"+C- 801~ LL'S- IL'ST- 0S¥ 80°L- 8Lt 98°1z-  v6'IT-  €L10s-  (AVIN €
€LL- 80°0- 8I'vC seLT b8'L- €00 68€-  OLLT 1L9- 91 0S0T-  Ob'vT-  0L89'S- &L
00°0 000 000 000 000 00°0 000 00°0 00°0 000 00°0 00°0 Ad
gAJos A0S [A[0S $-TdIN gAJOS A0S [AIOS  G-TAIN | €AJOS A0S [AI0S  G-TdIN

(@ypur - shree)

saye)s uonisuen pazrurdo

soje)s uonsuesy pazrwndo

S9J8)S UONISURT) USZOI]

[Towy/ (3] s1owroyuoo

159q 9y} Uo paseq ‘**Hy sard[eyiud uoreAnOY

[Tow/y] gy sardeqius paSeroae uuewzyjog [[owy/ 3] **HY sordjeyiud pagerose uuewzijog

"SMOJ 93U} JSB[ SY) UI UMOYS dJe [[OIyMm
ANM SJUQIOIJJO00 UONB[OIIOD JAIS (¥/13/])Ul S9IBI UOIIOBAI QANIR[AI )M SAId[RyIUS UOT)RAIIOR dY) JO SUONR[oII0)) ‘TIpel Julined ynm (pP)D1¢-9/864 :..CAJOS,, {IIpel Julned yim
(P)D1€-9/AHY :..TAIOS,, ‘TIpeI JHV YIM (P)DT1€-9/AHY :. [A]OS,, {WLIOJOIO[YD Ul SAI3I0ud jurod o[Surs NDJ UOnemo[ed I0J SPOYISA [OAJ] UISOYD J& WIOJOIO[YD Ul S}O95J0
JUQAJOS JO uoISN[oUl YA I0 (,S-ZdIN,,) oseyd ses ur A10at) jo 19491 (P)D1€-9/868//(APTID+1£-9/(DA)TIN 18 pare[nofeds se Hy sald[eyjud UONBANOE JATR[RY "6°TV dIqEL

xipuaddy

221



222

97260 €LOL0 0€8E°0 617670 sourpuAdouruerp-p*¢
LEL60 L9ST0 L08S0 91560 sourpuAdourue-f
8670 00S5°0 1615°0 8070 sysA[ereo [re

2 SIULIOLF0D UONB[OLIO)

L8'6€- 90°€I- 8L°01- 8T 0t~ €LT6 Y- IS
€00t~ L9ST- S8€l- 9¢ I~ 9€SL Y- S
8705~ 9L'LT- 8€ €I~ 9L 6%~ 9TLL'T S
LE9Y- 8€'1C- 80°61- 1L°9%- ¥068°C- qas
8 - I8LI- 69°S1- 184a 81€6'¢- eg
1L'8T- §9'9- LE9- 9L'9T- rhr9 b qaL
S8€T- 99'8- €L0- LO'ST- 0L89°G- eL
65 ¥€- L891- v ¥1- 8T'S¢- 180L'C- €9
8%'8C- €581~ €L91- 8%'8¢- LYOT t- (Add) ¥
€5°9C- v9'11- 656 €5°9- €L10’S- @VIND €
0 000 000 000 Ad
TAJOS CAJOS TAJ0S TAJOS
Saje)s uonisueny @QNMEEQO S9je)s uonisuen UoNE\E‘QO AN\J\:E am\ﬁﬁwmv
[Tou/y]

[Towy 3] "DV peSeloAe uuewz}jog
SIOUWLIOJUOD 189q d} UO paseq ‘ Py

"SMOI 931} ISB[ ) UL UMOYS I YOIYM Y SIUSIOLJ00

UONB[OII0D JAIS (¢/13/1)U] SOJeI UOT)OBII AT)B[AI YIIM SIISIOUD 991] UONBAIIOR dY) JO sUOne[aLI0)) Tpel Surned yim (p)O1€-9/869 :..EA[0S,, {IIpel Surned yim (p)O1¢
-9/AHY :..TAIOS,, TIPRI JHV ) UM (P)DT€-9/AHY .. [AJOS,, :WLIOJOIO[YD U SAISI0ud jurod 9[3uls D J UONEB[NO[BD J0J SPOYIAA ‘[OA] USSOYD J& WLIOJOIOYD Ul S}O9JJO JUOA[OS
Jo uorsnjout yim 10 (G-7dIA,,) aseyd ses ur K10at Jo [0A9] (P)D1¢-9/8684//(d'PT)D+1€-9/(DA)TIIA 18 PAIE[NO[EI SE "DV SATIGUS 221) UONBALIOR dANL[IY "0 1TV qEL

xipuaddy



‘(11pe1 Surned o°1) s1ojowered UISOYD Y YIM PIFIOAU0D oq Jouued JYOS INDJ

9 9 L 1 1 % I I I 9TLLT S

4 I I ¢ ¢ % * 8 8  ELT6Y- IS

1 L L L L L L vl vl 9€SLb- S

€l 4 4 4 v vl vl 91 91  $068°C qs

L € 3 ¥ ¥ 9 9 8 8  8lg6e- BS

C C € € € 8 8 8 8  PhP9b- qaL

I € € € € v v v v 0L89°S- e

C I I I I v v v v I80L'C €9

I I I I I * * I I 0Ty (AdD ¥

I I I I I I I I [ €L106- (dVINQ) €
I I I I I I I I Ad

EA[OS  TAJOS  TAJOS  G-TJIN | €A[OS  TA[OS  [A[0S  G-TAIA

(@ypur  shrere)

18A7e180 901) saye)s uonsuen pazrundo S918)S UONISUBI) USZOI]

‘TIpel Surned yum (p)O1¢-9/864 .. EA[0S,, ‘IPel Sutned yum (P)D1¢-9/dHY . TAIOS,, STIPEI JHV ) YA (P)DT€-9/AHY i TA]OS,, {WLIOJOIO[YD UT SAI510u9 jutod
o[3uIs JADJ UONB[NO[BD 10J SPOYIIA ‘[OAS] USSOYD J& WLIOJOIOYD UL S}O9JJO JUSA[OS JO uoIsnjour ym 1o (., S-zdIN,,) oseyd ses ur L1013 Jo [9A9] (P)O1¢€-9/869//(dP7)D+1¢€
-9/(Dd)ZdIN Ye pare[nofed se PPy sardjeyjuo UoneAI}or A1l Urelqo 0) SuiSeroAe-uuewzyjog J0J pasn SIOULIOJUOD SIJe)S UONISUERI) JO SIOqQUINN “[ 'V dqeL

xipuaddy

223



Appendix

A2 .4. Influence of the explicit solvation.

Table A2.12. Calculated energies of pyridines and corresponding transition states, solvated by chloroform.
Methods for calculation PCM single point energies in chloroform: “solv1”: RHF/6-31G(d) with UAHF radii;
“solv2”: RHF/6-31G(d) with Pauling radii; “solv3”: B98/6-31G(d) with Pauling radii.

Bl MP2(FC)/6- <H,9s> MP2(FC)/6- solvl solv2 solv3
Conformer Ewt B98/6-31G(d) | Haos B98/6-31G(d) 314G2d,p) 31+G(§§1,(1}3()(/1/)B98/6- G, o ol G el
kJ/mol | sobv
chloroform -1419.094429 -1419.068994 -1417.478989 -1417.453554 0.54 -11.25 -9.04
Py
py_alc -481.770379 -481.530830 -480.623500 -480.383951 -2.26 4.52
cat_ CHCl; -1667.286776 -1667.164971 -1665.079878 -1664.958073 8.45 0.46 2.85
ts CHCls -2282.440733 -2282.066001 -2278.905033 -2278.530301 30.29 29.25 38.58
3 (DMAP)
DMAP.alc -615.691516 -615.374106 -614.215625 -613.898214 -5.98 9.58
DMAP.alc.2 -615.691872 -615.373393 -614.215168 -613.896689 -4.81 14.43
cat CHCls.1 -1801.207922 -1801.008289 -1798.671846 -1798.472213 5.06 6.07 7.74
cat_ CHCL3.2 -1801.200451 -1801.000781
ts CHCls
ts CHCI;_3 -2416.370091 -2415.918107 -2412.505641 -2412.053656 30.08 38.62 46.82
4 (PPY)
PPY.alc -693.089778 -692.734773 -691.419919 -691.064914 -9.00 16.32
PPY.alc.2 -693.089199 -692.734290 -691.418990 -691.064080 -8.70 16.02
cat_ CHCl; -1878.606247 -1878.368964 -1875.876311 -1875.639028 2.09 12.51 14.35
ts CHCl3
ts CHCLs.1 -2493.769008 -2493.279459 -2489.710663 -2489.221115 27.70 46.69 55.15
6a
6a_b.alc.1 -770.496548 -770.104082 -768.638892 -768.246426 -11.46 25.36
6a_b.alc.2 -770.496593 -770.104194 -768.638950 -768.246551 -11.42 25.40
cat_ CHCIl;_1 -1956.012971 -1955.738290 -1953.095233 -1952.820552 -0.38 21.67 22.47
cat CHCl; 2 -1956.005629
ts CHCl; -1152.066909 -1151.567461 -1149.433307 -1148.933860 -5.98 0.00 31.46
ts CHCl;_1 -2571.176550 -2570.649703 -2566.931649 -2566.404802 24.81
Ta -609.437278 -609.163890 -607.990831 -607.717443 -9.50 -2.93 8.49
Ta.alc.1 -843.028110 -842.608168 -841.026825 -840.606883 -1.26 25.86 -1.26
Ta.alc.2 -843.027933 -842.608060 -841.026721 -840.606848 -0.75 26.65 -0.75
7a.Nalc.1 -843.028012 -842.608076 -841.029063 -840.609127 7.53 35.52 7.53
7a.Nalc.2 -843.026872 -842.607024 -841.028316 -840.608468 7.99 39.29 7.99
cat CHCl; 1 -2028.544445 -2028.243409 -2025.483018 -2025.181982 9.96 21.46 25.65
cat_ CHCl; 2 -2028.542546 -2028.241421 -2025.487454 -2025.186329 15.94 25.23 30.00
cat_ CHCl;_3 -2028.535796 -2028.234814
ts CHCly -1224.595818 -1224.069937 -1221.816846 -1221.290965 1.51
ts CHCl;_1 -2643.705649 -2643.152255 -2639.314376 -2638.760983 33.14
5a
5a_l.alc.1 -827.010237 -826.576631 -825.018453 -824.584847 -1.13 35.56
5a_l.alc.2 -827.010136 -826.576078 -825.018519 -824.584460 -0.75 36.32
cat_ CHCls.1 -2012.525707 -2012.210613 -2009.474695 -2009.159601 7.49 27.57 28.87
cat_ CHCL3.3 -2012.518774 -2012.203954
ts_ CHCl3
ts CHCl;_1 -2627.690987 -2627.123439 -2623.315872 -2622.748324 34.39 68.45 75.98
5b
5b_6.alc.1 -982.997653 -982.466821 -980.613639 -980.082807 6.49 61.04
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Ei MP2(FC)/6- <H,9s> MP2(FC)/6- solvl solv2 solv3
Conformer Eiot B98/6-31G(d) | Haos B98/6-31G(d) 314G(2d,p) 31+G(2d,p)//B98/6- G,
31G(d) KJ/mol Giolv, kJ/mol | Gy, kJ/mol
S5b_6.alc.2 -982.997908 -982.467058 -980.613887 -980.083037 5.44 58.74
cat CHCls.1 -2168.513355 -2168.101290 -2165.069737 -2164.657671 14.02 50.00 50.46
cat CHCL;.2 -2168.506508 -2168.094645
cat CHCL3.3 -2168.513418 -2168.101291 -2165.070070 -2164.657943 14.06 50.71 51.21
ts_ CHCl3
ts CHCl; 3 -2783.681530 -2783.017748 -2778.915576 -2778.251795 46.94
5k
Sk_6.alc.1 -1366.310732 -1365.668329 -1363.029180 -1362.386777 19.33 74.73
Sk _6.alc.2 -1366.311755 -1365.669281 -1363.031429 -1362.388955 19.33 77.53
Sk_6.alc.3 -1366.310720 -1365.668340 -1363.029300 -1362.386920 18.91 73.72
Sk_6.alc.4 -1366.310704 -1365.668452 -1363.028649 -1362.386396 14.85 67.66
S5k 6 _CHCly -2551.826952 -2551.303491 -2547.486284 -2546.962823 26.99 64.18 66.86
ts_ CHCl3
2_tsdopt _CHCl; -3166.989287 -3166.213770 -3161.331034 -3160.555517 64.22 114.43 123.01
51
alc.1 -1522.266836 -1521.529166 -1518.608130 -1517.870460 28.74 91.76
alc.2 -1522.265687 -1521.528069 -1518.606133 -1517.868516 28.87 93.55
alc.3 -1522.265579 -1521.528003 -1518.606197 -1517.868620 26.40 87.82
alc.4 -1522.266686 -1521.529949 -1518.608225 -1517.871488 28.12 92.22
cat CHCI;_1 -2707.782096 -2707.163411 -2703.063430 -2702.444745 35.56 82.38 84.98
cat CHCl; 2 -2707.782096 -2707.163426 -2703.063434 -2702.444764 35.56 82.38 84.98
ts_ CHCl3
1_ts2_CHCI; -3322.944773 -3322.073934 -3316.908431 -3316.037592 76.36
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A2.5. Single point calculations at B3LYP-D level.
Table A2.13. Calculated energies of conformers of 6a and 5b and corresponding transition states. Final
enthalpies “Hyos B3LYP-D with solv” were calculated at B3LYP-D/6-311+G(d,p)//B98/6-31G(d) level of theory
with inclusion of solvent effects in chloroform at PCM/UAHF/RHF/6-31G(d) level. <H,o5> are Boltzmann-

averaged enthalpies.

Conforme E B98/6- H,93 B98/6- Euo g?g“_ YP- Ggotvs | “Haos BALYP-D | <Hjys> B3LYP-
r 31G(d) 31G(d) 311+G(dp) kJ/mol with solv D with solv
Py
py -248.181767 -248.087627 -248.357210 -9.00 -248.266497 -248.266497
tsopt -863.330413 -862.983065 -863.986592 2.64 -863.638241 -863.638241
6a -537.0505796
6a a -536.904889 -536.657992 -537.289168 -20.75 -537.050175
6a b -536.905604 -536.658613 -537.290037 -20.33 -537.050790
6a_ts -1152.435922
a ts2opt -1152.066909 | -1151.567461 | -1152.933091 -5.98 -1152.435922
5b -749.587190
1 -749.407023 -749.022449 -749.969255 -8.03 -749.587741
2 -749.405930 -749.021754 -749.967880 -7.87 -749.586699
4 -749.406234 -749.021772 -749.968358 -7.99 -749.586940
6 -749.405682 -749.021776 -749.968007 -8.24 -749.587240
7 -749.405742 -749.021319 -749.968241 -8.37 -749.587005
9 -749.405012 -749.020692 -749.967260 -8.20 -749.586063
10 -749.404995 -749.020441 -749.967658 -8.16 -749.586211
11 -749.406385 -749.021639 -749.969006 -8.74 -749.587591
12 -749.404828 -749.020084 -749.967695 -8.20 -749.586074
13 -749.404877 -749.020263 -749.967834 -8.33 -749.586391
14 -749.404725 -749.020437 -749.967087 -8.28 -749.585954
15 -749.404598 -749.020095 -749.967367 -7.66 -749.585781
16 -749.406393 -749.021713 -749.969079 -8.79 -749.587746
5b _ts -1364.976473
1 ts2opt | -1364.573153 | -1363.935988 | -1365.618759 12.64 -1364.976782
1 tsdopt | -1364.572257 | -1363.935082 | -1365.617776 13.39 -1364.975502
11 ts2opt | -1364.572050 | -1363.934964 | -1365.618247 12.22 -1364.976507
1 ts3opt | -1364.568935 | -1363.932278 | -1365.613155 8.16 -1364.973390
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Chapter 3. Computational details.

A3.1 Relative acetylation enthalpies for potential photoswitchable 3,4-diaminopyridines.

Table A3.1. Calculated energies of conformers for potential photoswitchable 3,4-diaminopyridines, as
calculated at MP2/6-31+G(2d,p)//B98/6-31G(d) level with inclusion of solvent effects at PCM/UAHF/RHF/6-

31G(d) level,
E H <Hjyyg>
Confor Eiot Haog tot Gaotvs 298 2987
mer B98/6-31G(d) | B98/6-31G(d) g’ﬂizéffg’/g KJ/mol Mstflvwnh MPZSZ)SIVW”}‘
Py
Py 248181767 | -248.087627 | 247589439 | 9.00 | 247498727 | -247.498727
Py ac | -401.140004 | 400991691 | -400215516 | -142.55 | -400.121498 | -400.121498
diazal
diazaltr 21044.022505
3 T1046.857690 | -1046478012 | -1044.402223 | -11.63 | -1044.026975
I T1046.857580 | -1046.477989 | -1044.402053 | -11.67 | -1044.026908
diazaltr_ac 1196.675477
3 acl | -1199.858325 | -1199.424128 | -1197.068686 | -108.28 | -1196.675732
[ ac2 | -1199.858318 | -1199.424100 | -1197.068697 | -108.24 | -1196.675706
3 ac2 | -1199.856957 | -1199.422878 | -1197.066994 | -108.20 | -1196.674126
1 acl | -1199.856955 | -1199.422802 | -1197.066869 | -108.28 | -1196.673958
diazalci 21044.008449
I T1046.833133 | -1046454151 | 1044383069 | -12.18 | -1044.008724
4 T1046.833002 | -1046.453791 | 1044382675 | -13.26 | -1044.008515
7 T1046.832807 | -1046.453629 | 1044382354 | -13.85 | -1044.008451
5 T1046.832796 | -1046.453467 | -1044382303 | -13.56 | -1044.008137
dnow | -1046.831620 | -1046.45269 | -1044.382978 | -11.25 | -1044.008335
2 T1046.831344 | -1046.452302 | 1044382393 | -13.01 | -1044.008307
3 T1046.831558 | -1046.452591 | 1044382727 | -12.26 | -1044.008430
6 T1046.831275 | -1046.452370 | 1044382436 | -12.97 | -1044.008471
diazalci_ac T1196.656734
7 acl | -1199.832729 | -1199.399018 | -1197.047782 | -113.30 | -1196.657226
S ac2 | -1199.832665 | -1199.398953 | -1197.047786 | -113.22 | -1196.657197
4 ac2 | -1199.831533 | -1199.397899 | -1197.046766 | -113.97 | -1196.656542
[ ac2 | -1199.831564 | -1199.397960 | -1197.047009 | -112.80 | -1196.656368
S acl | 1199831165 | -1199.397592 | -1197.045821 | -113.51 | -1196.655482
7 ac2 | 1199831221 | -1199.397592 | -1197.045806 | -113.47 | -1196.655396
T acl | -1199.830601 | -1199.397022 | -1197.045616 | -112.68 | -1196.654953
4 acl | -1199.830668 | -1199.396959 | -1197.045708 | -112.51 | -1196.654851
diazalcn
diazaltr 1136056314
3 T1139.064106 | -1138.684114 | 1136431421 | -1443 | -1136.056927
I T1139.063984 | -1138.683898 | 1136431237 | -14.48 | -1136.056666
diazaltr_ac 11288.703967
a2 | -1292.058452 | -1291.623979 | -1289.092961 | -120.04 | -1288.704208
3 acl | 1292058464 | -1291.624024 | -1289.092943 | -120.00 | -1288.704207
T acl | -1292.057152 | -1291.622850 | -1289.091178 | -119.96 | -1288.702574
3 ac2 | 1292057158 | -1291.622754 | -1289.091143 | -119.96 | -1288.702428
diazalei 1136037495
7 T1139.039005 | -1138.659639 | 1136410931 | -16.15 | -1136.037716
4 T1139.039185 | -1138.659680 | 1136411005 | -16.15 | -1136.037651
5 T1139.039209 | -1138.659623 | 1136411170 | -15.73 | -1136.037576
I T1139.039202 | -1138.659538 | 1136411299 | -14.77 | -1136.037261
dnew | -1139.037014 | -1138.657520 | -1136.410914 | -1439 | -1136.036901
2 T1139.036955 | -1138.657669 | 1136410733 | -15.82 | -1136.037471
3 T1139.037093 | -1138.657654 | -1136.410975 | -1540 | -1136.037400
6 T1139.037144 | -1138.657915 | 1136410933 | -1536 | -1136.037552
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E H <Hj95>
Confor Erot Haog tot Gaotvs 28 28
mer B98/6-31G(d) | B98/6-31G(d) gﬁ?&gg kJ/mol Mpzsflvw“h MP2S;)51Vw1th
diazalci ac -1288.686840
4aclnew -1292.036108 -1291.602523 -1289.082969 | -100.08 | -1288.687503
7 acl -1292.033216 -1291.599308 -1289.072491 -123.22 | -1288.685515
5 ac2 -1292.033155 -1291.599259 -1289.072377 | -123.34 | -1288.685460
4 ac2 -1292.033005 -1291.599221 -1289.073934 | -116.19 | -1288.684404
1 ac2 -1292.032999 -1291.599160 -1289.073762 | -116.57 | -1288.684320
5 acl -1292.031797 -1291.597913 -1289.070576 | -123.22 | -1288.683623
7 ac2 -1292.031694 -1291.597709 -1289.070512 | -123.39 | -1288.683522
1 acl -1292.031456 -1291.597746 -1289.070768 | -120.62 | -1288.683002
4 acl -1292.031474 -1291.597804 -1289.070752 | -120.50 | -1288.682978
diazalome
diazaltr -1158.237020
32 -1161.339892 -1160.924702 -1158.647079 -14.06 -1158.237244
11 -1161.339746 -1160.924617 -1158.646918 -14.18 -1158.237192
31 -1161.339527 -1160.924391 -1158.646518 -14.06 -1158.236736
12 -1161.339460 -1160.924225 -1158.646432 -14.10 -1158.236568
diazaltr ac -1310.886271
3 2 ac2 -1314.343692 -1313.873929 -1311.315562 | -107.40 | -1310.886707
1 1 ac2 -1314.343654 -1313.873816 -1311.315529 | -107.36 | -1310.886583
1 2 ac2 -1314.343207 -1313.873467 -1311.315060 | -107.74 | -1310.886356
3 1 ac2 -1314.343189 -1313.873439 -1311.315014 | -107.61 -1310.886252
11 acl -1314.342298 -1313.872577 -1311.313747 | -107.49 | -1310.884965
32 ac -1314.342319 -1313.872598 -1311.313702 | -107.40 | -1310.884888
12 acl -1314.341844 -1313.872277 -1311.313201 -107.74 | -1310.884669
3 1 acl -1314.341816 -1313.872144 -1311.313141 -107.57 | -1310.884440
diazalci -1158.217408
4 2 -1161.313891 -1160.899264 -1158.626205 -15.69 -1158.217554
71 -1161.313736 -1160.899143 -1158.626025 -16.07 -1158.217551
51 -1161.313722 -1160.899125 -1158.626041 -15.90 -1158.217500
12 -1161.314173 -1160.899492 -1158.626777 -14.18 -1158.217498
41 -1161.313883 -1160.899105 -1158.626425 -14.98 -1158.217352
52 -1161.313392 -1160.898853 -1158.625741 -15.56 -1158.217131
11 -1161.314072 -1160.899382 -1158.626714 -12.93 -1158.216948
72 -1161.313416 -1160.898867 -1158.625743 *
4new 1 -1161.312917 -1160.898455 -1158.626881 -11.84 -1158.216929
4new 2 -1161.312893 -1160.898548 -1158.626689 -13.35 -1158.217427
21 -1161.312411 -1160.897865 -1158.626105 -14.98 -1158.217264
31 -1161.312806 -1160.898579 -1158.626613 -13.31 -1158.217454
6 1 -1161.312577 -1160.898111 -1158.626108 -15.19 -1158.217427
22 -1161.312626 -1160.898111 -1158.626250 -15.27 -1158.217551
32 -1161.312756 -1160.898420 -1158.626372 -14.60 -1158.217598
6 2 -1161.312213 -1160.897954 -1158.625897 -14.94 -1158.217327
diazalci ac -1310.865945
7 1 ac2 -1314.316788 -1313.847750 -1311.292828 | -112.59 | -1310.866675
5 1 ac2 -1314.316776 -1313.847540 -1311.292817 | -112.68 | -1310.866497
7 2 ac2 -1314.315546 -1313.846437 -1311.291902 | -114.06 | -1310.866235
5 2 ac2 -1314.315537 -1313.846448 -1311.291749 | -114.18 | -1310.866150
1 2 ac2 -1314.315644 -1313.846431 -1311.292130 | -112.34 | -1310.865705
4 2 ac2 -1314.315615 -1313.846476 -1311.291860 | -112.21 -1310.865462
1 1 ac2 -1314.313707 -1313.844687 -1311.290228 | -115.10 | -1310.865048
4 1 ac2 -1314.313672 -1313.844656 -1311.290061 -115.27 | -1310.864948
5 1 acl -1314.315226 -1313.846079 -1311.290829 | -112.84 | -1310.864662
7 1 acl -1314.315255 -1313.846004 -1311.290868 | -112.84 | -1310.864597
5 2 acl -1314.313951 -1313.844872 -1311.289728 | -114.47 | -1310.864250
4 2 acl -1314.314620 -1313.845519 -1311.290791 -111.71 -1310.864240
7 2 acl -1314.313968 -1313.844718 -1311.289891 -114.35 | -1310.864195
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Appendix

E H <H,os>
Confor Erot Haog tot Gaotvs 28 28
mer B98/6-31G(d) | B98/6-31G(d) gﬁ?&gg kJ/mol Mpzsflvw“h MP2S;)51Vw1th
1 2 acl -1314.314591 -1313.845488 -1311.290483 | -112.30 | -1310.864153
1 1 acl -1314.313019 -1313.844021 -1311.288948 | -113.64 | -1310.863232
4 1 acl -1314.312990 -1313.843908 -1311.288886 | -113.72 | -1310.863118
diaza3
diaza3tr -1044.026911
3 -1046.858831 -1046.479035 -1044.401895 -12.72 -1044.026943
1 -1046.858788 -1046.479001 -1044.401914 -12.47 -1044.026876
diaza3tr ac -1196.675234
3 ac2 -1199.856353 -1199.421957 -1197.066593 | -113.93 | -1196.675591
3 acl -1199.856291 -1199.421917 -1197.066551 | -113.43 | -1196.675379
1 ac2 -1199.856964 -1199.422639 -1197.067069 | -109.20 | -1196.674337
1 acl -1199.856840 -1199.422570 -1197.066913 | -108.95 | -1196.674140
diaza3ci -1044.008394
1 -1046.834230 -1046.455465 -1044.382535 -13.05 -1044.008742
4 -1046.834105 -1046.454748 -1044.382233 -14.06 -1044.008230
7 -1046.833798 -1046.454738 -1044.381630 -14.73 -1044.008179
5 -1046.833785 -1046.454669 -1044.381789 -14.35 -1044.008139
diaza3ci ac -1196.657594
1 acl -1199.830973 -1199.397156 -1197.047564 | -116.69 | -1196.658192
4 acl -1199.830933 -1199.397049 -1197.047590 | -116.27 | -1196.657992
7 acl -1199.830633 -1199.396905 -1197.046074 | -117.28 | -1196.657015
1 ac2 -1199.830632 -1199.396894 -1197.047204 | -113.55 | -1196.656717
5 ac2 -1199.830683 -1199.396877 -1197.045795 | -117.40 | -1196.656706
4 ac2 -1199.830308 -1199.396600 -1197.046945 | -111.55 | -1196.655723
7 ac2 -1199.831315 -1199.397614 -1197.046529 | -112.42 | -1196.655649
5 acl -1199.831405 -1199.397645 -1197.046266 | -112.80 | -1196.655470
diaza2
diaza2ci -1504.646119
7 -1508.737017 -1508.187430 -1505.202219 15.90 -1504.646576
6 -1508.737030 -1508.187354 -1505.201915 15.86 -1504.646200
4 -1508.736456 -1508.186795 -1505.199878 13.97 -1504.644895
12 -1508.736311 -1508.186624 -1505.199552 13.60 -1504.644686
8 -1508.739247 -1508.189284 -1505.197318 13.64 -1504.642160
11 -1508.738758 -1508.188864 -1505.196532 12.55 -1504.641857
10 -1508.739087 -1508.189058 -1505.197057 13.60 -1504.641849
9 -1508.738807 -1508.188770 -1505.196897 14.77 -1504.641235
diaza2ci_ac -1657.292099
7 ac2 -1661.739770 -1661.135585 -1657.868256 -75.77 -1657.292931
6 ac2 -1661.739713 -1661.135305 -1657.868442 -73.72 -1657.292114
12 ac2 -1661.738235 -1661.134169 -1657.865534 -77.28 -1657.290901
7 acl -1661.738459 -1661.134140 -1657.866495 -74.27 -1657.290463
6 acl -1661.738415 -1661.134093 -1657.866680 -73.76 -1657.290453
4 ac2 -1661.738125 -1661.134033 -1657.865666 -75.69 -1657.290402
9 ac2 -1661.741785 -1661.137188 -1657.865667 -74.10 -1657.289293
11 ac2 -1661.741977 -1661.137259 -1657.865439 -74.43 -1657.289071
10 ac2 -1661.741049 -1661.136758 -1657.864756 -75.10 -1657.289069
8 ac2 -1661.740984 -1661.136532 -1657.864698 -75.14 -1657.288867
4 acl -1661.737403 -1661.133245 -1657.864332 -75.31 -1657.288859
12 acl -1661.737424 -1661.133267 -1657.863985 -76.19 -1657.288847
9 acl -1661.740458 -1661.136108 -1657.863928 -73.64 -1657.287626
8 acl -1661.740221 -1661.135821 -1657.863520 -74.48 -1657.287486
10 acl -1661.740290 -1661.135686 -1657.863471 -74.39 -1657.287201
11 acl -1661.740648 -1661.136093 -1657.863685 -73.64 -1657.287178
diaza2tr -1504.662688
1 -1508.760339 -1508.210318 -1505.218216 13.64 -1504.663000
2 -1508.760247 -1508.210055 -1505.218110 13.68 -1504.662707
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Appendix

E H <Hao5>
Confor Erot Haog tot Gaotvs 28 28
mer B98/6-31G(d) | B98/6-31G(d) gﬁ?&gg kJ/mol Mpzsflvw“h MP2S;)51Vw1th
8 -1508.763667 -1508.213344 | -1505.216447 13.72 -1504.660897
4 -1508.763555 -1508.212975 -1505.216075 13.72 -1504.660268
diaza2tr _ac -1657.309450
2 ac2 -1661.764638 -1661.159654 | -1657.886974 | -73.35 -1657.309925
1 ac2 -1661.764678 -1661.159820 | -1657.886926 | -73.14 | -1657.309924
8 ac2 -1661.767432 -1661.162421 -1657.886049 | -72.13 -1657.308512
4 ac2 -1661.767357 -1661.162365 -1657.886070 | -71.76 | -1657.308409
2 acl -1661.763456 | -1661.158710 | -1657.885301 -72.51 -1657.308172
1 acl -1661.763511 -1661.158765 -1657.885234 | -72.38 | -1657.308057
8 acl -1661.766250 | -1661.161066 | -1657.884425 | -71.38 | -1657.306428
4 acl -1661.766183 -1661.160950 | -1657.884423 | -71.04 | -1657.306249
diaza2cn
diaza2ci -1596.676531
7 -1600.943505 -1600.393752 | -1597.233106 16.78 -1596.676962
6 -1600.943019 -1600.392983 -1597.231793 16.90 -1596.675319
12 -1600.941839 -1600.392107 | -1597.227821 10.92 -1596.673929
4 -1600.941870 | -1600.391860 | -1597.227872 11.51 -1596.673480
11 -1600.945102 -1600.395076 | -1597.225443 10.50 -1596.671417
8 -1600.945447 -1600.394979 | -1597.225799 11.34 -1596.671012
10 -1600.945330 | -1600.394774 | -1597.225661 11.67 -1596.670658
9 -1600.945404 | -1600.395177 | -1597.225864 13.43 -1596.670522
diaza2ci_ac -1749.321484
12 ac2 -1753.939652 -1753.335058 -1749.891164 *
7 acl -1753.941715 -1753.337110 | -1749.895734 | -81.04 | -1749.321998
4 acl” -1753.943862 -1753.339171 -1749.901724 | -63.76 | -1749.321319
6 ac2 -1753.941461 -1753.336828 -1749.895471 -79.96 | -1749.321292
7 ac2 -1753.940520 | -1753.335886 | -1749.894078 | -80.21 -1749.319993
6 acl -1753.940298 -1753.335812 | -1749.893874 | -78.83 -1749.319412
12 acl -1753.938627 -1753.334255 -1749.889320 | -83.89 | -1749.316900
4 ac2 -1753.938925 -1753.334327 | -1749.890192 | -80.08 | -1749.316096
diaza2tr -1596.692162
1 -1600.966204 | -1600.415847 | -1597.246991 10.88 -1596.692490
2 -1600.966115 -1600.415570 | -1597.246901 10.84 -1596.692228
8 -1600.970127 -1600.419255 -1597.245697 11.25 -1596.690538
4 -1600.969969 -1600.419133 -1597.245337 11.30 -1596.690198
diaza2tr _ac -1749.338218
1 acl -1753.965349 -1753.360296 | -1749.911629 | -84.39 | -1749.338719
2 acl -1753.965287 -1753.360099 | -1749.911621 -84.35 -1749.338560
4 acl -1753.967892 -1753.362743 -1749.910628 | -82.89 | -1749.337049
8 acl -1753.967977 -1753.362836 | -1749.910648 | -82.76 | -1749.337028
1 ac2 -1753.964239 -1753.359155 -1749.909777 | -82.97 | -1749.336293
2 ac2 -1753.964166 | -1753.359090 | -1749.909957 | -82.22 | -1749.336196
4 ac2 -1753.966777 -1753.361368 -1749.909059 | -81.96 | -1749.334869
8 ac2 -1753.966850 | -1753.361456 | -1749.908857 | -82.05 -1749.334714
diaza2ome
diaza2ome ci -1618.854935
10 1 -1623.219989 -1622.634476 | -1619.440553 *
72 -1623.218776 | -1622.633783 -1619.446630 16.15 -1618.855486
71 -1623.218781 -1622.633783 -1619.446121 15.40 -1618.855259
62 -1623.218661 -1622.633560 | -1619.445840 14.81 -1618.855098
6 1 -1623.218347 -1622.633346 | -1619.445917 16.32 -1618.854701
42 -1623.217775 -1622.632594 | -1619.443493 11.97 -1618.853755
41 -1623.217768 -1622.632708 -1619.443964 13.72 -1618.853678
12 2 -1623.217508 -1622.632487 | -1619.442853 11.42 -1618.853482
12 1 -1623.217651 -1622.632544 | -1619.443244 15.02 -1618.852416
8 1 -1623.220211 -1622.634857 | -1619.441236 12.64 -1618.851069




Appendix

E H <Hjog>
Confor Erot Haog tot Gaotvs 28 28

mer B98/6-31G(d) | B98/6-31G(d) gﬁ?&gg kJ/mol Mpzsflvw“h MP2S;)51Vw1th
8 2 -1623.220326 -1622.634761 -1619.440915 11.46 -1618.850984
10 2 -1623.219993 -1622.634521 -1619.440460 11.21 -1618.850717
11 2 -1623.219841 -1622.634279 -1619.440531 11.38 -1618.850635
91 -1623.219816 -1622.634489 -1619.440621 12.76 -1618.850434
11 1 -1623.219460 -1622.634019 -1619.439884 11.88 -1618.849918
9 2 -1623.219463 -1622.634154 -1619.440340 14.02 -1618.849692

diaza2ome ci_ac -1771.501289
7 1 ac2 -1776.224056 -1775.584240 -1772.113812 -73.43 -1771.501964
6 2 ac2 -1776.223817 -1775.583998 -1772.113735 -73.43 -1771.501884
7 2 ac2 -1776.222414 -1775.582659 -1772.112641 -75.52 -1771.501650
6 1 ac2 -1776.222209 -1775.582524 -1772.112469 -74.56 -1771.501182
12 2 ac2 -1776.221865 -1775.582070 -1772.110647 -76.73 -1771.500078
7 1 acl -1776.222690 -1775.582887 -1772.111994 -72.97 -1771.499984
6 2 acl -1776.222483 -1775.582579 -1772.111984 -72.80 -1771.499808
7 2 acl -1776.220997 -1775.581292 -1772.110779 -74.98 -1771.499632
4 2 ac2 -1776.221988 -1775.582092 -1772.111038 -74.68 -1771.499588
12 1 ac2 -1776.220009 -1775.580385 -1772.108843 -78.91 -1771.499274
11 2 ac2 -1776.225726 -1775.586027 -1772.110659 -74.01 -1771.499150
6 1 acl -1776.220805 -1775.581056 -1772.110611 -74.06 -1771.499068
4 1 ac2 -1776.219925 -1775.580373 -1772.108799 -76.69 -1771.498457
9 1 ac2 -1776.225592 -1775.585506 -1772.110634 -73.22 -1771.498436
8 2 ac2 -1776.224717 -1775.584887 -1772.109870 -74.52 -1771.498422
12 2 acl -1776.220987 -1775.581331 -1772.108938 -75.73 -1771.498126
4 2 acl -1776.221149 -1775.581136 -1772.109515 -74.64 -1771.497932
12 1 acl -1776.219522 -1775.579930 -1772.107500 -77.11 -1771.497278
4 1 acl -1776.219602 -1775.579729 -1772.107925 -75.65 -1771.496865

diaza2ome_tr -1618.872669
2 -1623.242667 -1622.657151 -1619.463047 11.38 -1618.873196
1 -1623.242764 -1622.656992 -1619.463134 11.46 -1618.872996
1 -1623.242429 -1622.656825 -1619.462612 12.09 -1618.872403
2 -1623.242362 -1622.656589 -1619.462488 11.38 -1618.872381
8 -1623.245855 -1622.660184 -1619.461244 11.25 -1618.871285
4 -1623.245720 -1622.659765 -1619.461113 11.25 -1618.870872
8 -1623.245513 -1622.659546 -1619.460639 11.34 -1618.870353
4 -1623.245407 -1622.659358 -1619.460595 11.34 -1618.870227

diaza2ome tr ac -1771.520233
1 1 ac2 -1776.249635 -1775.609309 -1772.133535 -72.93 -1771.520985
2 2 ac2 -1776.249602 -1775.609200 -1772.133494 -72.97 -1771.520884
1 2 ac2 -1776.249220 -1775.608734 -1772.132863 -73.09 -1771.520217
2 1 ac2 -1776.249129 -1775.608637 -1772.132729 -73.14 -1771.520093
8 1 ac2 -1776.252470 -1775.612079 -1772.132731 -71.67 -1771.519638
4 2 ac2 -1776.252399 -1775.611956 -1772.132723 -71.71 -1771.519595
8 2 ac2 -1776.252002 -1775.611588 -1772.132032 -72.01 -1771.519043
2 2 acl -1776.248417 -1775.608026 -1772.131779 -72.17 -1771.518878
4 1 ac2 -1776.251937 -1775.611588 -1772.132013 -71.42 -1771.518867
1 1 acl -1776.248465 -1775.608150 -1772.131629 -71.80 -1771.518659
1 2 acl -1776.248047 -1775.607553 -1772.131162 -72.17 -1771.518157
2 1 acl -1776.247965 -1775.607482 -1772.131045 -72.38 -1771.518132
4 2 acl -1776.251213 -1775.610582 -1772.131070 -70.96 -1771.517467
8 1 acl -1776.251271 -1775.610734 -1772.130870 -70.92 -1771.517345
8 2 acl -1776.250820 -1775.610212 -1772.130364 -71.04 -1771.516815
4 1 acl -1776.250757 -1775.610135 -1772.130360 -70.71 -1771.516670

catllun -743.697086
1 -745.789341 -745.476740 -744.007317 -7.32 -743.697505
3 -745.786132 -745.473639 -744.004801 -6.61 -743.694826
5 -745.786239 -745.473876 -744.005104 -6.78 -743.695323
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Appendix

E H Hog>
Confor Erot Haog tot Gaotvs 28 28
mer B98/6-31G(d) | B98/6-31G(d) gﬁ?&gg kJ/mol Mpzsflvw“h MP2S;)51Vw1th
7 745784320 | 745472212 | 744004574 | 552 | -743.694560
catllun ac -896.342735
1 acl 7808.783948 | 898416667 | -896.667002 | -108.07 | -896.340884
3 acl 7808.780328 | -898.413066 | -896.663496 | -107.49 | 896337173
5 acl 7898.7829000 | -898.415444 | -896.665798 | -107.78 | -896.339384
1 ac2 7898.785210 | -898.417833 | -896.668872 | -109.54 | -896.343215
3 ac2 7808781440 | -898.414080 | -896.665088 | -109.24 | -896.339337
5 ac2 7808.784199 | -898416921 | -896.667691 | -109.29 | -896.342037
diaza4
diazadtr 21083201763
1 T1086.167286 | -1085.757767 | -1083.608857 | -4.60 | -1083.201122
3 71086.169118 | -1085.759289 | -1083.611085 | -3.26 | -1083.202499
5 71086.165676 | -1085.756122 | -1083.606658 | -4.27 | -1083.198730
7 T1086.167533 | -1085.757840 | -1083.608986 | -2.97 | -1083.200424
9 71086.165697 | -1085.756307 | -1083.608195 | -2.93 | -1083.199921
0 21086.163902 | -1085.754685 | -1083.605952 | -4.85 | -1083.198583
13 11086.165521 | -1085.756162 | -1083.607797 | -3.81 | -1083.199888
5 71086.161798 | -1085.752904 | -1083.605293 | -4.14 | -1083.197977
16 71086.163169 | -1085.754080 | -1083.606815 | -3.05 | -1083.198890
diazadtr ac -1235.844670
L acl | -1239.160699 | -1238.696631 | -1236.267209 | -101.04 | -1235.841627
3acl | -1239.161682 | -1238.697692 | -1236268697 | -99.91 | -1235.842762
S acl | -1239.159800 | -1238.695566 | -1236.266017 | -100.75 | -1235.840157
7 acl | -1239.160696 | -1238.696587 | -1236.267525 | -99.58 | -1235.841343
[ ac2 | -1239.161830 | -1238.697925 | -1236.268971 | -103.01 | -1235.844301
3 ac2 | -1239.162820 | -1238.698909 | -1236.270428 | -101.92 | -1235.845337
S ac2 | -1239.160967 | -1238.696903 | -1236.267827 | -102.63 | -1235.842855
7 ac2 | -1239.161880 | -1238.697946 | -1236.269305 | -101.46 | -1235.844015
diazadci T1083.184514
3 T1086.143874 | -1085.735266 | 1083592692 | 3.6 | -1083.185327
1 71086.143648 | -1085.734583 | 1083592500 | -3.89 | -1083.184917
5 71086.143012 | -1085.734190 | -1083.590107 | -5.86 | -1083.183516
7 71086.142952 | -1085.734068 | 1083590081 | -6.90 | -1083.183826
10 T1086.142228 | -1085.733622 | -1083.590472 | -3.64 | -1083.183252
13 71086.142078 | -1085.733042 | -1083.590420 | -2.76 | -1083.182436
%) T1086.141395 | -1085.732493 | 1083587711 | -6.07 | -1083.181119
17 T1086.141230 | -1085.732363 | 1083587592 | -5.98 | -1083.181004
2 11086.140526 | -1085.731774 | -1083.589705 | -2.93 | -1083.182068
9 71086.140196 | -1085.731512 | -1083.589638 | -3.68 | -1083.182356
5 T1086.139978 | -1085.731465 | 1083589321 | -3.14 | -1083.182003
20 71086.139832 | -1085.730762 | -1083.587435 | -5.73 | -1083.180543
19 71086.139739 | -1085.730814 | 1083587495 | -5.36 | -1083.180611
26 71086.139692 | -1085.731080 | -1083.587200 | -5.04 | -1083.180851
25 71086.139565 | -1085.730713 | -1083.587004 | -6.57 | -1083.180654
27 71086.139546 | -1085.730610 | -1083.588358 | -3.05 | -1083.180586
29 71086.138217 | -1085.729901 | -1083.589158 | -2.43 | -1083.181766
3 T1086.137515 | -1085.729105 | -1083.586518 | -5.02 | -1083.180020
34 T1086.137450 | -1085.728956 | -1083.587681 | -1.84 | -1083.179888
diazadci_ac -1235.825975
1 ac2 | -1239.135850 | -1238.672353 | -1236.249995 | -106.11 | -1235.826911
3 ac2 | -1239.135831 | -1238.672421 | 1236249621 | -105.06 | -1235.826227
7 ac2 | -1239.136001 | -1238.672728 | 1236248119 | -108.53 | -1235.826095
15 ac2 | -1239.135103 | -1238.671812 | -1236.248842 | -105.81 | -1235.825853
5 ac2 | -1239.135702 | -1238.672307 | -1236247714 | -107.74 | -1235.825353
13 ac2 | -1239.134662 | -1238.671307 | -1236.248157 | -104.64 | -1235.824658
19 ac2 | -1239.135013 | -1238.671779 | -1236.246727 | -107.95 | -1235.824603
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Appendix

E H <Hyoe>
Confor Erot Haog tot Gaotvs 28 28
mer B98/6-31G(d) | B98/6-31G(d) gﬁ?&gg kJ/mol Mpzsflvw“h MP2S;)51Vw1th
T acl | -1239.134506 | -1238.670992 | -1236.248159 | -104.27 | -1235.824357
9 ac2 | -1239.132590 | -1238.669443 | -1236.246984 | -106.36 | -1235.824346
21 ac2 | -1239.134925 | -1238.671495 | -1236.246532 | -107.99 | -1235.824233
3 acl | -1239.134518 | -1238.671304 | 1236247751 | -103.22 | -1235.823851
7 acl | -1239.134941 | -1238.671726 | -1236.246382 | -106.73 | -1235.823819
15 acl | -1239.133725 | -1238.670536 | -1236247112 | -104.06 | -1235.823557
5 acl | -1239.134522 | -1238.671428 | -1236.245934 | -105.98 | -1235.823205
13 acl | -1239.133292 | -1238.670000 | -1236.246476 | -102.68 | -1235.822201
9 acl | -1239.131473 | -1238.668102 | -1236.245544 | -105.02 | -1235.822172
19 acl | -1239.133836 | -1238.670708 | -1236.244963 | -105.90 | -1235.822160
21 acl | -1239.133691 | -1238.670323 | -1236.244711 | -106.11 | -1235.821756
12 acl | -1239.130717 | -1238.667476 | -1236.244250 | -10339 | -1235.820387
25 acl | -1239.131142 | -1238.667870 | -1236.242560 | -106.94 | -1235.820020

* Convergence problems for the PCM single point calculations
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Figure A3.1 Correlation of acetylation enthalpies for rans and cis isomers (calculated at

AH,. (kJ/mol)

“MP2-5” = MP2(FC)/6-31+G(2d,p)//B98/6-31G(d) level) with c-constants of para-
substituents;
op(OMe) = -0.28; o,(H) = 0; 6,(CN) = +0.70.
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Figure A3.2 Correlation of acetylation enthalpies for rans and cis isomers (calculated at
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Table A3.2. NPA atom charges for the best conformations of cis- and trans- p-CN-diaza2, as calculated at
B98/6-31G(d) level.

trans-diaza2 CN_1

trans-diaza2 CN 1 acl

cisdiaza2 CN 4 acl
Atom cisdiaza2 CN 7 | cisdiaza2 CN_4 acl | transdiaza2 CN 1 | trans-diaza2 CN 1 acl
ortho-H(Py) 0.22386 0.27148°% 0.22419 0.26285
C (CN) 0.28089 0.30503 0.27869 0.26866
N (CN) -0.30963 -0.34471° -0.30324 -0.27177%
Acetyl
C (66) 0.74807 0.74542
C (67) -0.51319 -0.51065
O (68) -0.80390 -0.80136
H (69) 0.28681° 0.27320°
H (70) 0.27872 0.27375
H (71) 0.29540 0.29908
g(CHsCO)= 0.29191 0.27944

& Charges of the nitrogen atom of CN group and neighbouring hydrogen atoms (of acetyl group and pyridine
ring) are marked bold.
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A3.2 Relative acetylation enthalpies for paracyclophane derivatives

Table A3.3. Calculated energies of conformers of 3-paracyclophane-4-amino and 3,4,5-trialkylpyridines, and
corresponding acetyl intermediates.

E
Eo: B98/6- Hao3 B98/6- o Ggolys H,9g MP2-5 <H,9g> MP2-5
Conformer |5 G4 31G(d) ?lizé}zgg KJ/mol with solv withsolv
paral -997.111684
3 -999.950530 | -999.511753 | -997.549332 -3.01 -997.111702
1 -999.945655 | -999.507063 | -997.543355 -4.02 -997.106292
2 -999.939406 | -999.501227 | -997.538564 -2.01 -997.101150
paral ac -1149.755571
3.ac2 -1152.945152 | -1152.451635 | -1150.208832 -106.40 -1149.755840
3.acl -1152.944895 | -1152.451053 | -1150.208192 -103.18 -1149.753648
1.ac2 -1152.942366 | -1152.448863 | -1150.204785 -107.45 -1149.752206
l.acl -1152.941373 | -1152.447829 | -1150.204162 -102.80 -1149.749772
para2 -1074.278104
4 -1077.347015 | -1076.870141 | -1074.752619 -6.23 -1074.278120
6 -1077.342715 | -1076.866029 | -1074.746456 -6.99 -1074.272431
1 -1077.339728 | -1076.863194 | -1074.744949 -5.02 -1074.270328
3 -1077.329692 | -1076.853718 | -1074.737255 -3.93 -1074.262779
para2_ac -1226.926262
4.ac2 -1230.347147 | -1229.816244 | -1227.417396 -105.14 -1226.926540
4.acl -1230.346804 | -1229.815727 | -1227.416873 -101.84 -1226.924585
6.ac2 -1230.344580 | -1229.813377 | -1227.413721 -105.27 -1226.922613
6.acl -1230.344154 | -1229.812748 | -1227.413367 -101.42 -1226.920590
2.acl -1230.334257 | -1229.803052 | -1227.403495 -104.85 -1226.912226
2.ac2 -1230.331957 | -1229.800557 | -1227.400420 -107.49 -1226.909960
para3 -1113.447048
1 -1116.647618 | -1116.141499 | -1113.952361 -2.59 -1113.447230
2 -1116.644983 | -1116.139024 | -1113.950626 -0.21 -1113.444746
3 -1116.643679 | -1116.137275 | -1113.946626 -3.77 -1113.441656
4 -1116.640671 | -1116.134776 | -1113.944643 -1.59 -1113.439353
para3_ac -1266.095295
1.ac2 -1269.648565 | -1269.087791 | -1266.617858 -101.04 -1266.095570
l.acl -1269.647448 | -1269.086953 | -1266.616781 -96.65 -1266.093098
3.ac2 -1269.646061 | -1269.085151 | -1266.614104 -100.75 -1266.091568
2.ac2 -1269.646320 | -1269.085355 | -1266.614078 -100.37 -1266.091343
3.acl -1269.645202 | -1269.084814 | -1266.613683 -96.02 -1266.089868
2.acl -1269.645181 | -1269.084299 | -1266.612920 -95.48 -1266.088404
para4 -1281.725678
21 -1285.281471 | -1284.745912 | -1282.260154 -4.06 -1281.726141
9 -1285.281982 | -1284.745600 | -1282.261284 -3.05 -1281.726065
7 -1285.284861 | -1284.748063 | -1282.261928 -2.18 -1281.725959
3 -1285.283215 | -1284.746804 | -1282.259371 -6.53 -1281.725447
5 -1285.281273 | -1284.745171 | -1282.258752 -3.77 -1281.724084
31 -1285.278318 | -1284.743691 | -1282.256444 -5.15 -1281.723776
4 -1285.279574 | -1284.743039 | -1282.259638 -1.42 -1281.723644
6 -1285.281750 | -1284.745424 | -1282.259941 0.08 -1281.723583
28 -1285.282558 | -1284.745726 | -1282.258257 -3.93 -1281.722923
12 -1285.279446 | -1284.743044 | -1282.258692 -1.46 -1281.722849
15 -1285.278823 | -1284.742347 | -1282.258811 -0.88 -1281.722669
14 -1285.279122 | -1284.743074 | -1282.255104 -6.44 -1281.721510
13 -1285.277225 | -1284.740629 | -1282.257653 0.38 -1281.720913
27 -1285.275894 | -1284.739619 | -1282.254845 -3.05 -1281.719733
33 -1285.277196 | -1284.740894 | -1282.254187 -3.93 -1281.719383
22 -1285.276901 | -1284.740452 | -1282.254087 -3.85 -1281.719104
29 -1285.279875 | -1284.743182 | -1282.254450 -3.35 -1281.719032
23 -1285.274377 | -1284.738607 | -1282.252439 -1.76 -1281.717339
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Etot

Eu B98/6- | Hays BIS/6- Guons Hags MP2-5 | <Haog> MP2-5
Conformer |5 54 31G(d) ?ﬂzéffjfj kJ/mol with soly withsolv
para4_ac -1434.379104
29 acl | -1438.297571 | -1437.705821 | -1434.938889 | 8577 | -1434.379807
3 acl | -1438.296478 | -1437.705100 | -1434.936891 | -87.45 | 1434378823
33 ac2 | -1438.292381 | -1437.700646 | -1434.936752 | 88.70 | -1434.378802
33 acl | -1438.296438 | -1437.704875 | -1434.937393 | 85.60 | -1434.378435
3 ac2 | -1438.290944 | -1437.699480 | -1434.935021 | -90.42 | 1434378003
20 ac2 | -1438.291622 | -1437.700685 | -1434.934609 | -88.07 | -1434.377217
S acl | -1438.293252 | -1437.702156 | 1434933042 | 8673 | -1434.374981
7 ac2 | -1438.083480 | -1437.692216 | -1434.925131 | -105.98 | 1434374233
6 acl | -1438.283807 | -1437.693144 | -1434.928622 | 9480 | -1434.374102
S ac2 | -1438.287670 | -1437.696588 | -1434.930812 | -89.87 | -1434.373960
14 acl | -1438.281252 | -1437.690293 | -1434.925017 | 9447 | -1434.370041
4 acl | -1438.280597 | -1437.690163 | -1434.923718 | 9171 | -1434.368216
37a 3365.001576
catl0 | -366.086672 | -365.004186 | -365.181353 | 7.1 | -365.001576
37a_ac 517.634369
catl0 ac | -519.060128 | -518.823483 | -517.822649 | -12698 | -517.634369
37b ~482.485398
4 483.975105 | -483.702005 | 482758292 | -1.67 | -482.485830
I 483.073710 | -483.700644 | 482756390 | -1.92 | -482.484043
2 T483.972675 | -483.699673 | 482755393 |  2.64 | -482.483395
3 483.072119 | -483.699057 | 482753971 | 3.7 | -482.482344
37b_ac 2635118726
41 2636951414 | -636.624166 | 635402799 | -115.06 | -635.119375
12 2636.949865 | -636.622659 | 635400863 | -115.14 | -635.117513
1 2636.949773 | -636.622428 | 635400705 | -114.77 | -635.117072
3 2636.949652 | -636.622472 | 635399800 | -11527 | -635.116523
31 2636.949816 | -636.622611 | 635399914 | -114.68 | -635.116389
2 2636.948798 | -636.621373 | 635399634 | -11489 | -635.115970
21 2636.948571 | -636.621367 | 635399474 | -113.68 | -635.115569
37c 2509069258
001 2601.867333 | -601.504627 | 600335730 | _ 8.66 1599.969725
005 2601.868235 | -601.505463 | -6.00E+002 8.79 2599.969691
003 2601.866425 | -601.503546 | 600335656 | _ 8.54 2599.969526
004 2601.865755 | -601.503017 | -600.335223 8.95 2599.969075
006 2601.866606 | -601.503817 | 600335327 | 9.12 2599.969064
052 2601.866100 | -601.503417 | 600334732 | 7.95 2599.969012
047 2601.864819 | -601.501971 | 600334716 | 833 2599.968696
015 2601.864972 | -601.502256 | 600334668 | _ 9.00 2599.968526
027 2601.865040 | -601.503323 | 600333754 |  8.12 2599.968046
025 2601.866884 | -601.504187 | 600333874 | 845 2599.967958
37c_ac -752.602459
S acl | 754.846804 | 754429794 | 752982879 | 9828 | -752.603213
T acl | 754845981 | 754428934 | -752.982842 | 9749 | -752.602926
I ac2 | -754.846060 | 754429106 | -752.983008 | -96.78 | -752.602915
6 acl | 754845100 | 754428275 | 752982213 | -97.74 | 752.602605
52 acl | 754.844513 | 754427544 | 752981423 | 99.58 | -752.602382
6 ac2 | 754845179 | 754428012 | -752.982244 | 9782 | -752.602335
52 ac2 | 754.844582 | 754427449 | 752981463 | 99.66 | -752.602289
3 acl | 754845169 | 754428013 | 752982907 | 9560 | -752.602196
4 acl | 754844386 | 754427448 | -752.982380 | -96.19 | -752.602079
4 ac2 | 754844169 | 754427096 | -752.982190 | -96.78 | -752.601977
47 ac2 | 754843066 | 754426161 | 752981197 | 9891 | -752.601965
47 acl | 754842990 | -754.425959 | 752981070 | 9878 | -752.601663
15 acl | 754843354 | 754426214 | -752.981490 | 9774 | -752.601577
25 ac2 | 754845342 | 754428404 | 752980898 | 98.53 | -752.601490
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E
E B98/6- | Haos BIS/6- ot Gaes Flpos MP2-5 | <Haop> MP2-5
Conformer |5 54 31G(d) g/llizG(lzngfg)' kJ/mol with soly withsolv
25 acl | 754845243 | 754428388 | -752.980743 | -98.62 | -752.601449
27 ac2 | 754844323 | 754427377 | 752.980639 | -98.07 | -752.601047
27 acl | 754844558 | 754427506 | 752.980918 | -97.24 | -752.600902

Table A3.4 Acetylation enthalpies and structure parameters for 3-paracyclophane-4-amino and 3,4,5-
trialkylpyridines, as calculated at MP2/6-31+G(2d,p)//B98/6-31G(d) level with inclusion of solvent effects at
PCM/UAHF/RHF/6-31G(d) level.

Catalyst On the basis of the energetically lowest conformer Averaged
AH,. (MP2- AH,. (MP2-
AH,. (MP2-5) AAGy,1y 5/solv) 5/solv) [kJ/mol]
Qapa (Ac)™ r(C-N)[pm]* [kJ/mol] [kJ/mol] [kJ/mol]
py 0.368 153.3 0.0 0.0 0.0 0.0
paral 0.284 147.4 -86.3 30.2 -56.1 -55.4
para2 0.278 147.0 -102.0 34.7 -67.3 -66.7
para3 0.276 146.9 -102.2 35.1 -67.1 -66.9
parad 0.279 148.1 -131.6 50.5 -81.1 -80.5
37a 0.341 151.4 -40.0 13.7 -26.3 -26.3
37b 0.336 151.0 -48.5 20.2 -28.3 -27.7
37c 0.333 150.8 -55.4 27.3 -28.1 -27.4

* Charge and distance parameters of the most favorable conformer
® In units of elemental charge e
¢ AAGyqy, = AH,y,, (MP2-5/s01v)- AH,,, (MP2-5)
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A3.3 Relative isobutyrylation enthalpies for 4-dilakylaminopyridines and chiral 3,4-

diaminopyridines

Table A3.5 Calculated total energies at B98/6-31G(d) level, H,o5 - values at B98/6-31G(d) level, single point
energies at MP2(FC)/6-31+G(2d,p) level and solvation free energies at PCM/UAHF/RHF/6-31G(d) level.

E;
Contormer | P CAT | Maa | we00s | LR | sl
31+G(2d,p)
py_ac -478.447696
PY acl -479.737870 -479.529828 -478.605182 -132.76 -478.447706
PY ac2 -479.732554 -479.525252 -478.599072 -130.96 -478.441650
DMAP ac -611.984799
DMAPacl -613.687635 -613.401137 -612.224310 -123.39 -611.984807
DMAPac2 -613.682307 -613.395747 -612.218576 -121.92 -611.978453
PPY ac -689.155002
PPY ac3 -691.089652 -690.765721 -689.432153 -122.97 -689.155058
PPY acl -691.089645 -690.765625 -689.432128 -122.97 -689.154944
PPY ac2 -691.084320 -690.760178 -689.426253 -121.42 -689.148358
6a_ac -766.342304
TCAP a acl -768.501504 -768.139728 -766.656418 -125.90 -766.342593
TCAP a ac2 -768.501454 -768.139758 -766.656255 -125.98 -766.342542
TCAP b acl -768.496078 -768.134079 -766.650539 -123.55 -766.335599
TCAP b ac3 -768.500712 -768.138925 -766.655348 -125.85 -766.341497
TCAP a ac3 -768.495310 -768.133390 -766.649650 -123.51 -766.334773
TCAP b ac2 -768.500697 -768.138871 -766.655344 -125.81 -766.341438
5b_ac -978.176049
catl 1 ac23 -981.009357 -980.510057 -978.637587 -101.29 -978.176868
catl 1 ac2l -981.009317 -980.509913 -978.637562 -100.96 -978.176612
catl 16 ac23 -981.007903 -980.508512 -978.635991 -103.01 -978.175834
catl 1 acll -981.007913 -980.508491 -978.635988 -98.49 -978.174080
catl 16 ac21 -981.007824 -980.508426 -978.635941 -102.93 -978.175746
catl 1 acl3 -981.007941 -980.508428 -978.635932 -99.96 -978.174490
catl 4 ac2l -981.007019 -980.507696 -978.635290 -101.67 -978.174691
catl 4 ac23 -981.007030 -980.507711 -978.635250 -101.38 -978.174544
catl 2 ac23 -981.006732 -980.507609 -978.634679 -101.63 -978.174265
catl 2 ac2?l -981.006656 -980.507419 -978.634670 -101.55 -978.174109
catl 7 ac23 -981.006708 -980.507451 -978.634340 -101.96 -978.173919
catl 6 ac23 -981.005733 -980.506768 -978.633990 -102.93 -978.174227
catl 7 ac2?l -981.006631 -980.507345 -978.634309 -101.88 -978.173827
catl 6 ac2l -981.005758 -980.506391 -978.633394 -102.76 -978.173166
catl 6 acll -981.004577 -980.505390 -978.632642 -101.46 -978.172099
5k _ac -1360.474646
cat2 2 acll -1364.322712 | -1363.712149 -1361.05588 -78.87 -1360.475355
cat2 9 acll -1364.32143 -1363.71065 -1361.05547 -79.71 -1360.475051
cat2 2 acl3 -1364.322379 -1363.71151 -1361.05521 -76.86 -1360.473611
cat2 15 acll | -1364.321277 -1363.71049 -1361.05470 -76.53 -1360.473059
cat2 9 acl3 -1364.32101 -1363.71033 -1361.05444 -78.16 -1360.473534
cat2 6 acll -1364.32142 -1363.71039 -1361.05451 -83.39 -1360.475239
cat2 4 acll -1364.32158 -1363.71061 -1361.05425 -78.95 -1360.473358
cat2 1 acl3 -1364.32233 -1363.71137 -1361.05412 -77.49 -1360.472675
cat2 15 acl3 | -1364.320884 | -1363.710043 -1361.05393 -74.77 -1360.471566
cat2 6 acl3 -1364.32101 -1363.71017 -1361.05340 -80.63 -1360.473273
cat2 1 acll -1364.32173 -1363.71093 -1361.05286 -76.40 -1360.471159
cat2 4 acl3 -1364.32129 -1363.71018 -1361.05317 -75.19 -1360.470689
cat2 6 ac23 -1364.32028 -1363.71012 -1361.05167 -85.44 -1360.474048
cat2 6 ac2l -1364.32023 -1363.70990 -1361.05153 -85.40 -1360.473721
cat2 1 ac2?l -1364.32150 -1363.71059 -1361.05210 -79.54 -1360.471485
cat2 1 ac23 -1364.32139 -1363.71051 -1361.05169 -78.53 -1360.470720
cat2 13 ac2l -1364.32045 -1363.70975 -1361.050912 -81.71 -1360.471333
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E.
EoB98/6- | Has BIS/6- 5 Guger | Haos MP2-5 | <Haoq> MP2-5
Conformer 31G(d) 31G(d) g/ﬁzélzg/g) kimol |  with solv with soly
cat2 13 ac23 | -136432058 | -1363.70955 | -1361.050999 | -84.10 | -1360.471996
38a 824346010
catd 1 826767297 | -826347628 | 824763161 | -6.61 | -824.346010
38a_ac 11055324548
catd 1 ac2l | -1058.368174 | -1057.833981 | -1055.821373 | 9891 | -1055.324852
catd 1 ac23 | -1058.368168 | -1057.833690 | -1055.821320 | 99.08 | -1055.324587
catd 1 acl3 | -1058.366847 | -1057.832646 | -1055.819892 | 97.07 | -1055.322662
catd 1 acll | -1058.366953 | -1057.832303 | -1055.819716 | 97.70 | -1055.322277
38b 2902.672005
cats 4 2005362847 | -904.883912 | 903152015 | 142 | -902.672538
cat5 3 2905363084 | -904.883612 | 903.151703 | 243 | -902.671307
cats 2 2905360185 | -904.880747 | -903.150093 | 042 | -902.670495
cats 1 2905360387 | -904.880813 | -903.150063 | 008 | -902.670457
38b_ac C1133.652315
cat5 4 ac23 | -1136.965091 | -1136371010 | -1134.212916 | -88.91 | -1133.652700
cat5 4 ac2l | -1136.965072 | -1136.371034 | -1134.212860 | -89.12 | -1133.652766
cat5 3 ac2l | -1136.964986 | -1136.370871 | -1134.212323 | -87.36 | -1133.651482
cat5 3 ac23 | -1136.964942 | -1136.370737 | -1134.212266 | -87.15 | -1133.651255
cat5 4 acl3 | -1136.963643 | -1136.369442 | -1134.211198 | -86.86 | -1133.650080
cat5 4 acll | -1136.963684 | -1136.369514 | -1134.211194 | -85.90 | -1133.649740
cat5 3 acl3 | -1136.963612 | -1136.369586 | -1134.210675 | -83.97 | -1133.648633
cat5 3 acll | -1136.963530 | -1136.369428 | -1134.210447 | 85.65 | -1133.648966
cat5 1 ac2l | -1136.961045 | -1136.366558 | -1134.203083 | -91.76 | -1133.648544
51 ac Z1515.951619
cat6 1 acl3 | -1520277491 | -1519.572113 | -1516.631825 | -67.82 | -1515.952280
cat6 1 acll | -1520.277070 | -1519.571617 | -1516.630983 | -66.44 | -1515.950837
cat6 2 acll | -1520.275783 | -1519.570166 | -1516.629816 | -67.70 | -1515.949983
cat6 1 ac2l | -1520.276412 | -1519.570426 | -1516.629160 | -70.33 | -1515.949961
cat6 1 ac23 | -1520276271 | -1519.570513 | -1516.628921 | -71.55 | -1515.950413
catb6 2 acl3 | -1520.275453 | -1519.569660 | -1516.628809 | -64.31 | -1515.947510
catb6 4 acll | -1520.276095 | -1519.570118 | -1516.628632 | 62.01 | -1515.946272
cat6 4 acl3 | -1520.275523 | -1519.569494 | -1516.628018 | -61.09 | -1515.945255
51 J1284.973738
catbb | | -1288.674669 | -1288.083841 | -1285.568506 | 9.79 | -1284.973949
catbb 2 | -1288.673788 | -1288.082655 | -1285.567509 | 12.26 | -1284.971706
catbb 3 | -1288.672912 | -1288.082215 | -1285.566185 | 20.59 | -1284.967647
caibb 4 | -1288.673440 | -1288.082701 | -1285.565790 | 17.53 | -1284.968373
51" _ac C1515.951375
cat6b 1 ac2l | -1520278321 | -1519.572611 | -1516.632336 | -66.65 | -1515.952013
cat6b | ac23 | -1520.277927 | -1519.572302 | -1516.632031 | -65.19 | -1515.051234
cat6b 2 ac2l | -1520.276838 | -1519.571262 | -1516.630693 | -65.52 | -1515.950073
cat6b 1 acll | -1520.276923 | -1519.571530 | -1516.629734 | -71.34 | -1515.951512
catbb 2 ac23 | -1520.276457 | -1519.570743 | -1516.630051 | -63.68 | -1515.948592
cat6b | acl3 | -1520.277043 | -1519.571348 | -1516.629954 | -70.50 | -1515.951111
cat6b 2 acl3 | -1520276711 | -1519.571229 | -1516.629335 | -69.50 | -1515.950322
cat6b 2 acll | -1520276718 | -1519.570961 | -1516.629272 | -68.53 | -1515.949618
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3.4 Relative acetylation enthalpies for ferrocenyl catalysts

Table A3.6 Calculated total energies at B3LYP/6-31G(d) level, Hyog - values at B3LYP/6-31G(d) level, single
point energies at B3LYP/6-311+G(d,p)level and H,og - values at B3LYP/6-311+G(d,p)//B3LYP /6-31G(d) level,

written as "Hy SP", Boltzmann factors w; and averaged enthalpies <H,o> at the B3LYP/6-
311+G(d,p)//B3LYP/6-31G(d) level of theory.
Conformer Et"t;?g({(gm_ H2983]?2}IE(§1()P/6- E3§P1 ]?iézfs_ "H,os SP" Wi <H,o>
Py -248.284973 -248.190708 -248.351162 | -248.256898 | 1.00 | -248.256898
py_ac -401.299539 -401.151170 -401.401972 | -401.253603 | 1.00 | -401.253603
p-cpstol -2641.520030
p-cpstol2 -2641.525196 | -2641.149546 | -2641.895706 |-2641.520056| 0.995
p-cpstol -2641.520133 | -2641.143248 | -2641.891998 |-2641.515113| 0.005
p-cpstol_ac -2794.542393
p-cpstol2_acl -2794.566429 | -2794.135549 | -2794.973542 |-2794.542662 | 0.701
p-cpstol2_ac2 -2794.565695 | -2794.134775 | -2794.972758 |-2794.541838 | 0.293
p-cpstol_acl -2794.559784 | -2794.129248 | -2794.968451 |-2794.537915| 0.005
p-cpstol_ac2 -2794.558414 | -2794.127782 | -2794.967094 |-2794.536462 | 0.001
p-cpstol_en -2641.517623
2 -2641.524208 | -2641.147449 | -2641.894451 |-2641.517692| 0.982
3 -2641.520189 | -2641.143548 | -2641.890513 |-2641.513872| 0.017
4 -2641.514755 | -2641.139157 | -2641.885966 |-2641.510367| 0.000
p-cpstol_en.ac -2794.540381
3.acl -2794.564954 | -2794.134073 | -2794.971520 |-2794.540639 | 0.744
l.ac2 -2794.564016 | -2794.133143 | -2794.970506 |-2794.539633 | 0.256
m-cpstol -2641.520858
m-cpstol4 -2641.525265 | -2641.150597 | -2641.895686 |-2641.521018| 0.944
m-cpstol3 -2641.523477 | -2641.147903 | -2641.893889 |-2641.518315| 0.054
m-cpstoll -2641.520443 | -2641.143549 | -2641.892257 |-2641.515363 | 0.002
m-cpstol2 -2641.517870 | -2641.141091 | -2641.889467 |-2641.512688 | 0.000
m-cpstol_ac -2794.540230
m-cpstol3_acl -2794.563901 | -2794.133447 | -2794.970856 |-2794.540402| 0.935
m-cpstol2_acl -2794.559871 | -2794.129466 | -2794.968258 |-2794.537853 | 0.063
m-cpstol4 _ac2 -2794.557337 | -2794.126744 | -2794.964429 |-2794.533837 | 0.001
m-cpstol3_ac2 -2794.557541 | -2794.127066 | -2794.963892 |-2794.533417 | 0.001
m-cpstol4 acl -2794.556479 | -2794.125930 | -2794.963426 |-2794.532877| 0.000
m-cpstoll_acl -2794.551146 | -2794.120624 | -2794.959879 |-2794.529358 | 0.000
m-cpstoll _ac2 -2794.549414 | -2794.118876 | -2794.957931 |-2794.527393| 0.000
o-cpstol -2641.518490
o-cpstoll -2641.523992 | -2641.147738 | -2641.894983 |-2641.518729 | 0.861
o-cpstol2 -2641.521159 | -2641.144880 | -2641.893288 |-2641.517009 | 0.139
o-cpstol_ac -2794.522348
o-cpstol2_acl -2794.545702 | -2794.115430 | -2794.952621 |-2794.522349| 1.000
o-cpstoll acl -2794.535927 | -2794.105727 | -2794.944405 |-2794.514204 | 0.000
p-cpp -1897.800692
p-cpp -1897.798514 | -1897.544643 | -1898.054563 |-1897.800692 | 1.000
p-cpp_ac -2050.821563
ac2 -2050.835765 | -2050.528584 | -2051.128996 |-2050.821815| 0.727
acl -2050.835758 | -2050.527669 | -2051.128979 |-2050.820890 | 0.273
m-cpstolDMAP -2775.438854
1 -2775.483587 | -2775.030545 | -2775.892110 |-2775.439069 | 0.526
5 -2775.486754 | -2775.032647 | -2775.892984 |-2775.438877| 0.429
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Conformer Et°§?lézif;/6_ H29331?2}1E3()P/6- E;"llfiéé}?s_ "H,og SP" Wi <H,o>

2 -2775.483118 | -2775.028816 | -2775.890428 |-2775.436125| 0.023

6 -2775.480849 | -2775.028578 | -2775.888308 |-2775.436038 | 0.021
m-cpstolDMAP_ac -2928.480661

5 acl -2928.546729 | -2928.037635 | -2928.989907 |-2928.480814 | 0.967

2 ac2 -2928.541046 | -2928.032636 | -2928.985105 |-2928.476696 | 0.012

5 ac2 -2928.541247 | -2928.032387 | -2928.984970 |-2928.476109| 0.007

1 _ac2 -2928.540749 | -2928.031600 | -2928.985217 |-2928.476069 | 0.006

6_ac2 -2928.541251 | -2928.031790 | -2928.985235 |-2928.475774| 0.005

1 _acl -2928.539285 | -2928.030160 | -2928.983677 |-2928.474552| 0.001

2 acl -2928.538001 | -2928.029744 | -2928.982621 |-2928.474364 | 0.001

6 acl -2928.539066 | -2928.029643 | -2928.982899 |-2928.473476| 0.000
m-cpstolDMAP_en -2775.439192

5 -2775.486823 | -2775.032743 | -2775.893581 |-2775.439501| 0.828

1 -2775.486135 | -2775.031888 | -2775.892161 |-2775.437914| 0.154

2 -2775.484235 | -2775.029989 | -2775.890123 |-2775.435878| 0.018

7 -2775.475036 | -2775.021038 | -2775.881117 |-2775.427118| 0.000
m-cpstolDMAP_en_ac -2928.479394

l.acl -2928.546546 | -2928.037438 | -2928.988542 |-2928.479434| 0.992

l.ac2 -2928.540985 | -2928.031968 | -2928.983597 |-2928.474580| 0.006

2.ac2 -2928.539926 | -2928.030668 | -2928.982753 |-2928.473496 | 0.002

2.acl -2928.538092 | -2928.029036 | -2928.980224 |-2928.471168 | 0.000

5.acl -2928.534007 | -2928.025129 | -2928.977636 |-2928.468758| 0.000
m-cpstolPPY -2852.843110

2 -2852.910759 | -2852.418562 | -2853.335570 |-2852.843373| 0.900

5 -2852.909142 | -2852.417031 | -2853.333120 |-2852.841010| 0.074

1 -2852.906531 | -2852.414569 | -2853.332018 |-2852.840056| 0.027
m-cpstolPPY_ac -3005.886863

5.ac2 -3005.973507 | -3005.426384 | -3006.434206 |-3005.887084 | 0.575

l.ac2 -3005.972444 | -3005.425264 | -3006.433911 |-3005.886731| 0.396

5.acl -3005.971054 | -3005.424084 | -3006.431236 |-3005.884265| 0.029
m-cpstolPPY_en -2852.843379

4 -2852.911826 | -2852.419668 | -2853.335948 |-2852.843789| 0.799

3 -2852.909311 | -2852.417428 | -2853.333791 |-2852.841907 | 0.109

2 -2852.910473 | -2852.418399 | -2853.333775 |-2852.841701 | 0.087

5 -2852.906692 | -2852.414428 | -2853.331182 |-2852.838918| 0.005
m-cpstolPPY_en.ac -3005.888817

2.acl -3005.976478 | -3005.429528 | -3006.435938 |-3005.888988 | 0.945

3.acl -3005.973277 | -3005.426382 | -3006.433050 |-3005.886155| 0.047

2.ac2 -3005.971591 | -3005.424681 | -3006.431354 |-3005.884444 | 0.008

5.acl -3005.968303 | -3005.421422 | -3006.428183 |-3005.881302 | 0.000

4.acl -3005.965487 | -3005.418748 | -3006.426102 |-3005.879363 | 0.000

4.ac2 -3005.965511 | -3005.418806 | -3006.426059 |-3005.879354 | 0.000
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Table A4.1 Calculated energies of conformers of 3-(thio)urea-4-aminopyridines and corresponding

Chapter 4. Computational details.

Acetylation enthalpies of 3-(thio)urea-4-aminopyridines.

acetylcations, as calculated at MP2/6-31+G(2d,p)//B98/6-31G(d) level with inclusion of solvent effects at
PCM/UAHF/RHF/6-31G(d) level.

Etot :
31+G(2d,p)
Py
Py -248.181767 -248.087627 -247.589439 -9.00 -247.498727
Py ac -401.140004 -400.991691 -400.215516 | -142.55 -400.121498
cat8lurl -911.978235
2¢c2 -914.434079 -914.090468 -912.317918 -10.67 -911.978371
la2 -914.434029 -914.090433 -912.318133 -10.21 -911.978425
lal -914.426811 -914.083226 -912.312367 -12.72 -911.973626
2¢l -914.426240 -914.082568 -912.312192 -11.92 -911.973062
6bl -914.426045 -914.082395 -912.312277 -12.26 -911.973296
Sal -914.424404 -914.080903 -912.307462 -20.38 -911.971722
Scl -914.423689 -914.080334 -912.315623 -10.50 -911.976268
2d1 -914.417843 -914.074596 -912.313649 -9.92 -911.974178
cat8lurl ac -1064.625490
Scl.ac2 -1067.419733 | -1067.021912 | -1064.979632 | -115.10 -1064.625651
Scl.acl -1067.419506 | -1067.021484 | -1064.978040 | -111.80 -1064.622599
Sal.acl -1067.423787 | -1067.025409 | -1064.972701 | -119.83 -1064.619964
2¢c2.acl -1067.420543 | -1067.022367 | -1064.971265 | -119.29 -1064.618522
la2.ac2 -1067.419955 | -1067.021814 | -1064.970518 | -119.20 -1064.617779
2cl.ac2 -1067.420060 | -1067.021911 | -1064.970339 | -124.89 -1064.619759
Sal.ac2 -1067.421393 | -1067.023001 | -1064.970543 | -125.06 -1064.619783
lal.acl -1067.419465 | -1067.021227 | -1064.969697 | -125.10 -1064.619108
lal.ac2 -1067.413825 | -1067.015669 | -1064.964263 | -117.49 -1064.610856
2cl.acl -1067.413409 | -1067.015332 | -1064.963629 | -117.11 -1064.610157
cat8lurl Nac
Scl.Nacl -1067.415831 | -1067.017653 | -1064.981045 | -127.99 -1064.631615
cat8lur2 -1234.548690
Scl -1237.349369 | -1237.008059 | -1234.887294 -8.08 -1234.549060
2c2 -1237.353109 | -1237.012007 | -1234.884799 -9.29 -1234.547235
la2 -1237.352762 | -1237.011295 | -1234.884784 -8.54 -1234.546567
6bl -1237.344729 | -1237.003506 | -1234.878701 -11.17 -1234.541733
lal -1237.345239 | -1237.003885 | -1234.878563 -11.72 -1234.541672
2cl -1237.344843 | -1237.003367 | -1234.878686 -10.79 -1234.541322
Sal -1237.342558 | -1237.001353 | -1234.874410 -18.07 -1234.540089
cat8lur2 ac -1387.195529
Scl.ac2 -1390.341289 | -1389.945337 | -1387.548349 | -113.64 -1387.195680
Scl.acl -1390.340696 | -1389.944628 | -1387.546834 | -110.67 -1387.192917
2c2.ac2 -1390.338523 | -1389.942546 | -1387.539578 | -117.32 -1387.188285
lal.ac2 -1390.340294 | -1389.944269 | -1387.539443 | -116.73 -1387.187879
2cl.acl -1390.340212 | -1389.944253 | -1387.539019 | -117.65 -1387.187872
la2.acl -1390.337928 | -1389.941812 | -1387.538909 | -117.57 -1387.187573
2c2.acl -1390.339476 | -1389.943424 | -1387.541004 | -111.04 -1387.187246
lal.acl -1390.338690 | -1389.942862 | -1387.539083 | -115.27 -1387.187159
la2.ac2 -1390.338817 | -1389.942724 | -1387.540235 | -110.88 -1387.186372
cat8lur2 Nac
Scl.Nacl -1390.331331 | -1389.935396 | -1387.547812 | -125.14 -1387.199541
cat8lurlf -1584.721825
Scl -1588.285390 | -1587.924995 | -1585.085573 7.57 -1584.722294
2c2 -1588.294546 | -1587.933999 | -1585.083081 3.31 -1584.721275
la2 -1588.294453 | -1587.933819 | -1585.083140 3.64 -1584.721120
2d1 -1588.280242 | -1587.919944 | -1585.080983 6.40 -1584.718247
lal -1588.287273 | -1587.926830 | -1585.077348 1.00 -1584.716523
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Etot H
Contome | BB | BN | s | S | M | <t ez
31+G(2d,p)
2cl -1588.286641 | -1587.926165 | -1585.077215 1.80 -1584.716053
6bl -1588.286486 | -1587.925938 | -1585.077096 1.34 -1584.716037
Sal -1588.284347 | -1587.924094 | -1585.071775 -9.25 -1584.715044
cat8lurlf ac -1737.364100
Scl _ac2 -1741.273285 | -1740.858485 | -1737.741174 -99.96 -1737.364445
Scl_acl -1741.273221 | -1740.858543 | -1737.740388 -97.95 -1737.363017
2d1 _ac2 -1741.266890 | -1740.852307 | -1737.735856 | -100.83 -1737.359679
Sal ac2 -1741.274732 | -1740.859560 | -1737.727750 | -123.39 -1737.359573
Sal acl -1741.276775 | -1740.861341 | -1737.729497 | -118.37 -1737.359146
2¢2 ac2 -1741.273378 | -1740.858265 | -1737.727391 | -121.38 -1737.358508
2¢l ac2 -1741.273409 | -1740.858246 | -1737.727364 | -121.34 -1737.358416
la2 ac2 -1741.272771 | -1740.857736 | -1737.726798 | -121.04 -1737.357866
lal ac2 -1741.272773 | -1740.857741 | -1737.726768 | -121.00 -1737.357823
2¢2 acl -1741.273007 | -1740.858154 | -1737.727087 | -116.23 -1737.356505
la2 acl -1741.272366 | -1740.857597 | -1737.726521 | -115.35 -1737.355688
2d1 acl -1741.264332 | -1740.849653 | -1737.730829 -99.29 -1737.353966
lal acl -1741.265501 | -1740.850553 | -1737.719649 | -113.51 -1737.347935
2¢cl acl -1741.265102 | -1740.850127 | -1737.719024 | -113.30 -1737.347203
cat81lur3 -951.139531
66 -953.720149 -953.346038 -951.512076 -6.32 -951.140372
3 -953.728990 -953.354938 -951.510948 -6.65 -951.139429
13 -953.729002 -953.354944 -951.510263 -8.03 -951.139264
1 -953.727898 -953.354108 -951.508627 -10.50 -951.138837
43 -953.720648 -953.346404 -951.511698 -3.51 -951.138792
8 -953.727915 -953.354067 -951.508479 -10.79 -951.138742
51 -953.716724 -953.342413 -951.509357 -6.78 -951.137627
10 -953.725258 -953.351046 -951.507128 -9.41 -951.136501
5 -953.724136 -953.350028 -951.505124 -12.09 -951.135621
59 -953.721730 -953.347771 -951.502535 -18.33 -951.135556
29 -953.722029 -953.348205 -951.504849 -11.34 -951.135344
79 -953.720851 -953.347290 -951.501199 -19.04 -951.134889
40 -953.720565 -953.346962 -951.500709 -20.29 -951.134835
31 -953.721492 -953.347835 -951.504478 -9.79 -951.134549
23 -953.721228 -953.347218 -951.504555 -10.42 -951.134514
20 -953.720903 -953.347136 -951.502888 -13.26 -951.134173
17 -953.720063 -953.346551 -951.502611 -12.93 -951.134023
25 -953.720250 -953.346534 -951.502851 -12.43 -951.133868
67 -953.719746 -953.346131 -951.499482 -20.71 -951.133756
37 -953.719684 -953.345811 -951.503434 -10.33 -951.133497
57 -953.719787 -953.345898 -951.503285 -10.75 -951.133491
cat8lur3 ac -1103.786798
43 ac2 -1106.714182 | -1106.285660 | -1104.172555 | -114.35 -1103.787586
66 ac2 -1106.714270 | -1106.285678 | -1104.172447 | -113.76 -1103.787185
43 acl -1106.714372 | -1106.285911 | -1104.172430 | -111.34 -1103.786374
66 acl -1106.714477 | -1106.285912 | -1104.172753 | -110.00 -1103.786084
8 acl -1106.721229 | -1106.292731 | -1104.171018 | -114.01 -1103.785945
31 acl -1106.721229 | -1106.292733 | -1104.171009 | -113.97 -1103.785923
1 acl -1106.720621 | -1106.292151 | -1104.170198 | -113.97 -1103.785138
31 ac2 -1106.717524 | -1106.289247 | -1104.167130 | -118.41 -1103.783952
8 ac2 -1106.718999 | -1106.290627 | -1104.166520 | -120.21 -1103.783932
59 acl -1106.720160 | -1106.291615 | -1104.166802 | -119.24 -1103.783675
51 acl -1106.710621 | -1106.281806 | -1104.168901 | -114.01 -1103.783512
1 _ac2 -1106.718433 | -1106.289943 | -1104.165967 | -120.37 -1103.783324
59 ac2 -1106.722393 | -1106.293523 | -1104.168583 | -113.97 -1103.783123
13 ac2 -1106.718937 | -1106.290460 | -1104.165824 | -119.54 -1103.782877
51 ac2 -1106.710786 | -1106.281843 | -1104.169144 | -110.88 -1103.782431
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Etot H
Contome | BB | BN | s | S | M | <t ez
31+G(2d,p)
5 acl -1106.717408 | -1106.288926 | -1104.166701 | -114.52 -1103.781836
13 acl -1106.718754 | -1106.290350 | -1104.165685 | -115.65 -1103.781328
3 acl -1106.718190 | -1106.289624 | -1104.165199 | -114.98 -1103.780425
5 ac2 -1106.715253 | -1106.286823 | -1104.162302 | -121.25 -1103.780054
29 ac2 -1106.715119 | -1106.286368 | -1104.163596 | -116.61 -1103.779258
10 ac2 -1106.715212 | -1106.286625 | -1104.161572 | -120.25 -1103.778785
10 acl -1106.714990 | -1106.286295 | -1104.161433 | -116.65 -1103.777167
29 acl -1106.711614 | -1106.283072 | -1104.158111 | -112.51 -1103.772422
cat81ur3 Nac
66 Nac -1106.716904 | -1106.288111 | -1104.179205 | -121.42 -1103.796659
cat81lur4 -1273.713229
66 -1276.646192 | -1276.274479 | -1274.083967 -4.18 -1273.713848
43 -1276.646484 | -1276.274391 | -1274.082629 -4.64 -1273.712304
8 -1276.652803 | -1276.281307 | -1274.079678 -7.61 -1273.711082
51 -1276.642701 | -1276.270715 | -1274.081077 -4.73 -1273.710892
1 -1276.652540 | -1276.280945 | -1274.079720 -6.95 -1273.710770
13 -1276.652567 | -1276.280910 | -1274.079616 -6.15 -1273.710302
3 -1276.652256 | -1276.280459 | -1274.079688 -4.98 -1273.709787
5 -1276.648669 | -1276.276966 | -1274.075857 -9.00 -1273.707580
10 -1276.648469 | -1276.276796 | -1274.075996 -7.45 -1273.707159
59 -1276.642405 | -1276.270880 | -1274.070274 -16.40 -1273.704996
29 -1276.644500 | -1276.272793 | -1274.073124 -9.20 -1273.704923
cat8lur4 ac -1426.358050
66 ac2 -1429.636696 | -1429.210560 | -1426.742103 | -111.92 -1426.358595
43 ac2 -1429.636549 | -1429.210083 | -1426.742158 | -112.59 -1426.358576
66 acl -1429.636834 | -1429.210483 | -1426.742368 | -107.99 -1426.357148
51 ac2 -1429.636578 | -1429.210123 | -1426.741964 | -108.57 -1426.356862
43 acl -1429.636578 | -1429.210132 | -1426.741950 | -108.49 -1426.356826
8 acl -1429.641606 | -1429.215534 | -1426.739869 | -112.80 -1426.356761
1 acl -1429.640949 | -1429.214915 | -1426.738920 | -113.09 -1426.355961
51 acl -1429.633008 | -1429.206525 | -1426.738490 | -112.17 -1426.354732
8 ac2 -1429.640289 | -1429.214271 | -1426.736434 | -116.06 -1426.354622
1 _ac2 -1429.639696 | -1429.213804 | -1426.735780 | -115.81 -1426.353999
31 ac2 -1429.640429 | -1429.214425 | -1426.734924 | -115.06 -1426.352744
5 acl -1429.637815 | -1429.211674 | -1426.735612 | -113.55 -1426.352722
59 acl -1429.638951 | -1429.212943 | -1426.734284 | -115.48 -1426.352260
59 ac2 -1429.642318 | -1429.216012 | -1426.735925 | -111.13 -1426.351945
13 acl -1429.637872 | -1429.212769 | -1426.734260 | -110.37 -1426.351197
5 ac2 -1429.636609 | -1429.210509 | -1426.732301 | -117.11 -1426.350806
31 acl -1429.642224 | -1429.211688 | -1426.734334 | -111.25 -1426.346173
cat8lur4 Nac
66 Nac -1429.631376 | -1429.205023 | -1426.741361 | -120.00 -1426.360712
cat8lurs -990.305293
51 -993.016889 -992.613295 -990.709272 -0.33 -990.305805
1 -993.026732 -992.623532 -990.707005 -3.89 -990.305287
8 -993.026296 -992.623031 -990.705549 -5.19 -990.304261
13 -993.026778 -992.623553 -990.706483 -1.92 -990.303991
3 -993.023813 -992.620151 -990.703642 -3.60 -990.301350
5 -993.022525 -992.619020 -990.702260 -6.49 -990.301226
10 -993.023113 -992.619423 -990.703596 -2.97 -990.301037
66 -993.009985 -992.606578 -990.702752 -3.31 -990.300603
43 -993.010006 -992.606489 -990.701191 -3.10 -990.298853
cat8lurS _ac -1142.950561
51 ac2 -1146.011622 | -1145.553539 | -1143.369987 | -103.55 -1142.951345
8 acl -1146.020847 | -1145.563102 | -1143.368097 | -105.65 -1142.950591
51 acl -1146.011776 | -1145.553691 | -1143.369785 | -100.54 -1142.949994

245




Appendix

Etot .
31+G(2d,p)
8 ac2 -1146.017913 -1145.560112 -1143.364405 | -112.93 -1142.949615
1 _ac2 -1146.018170 -1145.560290 -1143.364116 | -112.88 -1142.949232
13 ac2 -1146.017581 -1145.559823 -1143.363172 | -112.38 -1142.948218
43 ac2 -1146.006452 -1145.548454 -1143.364694 | -108.16 -1142.947891
66 ac2 -1146.006673 -1145.548746 -1143.364619 | -107.61 -1142.947680
66 acl -1146.006958 -1145.548815 -1143.365662 | -104.18 -1142.947199
43 acl -1146.006572 -1145.548440 -1143.364851 -104.98 -1142.946703
5 acl -1146.017080 -1145.559110 -1143.363921 -106.69 -1142.946587
13 acl -1146.017617 -1145.559675 -1143.363240 | -108.03 -1142.946445
1 acl -1146.017604 -1145.559802 -1143.363445 | -105.98 -1142.946009
5 ac2 -1146.014159 -1145.556344 -1143.360056 | -114.10 -1142.945698
3 ac2 -1146.013645 -1145.555567 -1143.358912 | -115.39 -1142.944785
10 ac2 -1146.013846 -1145.555773 -1143.359013 | -113.68 -1142.944238
3 acl -1146.013425 -1145.555457 -1143.358779 | -110.75 -1142.942994
10 acl -1146.013864 -1145.555670 -1143.358953 | -108.74 -1142.942177
cat81ur6 -1084.668315
63 -1087.652398 -1087.200677 -1085.121493 1.88 -1084.669055
12 -1087.651791 -1087.200278 -1085.120114 4.52 -1084.666879
137 -1087.649225 -1087.197328 -1085.119494 3.68 -1084.666195
143 -1087.651631 -1087.199821 -1085.118574 -0.29 -1084.666876
60 -1087.649246 -1087.197399 -1085.118472 1.67 -1084.665987
1 -1087.647362 -1087.196005 -1085.116869 3.05 -1084.664349
105 -1087.649716 -1087.198264 -1085.116692 2.80 -1084.664173
81 -1087.648282 -1087.196410 -1085.116456 0.46 -1084.664409
21 -1087.650401 -1087.199026 -1085.115575 -1.00 -1084.664582
117 -1087.648878 -1087.197476 -1085.115318 0.59 -1084.663693
180 -1087.648841 -1087.197243 -1085.115277 -1.72 -1084.664332
7 -1087.646359 -1087.194718 -1085.115136 -0.25 -1084.663591
95 -1087.649410 -1087.197794 -1085.114569 0.75 -1084.662666
16 -1087.648725 -1087.196862 -1085.114783 -0.75 -1084.663207
31 -1087.649276 -1087.197748 -1085.113878 -3.05 -1084.663514
42 -1087.647809 -1087.196124 -1085.113806 -0.50 -1084.662312
20 -1087.646745 -1087.195228 -1085.113271 -2.34 -1084.662646
56 -1087.648489 -1087.196613 -1085.113473 -3.77 -1084.663031
25 -1087.647748 -1087.195868 -1085.113211 -3.18 -1084.662542
13 -1087.646463 -1087.194582 -1085.113174 -2.05 -1084.662074
68 -1087.647010 -1087.195210 -1085.112812 -3.43 -1084.662320
9 -1087.648730 -1087.197030 -1085.112542 -0.84 -1084.661161
19 -1087.647413 -1087.195962 -1085.112071 -2.55 -1084.661592
113 -1087.647841 -1087.195938 -1085.112286 -1.92 -1084.661116
216 -1087.647494 -1087.195746 -1085.111837 -4.85 -1084.661938
92 -1087.648854 -1087.197578 -1085.110395 -6.36 -1084.661542
346 -1087.648113 -1087.196665 -1085.110361 -5.61 -1084.661049
55 -1087.647241 -1087.195537 -1085.110475 -6.23 -1084.661146
64 -1087.647228 -1087.196191 -1085.109215 -5.90 -1084.660425
210 -1087.648095 -1087.197060 -1085.108979 -6.61 -1084.660462
196 -1087.648804 -1087.197091 -1085.109270 -8.70 -1084.660872
167 -1087.647590 -1087.195942 -1085.109187 -3.31 -1084.658798
303 -1087.647705 -1087.196233 -1085.108817 -7.78 -1084.660309
317 -1087.649858 -1087.198732 -1085.108116 -12.47 -1084.661739
2 -1087.647902 -1087.196027 -1085.108658 -6.99 -1084.659445
30 -1087.648332 -1087.197078 -1085.107656 -8.45 -1084.659621
313 -1087.647327 -1087.195744 -1085.107574 -12.80 -1084.660867
235 -1087.646355 -1087.194586 -1085.107444 -7.70 -1084.658607
40 -1087.646701 -1087.194763 -1085.107460 -5.77 -1084.657721
90 -1087.647561 -1087.196092 -1085.106581 -14.23 -1084.660530
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Appendix

Etot .

Contomer | B3| 6| sy | G | e MRS | e

31+G(2d,p)

39 -1087.647091 -1087.195525 | -1085.105994 -11.21 -1084.658699
247 -1087.646496 | -1087.195150 | -1085.105365 -10.38 -1084.657972
277 -1087.646510 | -1087.194762 | -1085.105597 -13.72 -1084.659077
132 -1087.646679 | -1087.195178 | -1085.104841 -11.80 -1084.657834
260 -1087.647668 | -1087.196330 | -1085.104396 -19.58 -1084.660516
401 -1087.646485 | -1087.195123 | -1085.104023 -20.92 -1084.660629
285 -1087.646653 | -1087.195135 | -1085.104055 -19.37 -1084.659915

cat8lur6 ac -1237.324964
143 ac2 -1240.658226 | -1240.151779 | -1237.794427 -98.37 -1237.325445
131 ac2 -1240.656011 -1240.149484 | -1237.793683 -95.31 -1237.323459
137 ac2 -1240.655066 | -1240.148568 | -1237.792044 -98.58 -1237.323091
1 _ac2 -1240.656859 | -1240.150413 | -1237.792807 -90.88 -1237.320974
21 ac2 -1240.659746 | -1240.153034 | -1237.792123 -93.01 -1237.320836
1 acl -1240.656875 | -1240.150481 -1237.793081 -88.45 -1237.320375
95 ac2 -1240.659973 | -1240.153007 | -1237.792199 -92.22 -1237.320356
117 acl -1240.657664 | -1240.151125 | -1237.792033 -90.92 -1237.320123
12 acl -1240.659296 | -1240.152651 -1237.791337 -90.25 -1237.319065
105 acl -1240.658992 | -1240.152272 | -1237.790361 -90.63 -1237.318158
117 ac2 -1240.657066 | -1240.150558 | -1237.789005 -93.55 -1237.318130
63 ac2 -1240.656813 | -1240.150008 | -1237.786877 -98.16 -1237.317459
143 acl -1240.655000 | -1240.148430 | -1237.784389 | -102.55 -1237.316879
42 acl -1240.656702 | -1240.149396 | -1237.788676 -92.97 -1237.316780
180 acl -1240.647355 | -1240.140726 | -1237.785837 -97.03 -1237.316163
95 acl -1240.656375 | -1240.149514 | -1237.787206 -92.26 -1237.315484
21 acl -1240.656166 | -1240.149156 | -1237.787030 -92.84 -1237.315382
17 ac2 -1240.657595 | -1240.150828 | -1237.785318 -94.98 -1237.314726
31 ac2 -1240.656912 | -1240.150251 -1237.784087 -97.07 -1237.314397
63 acl -1240.654464 | -1240.147824 | -1237.780357 | -104.10 -1237.313365
137 acl -1240.651900 | -1240.145146 | -1237.780923 | -102.51 -1237.313212
131 acl -1240.653824 | -1240.147541 -1237.781193 | -100.54 -1237.313204
105 ac2 -1240.655717 | -1240.149289 | -1237.785604 -89.29 -1237.313183
60 acl -1240.653822 | -1240.146853 | -1237.782181 -99.50 -1237.313108
12 ac2 -1240.655524 | -1240.148790 | -1237.786552 -87.07 -1237.312981
16 _ac2 -1240.654685 | -1240.147864 | -1237.782035 -98.95 -1237.312902
9 ac2 -1240.654118 | -1240.147556 | -1237.781266 -99.54 -1237.312616
17 acl -1240.655892 | -1240.149212 | -1237.783053 -94.27 -1237.312277
60 ac2 -1240.650932 | -1240.144139 | -1237.778469 | -100.37 -1237.309906
16 acl -1240.653149 | -1240.146139 | -1237.779850 -96.94 -1237.309764
9 acl -1240.652514 | -1240.145592 | -1237.779011 -97.74 -1237.309315

PheOMe -1217.600993
37¢ -1220.818907 | -1220.367388 | -1218.055831 7.28 -1217.601540
59 -1220.818626 | -1220.367166 | -1218.054727 4.73 -1217.601466
22¢ -1220.817798 | -1220.366737 | -1218.052799 2.68 -1217.600718
5lc -1220.818592 | -1220.367420 | -1218.051629 -0.04 -1217.600473
3lc -1220.818546 | -1220.367443 | -1218.051845 0.79 -1217.600439
27¢ -1220.817258 | -1220.365975 | -1218.052742 6.19 -1217.599101
35¢ -1220.817017 | -1220.365884 | -1218.050281 2.64 -1217.598144
2¢ -1220.816511 -1220.365417 | -1218.051169 5.27 -1217.598067
9 -1220.815538 | -1220.364317 | -1218.049583 1.09 -1217.597948
43 -1220.817055 | -1220.365854 | -1218.050277 4.18 -1217.597483
10c -1220.816671 -1220.365736 | -1218.048175 -0.29 -1217.597352
lc -1220.816717 | -1220.365321 -1218.048329 0.29 -1217.596822
23¢ -1220.816396 | -1220.365268 | -1218.047329 -0.42 -1217.596360
7c -1220.816572 | -1220.365276 | -1218.048514 3.05 -1217.596054
26¢ -1220.815338 | -1220.364183 | -1218.050307 8.16 -1217.596045
37 -1220.805182 | -1220.353853 | -1218.042694 3.31 -1217.590106
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Appendix

Etot

Contomer | B3| 6| sy | G | e MRS | e
31+G(2d,p)
59 -1220.804902 | -1220.353688 | -1218.041534 1.09 -1217.589906
26 -1220.804262 | -1220.352990 | -1218.040464 2.09 -1217.588395
9 -1220.807054 | -1220.355474 | -1218.039800 0.13 -1217.588172
43 -1220.803357 | -1220.351847 | -1218.039662 0.33 -1217.588024
23 -1220.806936 | -1220.355485 | -1218.038933 -1.13 -1217.587912
27 -1220.803445 | -1220.352060 | -1218.039662 1.30 -1217.587783
22 -1220.802957 | -1220.352100 | -1218.038180 -0.92 -1217.587674
31 -1220.803350 | -1220.352526 | -1218.037316 -2.51 -1217.587449
51 -1220.803403 | -1220.352514 | -1218.037027 -3.39 -1217.587429
1 -1220.805238 | -1220.354131 -1218.037532 -2.47 -1217.587366
10 -1220.805257 | -1220.354011 -1218.037228 -3.56 -1217.587336
35 -1220.805380 | -1220.354094 | -1218.038614 0.46 -1217.587153
2 -1220.803970 | -1220.352687 | -1218.039906 3.93 -1217.587125
7 -1220.805667 | -1220.354119 | -1218.039334 1.84 -1217.587085
33 -1220.805615 | -1220.353954 | -1218.037533 -2.64 -1217.586876
PheOMe ac -1370.250656
22¢ ac2 -1373.819870 | -1373.313895 | -1370.723518 -88.53 -1370.251264
S1c_ac2 -1373.819816 | -1373.313527 | -1370.721354 -90.46 -1370.249519
31c ac2 -1373.819291 -1373.313231 -1370.720949 -90.17 -1370.249231
37c acl -1373.812755 | -1373.306715 | -1370.721301 -86.73 -1370.248296
37c ac2 -1373.812494 | -1373.306331 -1370.721581 -85.73 -1370.248070
31c acl -1373.812936 | -1373.307616 | -1370.715111 -96.48 -1370.246539
S1c acl -1373.813435 | -1373.307616 | -1370.715299 -96.99 -1370.246420
59¢ ac2 -1373.812549 | -1373.306560 | -1370.718810 -87.15 -1370.246015
22¢ acl -1373.812139 | -1373.306133 | -1370.714567 -92.63 -1370.243843
35¢ acl -1373.812196 | -1373.306219 | -1370.710882 -97.95 -1370.242211
2¢ acl -1373.809303 | -1373.303762 | -1370.710711 -95.35 -1370.241488
Ic acl -1373.813237 | -1373.307102 | -1370.708710 -98.99 -1370.240280
37 acl -1373.799696 | -1373.293649 | -1370.710251 -88.32 -1370.237845
59 acl -1373.799182 | -1373.293026 | -1370.708526 -91.21 -1370.237111
51 acl -1373.798173 | -1373.292415 | -1370.701257 -98.74 -1370.233109
31 acl -1373.797747 | -1373.292136 | -1370.701139 -98.37 -1370.232993
22 acl -1373.798257 | -1373.292373 | -1370.701331 -95.44 -1370.231797
1 acl -1373.803280 | -1373.297260 | -1370.701377 -95.65 -1370.231787
43 acl -1373.789510 | -1373.283535 | -1370.695759 | -107.15 -1370.230596
23 acl -1373.797398 | -1373.291271 -1370.695833 | -107.15 -1370.230519
10 acl -1373.798459 | -1373.292551 -1370.696276 | -105.27 -1370.230463
35 acl -1373.797998 | -1373.292396 | -1370.697079 | -101.21 -1370.230026
27 acl -1373.789082 | -1373.283065 | -1370.695584 | -106.06 -1370.229965
7 acl -1373.797585 | -1373.292158 | -1370.696829 | -100.54 -1370.229696
2 acl -1373.795533 | -1373.290100 | -1370.697786 -97.28 -1370.229404
9 acl -1373.796992 | -1373.291092 | -1370.695497 -99.66 -1370.227557
1 _ac2 -1373.797975 | -1373.292207 | -1370.695972 | -104.52 -1370.230012
37 ac2 -1373.799485 | -1373.293287 | -1370.710784 -86.94 -1370.237702
59 ac2 -1373.798952 | -1373.292792 | -1370.708311 -89.33 -1370.236174
51 ac2 -1373.804967 | -1373.299183 | -1370.707094 -93.43 -1370.236895
31 ac2 -1373.804481 -1373.298651 -1370.706600 -93.30 -1370.236307
22 ac2 -1373.801711 -1373.295922 | -1370.703764 -89.66 -1370.232126
PhePh,OH -1565.165014
19 -1569.423153 | -1568.812959 | -1565.785580 24.43 -1565.166079
2 -1569.423897 | -1568.813823 | -1565.784863 24.06 -1565.165626
14 -1569.416471 -1568.806523 | -1565.781972 20.54 -1565.164200
20 -1569.418389 | -1568.808881 -1565.782299 23.10 -1565.163995
6 -1569.417069 | -1568.807055 | -1565.781524 19.79 -1565.163972
1 -1569.422489 | -1568.812587 | -1565.782267 22.55 -1565.163775
9 -1569.419183 | -1568.809427 | -1565.783086 26.36 -1565.163290
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Appendix

Etot :
31+G(2d,p)
58 -1569.415513 -1568.805376 -1565.783279 26.02 -1565.163230
21 -1569.415423 -1568.805615 -1565.783112 26.48 -1565.163216
3 -1569.419540 -1568.809048 -1565.782558 23.85 -1565.162982
97 -1569.415502 -1568.806904 -1565.779452 20.79 -1565.162934
85 -1569.415858 -1568.805537 -1565.782035 24 31 -1565.162454
46 -1569.415858 -1568.805542 -1565.782039 2443 -1565.162415
8 -1569.415009 -1568.805399 -1565.778183 16.32 -1565.162358
10 -1569.416677 -1568.806679 -1565.782265 26.19 -1565.162292
7 -1569.419202 -1568.809151 -1565.781317 23.77 -1565.162214
31 -1569.417408 -1568.807781 -1565.781665 26.65 -1565.161887
100 -1569.416529 -1568.806752 -1565.779738 21.63 -1565.161722
17 -1569.415427 -1568.805379 -1565.781350 25.40 -1565.161628
43 -1569.415961 -1568.806438 -1565.779546 22.05 -1565.161625
16 -1569.418117 -1568.808197 -1565.780256 22.93 -1565.161603
18 -1569.413387 -1568.803047 -1565.781806 26.44 -1565.161394
37 -1569.415739 -1568.805843 -1565.778898 20.13 -1565.161337
48 -1569.417116 -1568.807750 -1565.779759 24.73 -1565.160975
13 -1569.415204 -1568.805095 -1565.780083 23.81 -1565.160906
77 -1569.414553 -1568.805121 -1565.778024 20.25 -1565.160879
45 -1569.414227 -1568.804541 -1565.779718 25.19 -1565.160438
4 -1569.418489 -1568.808299 -1565.778605 21.46 -1565.160240
34 -1569.416072 -1568.806141 -1565.777485 19.54 -1565.160112
36 -1569.414370 -1568.804388 -1565.778009 21.67 -1565.159772
49 -1569.414562 -1568.804852 -1565.777111 20.59 -1565.159561
15 -1569.414599 -1568.804989 -1565.778290 24.27 -1565.159438
88 -1569.413605 -1568.803945 -1565.778396 24.64 -1565.159349
40 -1569.414422 -1568.804928 -1565.777128 22.34 -1565.159124
22 -1569.414532 -1568.804863 -1565.777494 22.84 -1565.159124
53 -1569.416095 -1568.805682 -1565.777505 22.09 -1565.158677
30 -1569.415026 -1568.805431 -1565.776143 22.18 -1565.158102
57 -1569.414879 -1568.805198 -1565.773722 15.94 -1565.157970
52 -1569.415081 -1568.805224 -1565.775730 20.96 -1565.157889
26 -1569.414921 -1568.805025 -1565.775119 19.62 -1565.157749
86 -1569.414174 -1568.804561 -1565.775785 23.14 -1565.157359
51 -1569.411256 -1568.801253 -1565.776018 22.97 -1565.157266
35 -1569.414227 -1568.804355 -1565.774939 20.54 -1565.157242
32 -1569.414266 -1568.804348 -1565.775168 21.25 -1565.157154
134 -1569.414613 -1568.805000 -1565.771280 13.85 -1565.156392
PhePh,OH ac -1717.808742
58 ac2 -1722.412842 -1721.747866 -1718.448540 -67.82 -1717.809397
43 acl -1722.416753 -1721.752659 -1718.448210 -66.11 -1717.809296
20 acl -1722.418811 -1721.753840 -1718.449764 -64.31 -1717.809286
9 acl -1722.417503 -1721.752879 -1718.449044 -64.94 -1717.809153
15 acl -1722.417503 -1721.752879 -1718.449043 -64.94 -1717.809152
58 acl -1722.413553 -1721.748503 -1718.449947 -61.92 -1717.808482
9 ac2 -1722.412895 -1721.748697 -1718.444820 -72.26 -1717.808143
22 acl -1722.412477 -1721.748113 -1718.443559 -75.98 -1717.808134
97 ac2 -1722.414067 -1721.749576 -1718.443841 -74.14 -1717.807589
43 ac2 -1722.412250 -1721.748169 -1718.443646 -73.30 -1717.807485
37 acl -1722.414644 -1721.750062 -1718.443751 -74.01 -1717.807361
2 acl -1722.414643 -1721.750051 -1718.443759 -73.97 -1717.807342
3 acl -1722.414643 -1721.750050 -1718.443759 -73.97 -1717.807340
97 acl -1722.415918 -1721.751538 -1718.445489 -67.66 -1717.806878
40 acl -1722.412980 -1721.748336 -1718.444030 -72.13 -1717.806860
19 ac2 -1722.410357 -1721.745861 -1718.441628 -77.70 -1717.806725
20 ac2 -1722.412476 -1721.748127 -1718.443336 -72.09 -1717.806445
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Appendix

Etot

Contome | BB | BN | s | S | M | <t ez
31+G(2d,p)
3 ac2 -1722.410508 | -1721.745920 | -1718.440033 | -80.79 -1717.806218
2 ac2 -1722.410509 | -1721.745890 | -1718.440057 | -80.75 -1717.806195
48 ac2 -1722.412180 | -1721.748294 | -1718.440870 | -76.02 -1717.805940
36 _acl -1722.415612 | -1721.750496 | -1718.446171 -65.14 -1717.805867
19 acl -1722.414595 | -1721.749742 | -1718.442483 | -73.64 -1717.805677
31 ac2 -1722.411658 | -1721.747351 | -1718.440413 | -75.06 -1717.804695
77 acl -1722.413810 | -1721.749176 | -1718.442759 | -69.62 -1717.804643
77 ac2 -1722.410627 | -1721.746258 | -1718.439712 | -76.53 -1717.804490
1 ac2 -1722.410358 | -1721.745635 | -1718.437952 | -81.80 -1717.804384
49 acl -1722.413276 | -1721.748874 | -1718.442319 | -68.87 -1717.804148
49 ac2 -1722.410288 | -1721.745708 | -1718.439636 | -76.15 -1717.804060
17 ac2 -1722.409472 | -1721.745321 | -1718.440275 | -72.97 -1717.803917
15 ac2 -1722.408755 | -1721.744440 | -1718.440211 -72.93 -1717.803673
48 acl -1722.413612 | -1721.749089 | -1718.441671 -68.45 -1717.803219
36_ac2 -1722.409252 | -1721.744772 | -1718.439783 | -73.05 -1717.803128
53 ac2 -1722.408913 | -1721.745778 | -1718.437687 | -74.64 -1717.802981
16 ac2 -1722.408927 | -1721.744767 | -1718.438382 | -74.68 -1717.802668
31 acl -1722.413027 | -1721.748471 | -1718.441145 | -67.99 -1717.802485
catllurl -1067.475665
3 -1070.423467 | -1069.982556 | -1067.915604 -3.64 -1067.476079
1 -1070.423386 | -1069.982330 | -1067.915845 -2.55 -1067.475761
2 -1070.413566 | -1069.973034 | -1067.914926 -1.46 -1067.474951
5 -1070.413944 | -1069.973160 | -1067.914381 -2.80 -1067.474665
17 -1070.416647 | -1069.976280 | -1067.909665 -2.85 -1067.470382
38 -1070.415144 | -1069.974447 | -1067.907180 -9.20 -1067.469989
9 -1070.415997 | -1069.975389 | -1067.909126 -2.38 -1067.469426
57 -1070.414694 | -1069.974084 | -1067.906181 -9.67 -1067.469252
11 -1070.415461 | -1069.974210 | -1067.908275 -5.06 -1067.468951
12 -1070.417298 | -1069.976682 | -1067.908213 -3.10 -1067.468776
26 -1070.414924 | -1069.974572 | -1067.907035 -3.56 -1067.468037
13 -1070.416485 | -1069.975755 | -1067.907239 -3.77 -1067.467943
15 -1070.414110 | -1069.973283 | -1067.906784 -4.44 -1067.467646
19 -1070.407328 | -1069.966771 | -1067.907064 -2.85 -1067.467590
22 -1070.407855 | -1069.967175 | -1067.907018 -2.55 -1067.467310
23 -1070.414363 | -1069.973434 | -1067.904675 -1.63 -1067.464368
catllurl ac -1220.122465
2 ac2 -1223.412017 | -1222.916634 | -1220.580324 | -99.45 -1220.122821
2 acl -1223.411551 | -1222.916025 | -1220.578576 | -97.19 -1220.120070
5 acl -1223.411550 | -1222.916101 | -1220.579484 | -101.55 -1220.122711
5 ac2 -1223.411260 | -1222.916138 | -1220.578013 | -99.54 -1220.120803
22 acl -1223.409480 | -1222.914113 | -1220.577280 | -99.04 -1220.119633
19 ac2 -1223.408020 | -1222.912673 | -1220.575804 | -100.75 -1220.118831
12 ac2 -1223.414189 | -1222.918990 | -1220.574269 | -102.55 -1220.118130
13 ac2 -1223.412727 | -1222.917350 | -1220.572754 | -104.60 -1220.117217
1 acl -1223.412252 | -1222.917001 | -1220.570616 | -109.66 -1220.117133
3 ac2 -1223.411813 | -1222.916458 | -1220.569769 | -111.25 -1220.116788
12 acl -1223.414566 | -1222.919395 | -1220.574891 -96.52 -1220.116484
22 ac2 -1223.408839 | -1222.913493 | -1220.574789 | -96.11 -1220.116049
38 ac2 -1223.413704 | -1222.918356 | -1220.571036 | -105.90 -1220.116022
38 acl -1223.416237 | -1222.920590 | -1220.573403 | -100.08 -1220.115875
13 acl -1223.413208 | -1222.917813 | -1220.573392 | -98.53 -1220.115526
3 acl -1223.412436 | -1222.916955 | -1220.570621 | -105.44 -1220.115299
1 ac2 -1223.412895 | -1222.917233 | -1220.571444 | -103.55 -1220.115223
57 ac2 -1223.412333 | -1222.917090 | -1220.569117 | -107.65 -1220.114878
57 acl -1223.414728 | -1222.919303 | -1220.571446 | -102.01 -1220.114873
19 acl -1223.407283 | -1222.911520 | -1220.573152 | -98.32 -1220.114838
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Appendix

Etot

Contome | BB | BN | s | S | M | <t ez
31+G(2d,p)
11 ac2 -1223.406891 | -1222.911274 | -1220.564930 | -106.61 -1220.109918
11 acl -1223.407080 | -1222.911554 | -1220.565216 | -101.38 -1220.108304
catllur2 -1106.639006
52 -1109.710389 | -1109.239257 | -1107.111618 2.22 -1106.639641
10 -1109.717647 | -1109.246583 | -1107.107426 -1.80 -1106.637047
8 -1109.718429 | -1109.247514 | -1107.107708 -0.59 -1106.637016
5 -1109.717447 | -1109.246311 | -1107.107703 -0.88 -1106.636901
3 -1109.718298 | -1109.247222 | -1107.108049 0.92 -1106.636623
7 -1109.717219 | -1109.246398 | -1107.105779 -3.85 -1106.636424
1 -1109.717086 | -1109.246146 | -1107.105985 -3.10 -1106.636224
85 -1109.709819 | -1109.238618 | -1107.102247 -3.01 -1106.632194
42 -1109.711503 | -1109.240266 | -1107.100650 -7.07 -1106.632107
59 -1109.709999 | -1109.238952 | -1107.101729 -3.22 -1106.631909
101 -1109.711023 | -1109.240059 | -1107.099840 -7.49 -1106.631729
31 -1109.710334 | -1109.239324 | -1107.099084 -8.28 -1106.631229
57 -1109.711907 | -1109.241168 | -1107.102041 0.21 -1106.631222
74 -1109.709949 | -1109.239033 | -1107.098232 -9.16 -1106.630806
29 -1109.711185 | -1109.240329 | -1107.101468 0.38 -1106.630469
18 -1109.710633 | -1109.239361 | -1107.100562 -3.10 -1106.630469
32 -1109.710804 | -1109.240026 | -1107.100085 -3.01 -1106.630454
35 -1109.711626 | -1109.240802 | -1107.100538 -1.38 -1106.630239
15 -1109.710131 | -1109.239423 | -1107.099789 -2.55 -1106.630053
14 -1109.709384 | -1109.238209 | -1107.098476 -6.15 -1106.629644
45 -1109.710895 | -1109.239909 | -1107.099730 -1.76 -1106.629413
26 -1109.711765 | -1109.240611 | -1107.099831 0.08 -1106.628645
23 -1109.707964 | -1109.237036 | -1107.096897 -5.52 -1106.628072
16 -1109.709719 | -1109.239109 | -1107.096836 -3.51 -1106.627564
48 -1109.707274 | -1109.236131 | -1107.097913 -1.97 -1106.627519
28 -1109.707629 | -1109.236407 | -1107.097437 -2.68 -1106.627234
97 -1109.707638 | -1109.236456 | -1107.096719 0.25 -1106.625441
71 -1109.709240 | -1109.237952 | -1107.097069 2.43 -1106.624856
38 -1109.708067 | -1109.237225 | -1107.094809 -1.92 -1106.624700
catllur2 ac -1259.285088
52 ac2 -1262.705793 | -1262.180543 | -1259.773476 | -98.53 -1259.285755
52 acl -1262.706096 | -1262.180578 | -1259.773460 | -95.35 -1259.284260
10 acl -1262.712980 | -1262.187371 | -1259.770484 | -100.50 -1259.283154
7 acl -1262.712980 | -1262.187369 | -1259.770481 | -100.50 -1259.283149
5 acl -1262.713320 | -1262.187607 | -1259.771098 -98.91 -1259.283058
5 ac2 -1262.709628 | -1262.184080 | -1259.767444 | -103.30 -1259.281242
10 ac2 -1262.710557 | -1262.185047 | -1259.765669 | -106.78 -1259.280828
7 ac2 -1262.710557 | -1262.185048 | -1259.765666 | -106.78 -1259.280826
1 _ac2 -1262.711127 | -1262.185170 | -1259.766543 | -105.39 -1259.280729
1 acl -1262.712327 | -1262.186681 | -1259.767835 -98.70 -1259.279782
8 ac2 -1262.710391 | -1262.184538 | -1259.764927 | -106.36 -1259.279584
42 ac2 -1262.712256 | -1262.186257 | -1259.767037 | -101.17 -1259.279571
42 acl -1262.714522 | -1262.188303 | -1259.769087 | -95.19 -1259.279123
8 acl -1262.710282 | -1262.184508 | -1259.764851 | -102.17 -1259.277993
85 ac2 -1262.705228 | -1262.179640 | -1259.763164 | -106.02 -1259.277959
59 ac2 -1262.705223 | -1262.179431 | -1259.762961 | -104.93 -1259.277136
85 acl -1262.705692 | -1262.179705 | -1259.765714 | -96.61 -1259.276523
59 acl -1262.705192 | -1262.179645 | -1259.762836 | -99.96 -1259.275360
3 acl -1262.710695 | -1262.184676 | -1259.765592
3 ac2 -1262.710927 | -1262.184897 | -1259.765808
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Appendix

Etot .
Contorme | B | B | o | (S | TP | Al 2
31+G(2d,p)
catllur3 -1740.218663
3 -1744.284109 | -1743.826345 | -1740.680601 10.38 -1740.218884
1 -1744.283927 | -1743.825878 | -1740.680928 11.38 -1740.218544
2 -1744.275711 | -1743.818183 | -1740.681784 15.10 -1740.218503
22 -1744.269732 | -1743.812360 | -1740.677057 15.23 -1740.213884
19 -1744.270097 | -1743.813337 | -1740.674869 14.31 -1740.212659
catllur3 ac -1892.865628
2 ac2 -1897.268588 | -1896.756942 | -1893.345766 -82.93 -1892.865705
5 acl -1897.265973 -1896.75427 -1893.341298 -84.35 -1892.861722
22 ac2 -1897.265161 -1896.752881 -1893.340591 -82.47 -1892.859721
2 acl -1897.266552 | -1896.754381 -1893.340332 -82.09 -1892.859427
1 ac2 -1897.265901 -1896.753773 | -1893.328081 | -104.31 -1892.855681
3 ac2 -1897.265527 | -1896.753306 | -1893.327164 | -106.36 -1892.855452
19 acl -1897.261455 | -1896.749254 | -1893.333955 -87.91 -1892.855235
19 ac2 -1897.260641 -1896.749487 | -1893.333560 -85.40 -1892.854931
3 acl -1897.265260 | -1896.753040 | -1893.327202 | -100.79 -1892.853372
1 acl -1897.265518 | -1896.753272 | -1893.327986 -98.49 -1892.853254
22 acl -1897.262560 | -1896.750403 | -1893.334073 -81.50 -1892.852959
catllur4 -2062.790621
2 -2067.200675 | -2066.744915 | -2063.253991 19.62 -2062.790756
1 -2067.201781 | -2066.746290 | -2063.247853 15.82 -2062.786338
3 -2067.202084 | -2066.746712 | -2063.247805 13.10 -2062.787446
22 -2067.188412 | -2066.732989 | -2063.242722 18.33 -2062.780319
19 -2067.188454 | -2066.733163 | -2063.240309 17.82 -2062.778229
12 -2067.190116 | -2066.735290 | -2063.236557 14.27 -2062.776297
17 -2067.191850 | -2066.736639 | -2063.239438 13.85 -2062.778953
catllur4 ac -2215.436046
5 acl -2220.189289 | -2219.679729 | -2215.915665 -79.29 -2215.436304
2 ac2 -2220.190093 | -2219.680114 | -2215.915665 -78.03 -2215.435406
5 ac2 -2220.187042 | -2219.676993 | -2215.910507 -77.15 -2215.429844
2 acl -2220.187278 | -2219.677516 | -2215.909551 -77.40 -2215.429270
22 ac2 -2220.183935 | -2219.673952 | -2215.904140 -79.20 -2215.424323
19 acl -2220.182435 -2219.67242 -2215.902864 -81.42 -2215.423860
3 ac2 -2220.181559 | -2219.671945 | -2215.894151 | -103.09 -2215.423803
1 _ac2 -2220.182036 | -2219.672315 | -2215.894908 -98.99 -2215.422892
22 acl -2220.183542 | -2219.673645 | -2215.903479 -74.77 -2215.422059
19 ac2 -2220.182249 | -2219.672149 | -2215.902581 -76.61 -2215.421660
1 acl -2220.182068 | -2219.672216 | -2215.895351 -92.17 -2215.420606
Precursors
precat81 -513.380991
1 -514.826985 -514.599147 -513.601666 -19.50 -513.381253
2 -514.824791 -514.597088 -513.600142 -20.17 -513.380120
precatll -668.880735
3 -670.822318 -670.497593 -669.200633 -14.18 -668.881310
2 -670.821772 -670.496960 -669.199833 -14.73 -668.880631
5 -670.819726 -670.494870 -669.199371 -14.43 -668.880012
1 -670.817937 -670.493030 -669.198858 -14.69 -668.879544
4 -670.817554 -670.492712 -669.198311 -14.85 -668.879126
Isocyanates
PhNCO -398.567395
phnco -399.571317 -399.459352 -398.678660 -1.84 -398.567395
BnNCO -437.726064
1 -438.861524 -438.719228 -437.866591 -4.23 -437.725905
2 -438.861088 -438.719114 -437.865409 -5.40 -437.725491
4 -438.861152 -438.719040 -437.866837 -4.35 -437.726383
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Appendix

Etot :
Contornr | P P s | G | TS| 2
31+G(2d,p)
PhNCS -721.145101
phncs 722503732 | -722.393824 | -721.254403 | -1.59 721145101
BnNCS -760.302848
1 761.7932982 | -761.653183 | -760.4413391 | -4.56 -760.302961
2 ~761.7930038 | -761.653085 | -760.4400484 | -5.08 -760.302408
4 761.7932963 | -761.653176 | -760.4413452 | -4.60 -760.302978
3,5-(CF3),PhNCO -1071.307075
cf3phnco | -1073.428426 | -1073.299579 | -1071.439794 | 10.17 | -1071.307075
PhCH,CHNCO -476.893811
ur 3 478162177 | -477.990559 | -477.065281 | -0.50 ~476.893854
ur 1 “478.162184 | -477.990577 | -477.065258 | -0.42 -476.893810
ur 2 478162111 | -477.990515 | -477.064804 | -1.46 ~476.893766
3,5-(CF3),PhNCS -1393.883496
cf3phncs | -1396.359623 | -1396.232920 | -1394.014757 | 11.97 | -1393.883496

Table A4.2 Acetylation enthalpies for 3-(thio)urea-4-aminopyridines, as calculated at MP2/6-
31+G(2d,p)//B98/6-31G(d) level with inclusion of solvent effects in chloroform at

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

Catalyst Stability * AH,. (MP2-5/solv)  AH,. (MP2-5/s0lv)
[kJ/mol] [kJ/mol] best conf [kJ/mol] averaged
Py - 0.0

cat8lurl 78.4 -64.2 -64.3
cat8lur2 59.3 -62.6 -63.2
cat8lurlf 88.6 -50.9 -51.2
cat81lur3 85.3 -64.2 -64.3
cat81lur4 77.2 -57.7 -57.9
cat81lurs 80.1 -59.8 -59.1
cat81ur6 -88.3 -88.9
PheOMe -70.8 -70.6
PhePh,OH -53.9 -55.0
catllurl 72.3 -62.9 -63.1
catllur2 84.6 -61.3 -61.2
catllur3 81.0 -63.1 -63.5
catllur4 69.3 -59.8 -59.5

* Enthalpies for the reaction of (thio)ureas formation schown in Scheme 4.2.
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Appendix

Chapter 5. Computational details.

Stationary points (reactant, product and transition state geometries) were optimized and
characterized by frequency analysis at the B3LYP/6-31G(d) level of theory. The
conformational space of transition states ts1, ts2, ts2a and ts3 for catalyst PPY, as well as TS
65 and TS 67 for catalyst 59a, has initially been studied with the OPLS-AA force field
searched using the Monte Carlo conformational search. The conformational space of
transition state TS 67 for catalyst 59b and 59¢ has also initially been studied with the OPLS-
AA force field. The energetically most favorable conformers identified in this way have
subsequently been reoptimized at the B3LYP/6-31G(d) level of theory. In order to save
computational cost, the structures of transition states TS 67 for catalysts 59d-g were initially
built based on the best conformers of TS 67 for catalyst 59a and then reoptimized at the
B3LYP/6-31G(d) level of theory. Single point calculations have been performed at the
B3LYP/6-311+G(d, p) level of theory, as well as at MP2(FC)/6-311+G(d,p) and MP2(FC)/6-
31+G(2d,p) levels, with Gaussian 03.”°°! Dispersion corrections to DFT (termed DFT-D)

proposed by S. Grimmel”®

were used to calculate the accurate dispersion interaction by the
ORCA 2.6.4 program package.[gl] Thermochemical corrections to free energies (Gaog) and
enthalpies at 298.15 K (H»os), as well as at 195.15 K, have been calculated at the same level

as that used for geometry optimization.
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Appendix

AS.2 Catalytic system with Spivey’s catalyst: prediction of the selectivity
AS.2.1 Number of conformations needed for the selectivity prediction.
Table AS.S. Numbers of conformers used for Boltzmann-averaging to obtain energy

differences AH(S-R) and AG(S-R) of the diastereomers of TS 67 for catalysts 59a-g from
Table 5.7. The same numbers of TSs (R)- and (§5)-67 conformers were used for averaging.

B3LYP/6- B3LYP-D/6-
311+G(d;p)/B3LYP/6-31G(d) |311+G(dp)/B3LYP/6-31G(d)| B3LYP/0-31G(d) level

catalyst AHzs AGaog AHjos AGios  AHzs  AGaes AHjos AGros  AHzes  AHios AGios

59a 16 16 6 6 9 9 6 6 9 6 6
59b 6 6 5 5 5 5 5 5 6 5 5
59¢ 8 8 5 5 8 8 5 5 8 5 5
59e 7 7 7 7 5 5 5 5 7 7 7
59d 7 7 7 7 7 7 7 7 7 7 7
59f 5 5 5 5 5 5 5 5 5 5 5
59¢ 5 5 5 5 4 4 4 4 5 5 5

Table AS5.6. Dependence of the calculated enthalpy differences AH(S-R) (in kJ/mol) on the
number of conformations, used for Boltzmann-averaging.

AH298(S-R)3, kJ/mol
Number of conformers

59d 59a 59b 59¢ 59e
7 conformers 9.29 5.99 6.12 5.75 6.01
6 conformers 9.28 5.92 6.13 5.66 5.96
5 conformers 9.12 5.95 6.15 5.54 5.94
4 conformers 9.15 5.94 6.10 5.59 5.93
3 conformers 9.18 5.95 6.07 5.61 5.92
2 conformers 9.50 5.97 591 5.90 5.96
1 conformer 9.82 6.04 5.85 6.13 5.73

“B3LYP/6-311+G(d,p)/B3LYP/6-31G(d) level

A graphical representation of the data from Table A5.6 is shown in Figure A5.1.
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Appendix

AS.3. Prochiral probe approach.

Table A5.18. Calculated energies of conformers of MOSC-adducts of Sb. Averaged enthalpies <H,os> were
calculated at MP2(FC)/6-31+G(2d,p)//B98/6-31G(d) level of theory with inclusion of solvent effects in

chloroform at PCM/UAHF/RHF/6-31G(d) level.

E
Ey B98/6- | Hios BI8/6- ot . | Gun | <Haes> MP2-5
Conformer 31G(d) 31G(d) 1;/1122(%}(:2(2/5) Hoos MP2-57 | 4 ol with solv
MOSC 721.802536 27203270031 720373983
mosc 1| -721.9716283 | -721.802591 | -720.4962865 | 7203272492 | -123.05 | -720374117
mosc 2| -721.9673426 | -721.798547 | -720.4944162 | -720.3256206 | -126.48 | -720.373795
si-attack 21470.916634 21467.637862 21467.666415
Nsax Nyeq
1 1471475458 | 1470917615 | -1468.196958 | -1467.639115 | -73.18 | -1467.066987
6 1471475010 | -1470.917501 | -1468.195750 | -1467.638241 | 7435 | -1467.666559
19 1471473966 | 1470916477 | -1468.195487 | -1467.637998 | -75.14 | -1467.666619
15 1471472676 | -1470.915430 | -1468.194442 | -1467.637196 | -73.68 | -1467.665259
111 I4T1AT3741 | 1470916465 | -1468.194444 | -1467.637167 | -76.15 | -1467.666171
4 1471472205 | -1470.914069 | -1468.194541 | -1467.636404
80 1471473504 | -1470.916180 | -1468.193631 | -1467.636307
88 471471240 | -1470.913922 | -1468.193575 | -1467.636258
21 1471471874 | -1470.914339 | -1468.193356 | -1467.635821
65 1471471445 | -1470.913937 | -1468.192930 | -1467.635422
13 1471470384 | 1470912719 | -1468.192834 | -1467.635168
50 1471470539 | -1470.913466 | -1468.191414 | -1467.634341
7 1471470260 | -1470.912452 | -1468.191566 | -1467.633759
90 1471468538 | -1470.911390 | -1468.190263 | -1467.633115
81 1471467891 | -1470.911073 | -1468.188976 | -1467.632157
117 1471467806 | -1470.911061 | -1468.188806 | -1467.632061
5 1471467299 | -1470.909941 | -1468.189342 | -1467.631983
Nseq Njax
6 1471473464 | 1470915918 | -1468.195101 | -1467.637555 | -73.60 | -1467.665586
24 1471472778 | -1470.915290 | -1468.194385 | -1467.636896 | -74.64 | -1467.665326
10 1471472124 | 1470914649 | -1468.194290 | -1467.636816 | -72.72 | -1467.664513
1 1471473179 | -1470.915804 | -1468.193982 | -1467.636697
111 1471472202 | -1470.914997 | -1468.193845 | -1467.636640
75 471471299 | -1470.914014 | -1468.193339 | -1467.636055
104 1471471999 | -1470.915021 | -1468.192820 | -1467.635841
2 1471472133 | -1470.914449 | -1468.193462 | -1467.635778
9 1471472872 | -1470.915298 | -1468.193125 | -1467.635552
28 1471470590 | -1470.913270 | -1468.192765 | -1467.635445
71 1471471486 | 1470914111 | -1468.192711 | -1467.635336
64 1471471219 | -1470.913884 | -1468.192525 | -1467.635190
62 471471271 | -1470.913930 | -1468.191319 | -1467.633978
re-attack 21470.917131 21467.638573 21467.667111
Nsax Ngeq
4 1471475220 | -1470.017544 | -1468.197278 | -1467.639602 | -73.68 | -1467.667665
1 1471475527 | -1470.918132 | -1468.196113 | -1467.638717 | 7527 | -1467.667386
2 1471473954 | -1470.916603 | -1468.195951 | -1467.638600 | -75.19 | -1467.667237
10 1471472200 | -1470.914895 | -1468.194804 | -1467.637499 | 7347 | -1467.665483
19 1471474207 | -1470.916467 | -1468.194677 | -1467.636936 | -76.82 | -1467.666195
3 1471472382 | -1470.914488 | -1468.193628 | -1467.635734
2 1471470888 | -1470.913380 | -1468.192558 | -1467.635050
6 1471470333 | -1470.913053 | -1468.191885 | -1467.634605
20 1471469527 | -1470.912141 | -1468.191085 | -1467.633699
25 1471469077 | 1470911651 | -1468.190318 | -1467.632892
Nseq Njax
5 1471473284 | -1470.915767 | -1468.195508 | -1467.637990 | -74.18 | -1467.666245
77 1471472209 | -1470.914659 | -1468.194351 | -1467.636800 | -74.18 | -1467.665055
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E
Ey B98/6- | Hyys BOS/6- ot . | G | <Has> MP2-5
Conformer 31G(d) 31G(d) 1;41};2(9:%/5) Hoog MP2-3" 1y 1ol with solv
2 1471473512 | -1470.016080 | -1468.194134 | -1467.636702 | -75.60 | -1467.665498
5 1471472121 | -1470.014236 | -1468.194348 | -1467.636464
32 C1471.472594 | -1470.014890 | -1468.194105 | -1467.636401
6 1471472185 | -1470.014568 | -1468.193663 | -1467.636046
129 1471471468 | -1470.013584 | -1468.193555 | -1467.635671
74 T1471.472346 | -1470.014962 | -1468.192022 | -1467.635538
B C1471.472574 | -1470.915093 | -1468.193017 | -1467.635537
1 T1471.470399 | -1470.912973 | -1468.192905 | -1467.635479
92 1471471452 | -1470.014103 | -1468.192595 | -1467.635246
83 1471471146 | -1470.013877 | -1468.192358 | -1467.635088
20 T1471.470060 | -1470.012948 | -1468.191803 | -1467.634691
50 T1471.460884 | -1470.012528 | -1468.191840 | -1467.634484
%6 1471471063 | -1470.913974 | -1468.191231 | -1467.634142

Table A5.19. Calculated energies of conformers of MOSC-adducts of 51. Averaged enthalpies <H,o5> were
calculated at MP2(FC)/6-31+G(2d,p)//B98/6-31G(d) level of theory with inclusion of solvent effects in
chloroform at PCM/UAHF/RHF/6-31G(d) level.

E
o B9S/6- | s BIS/6- ot . | G | <My MP2-5
Conformer 31G(d) 31G(d) 1;/11112((}52/;) Hoog MP2-57 1 4 ymmol | with solv
si-attack 22009.976727 22005427713 22005.444708
cat6_Imosc a3 | -2010.739459 | -2000.976436 | -2006.190742 | -2005.427719 | 45.73 | -2005.445137
cat6_Imosc al | -2010.737998 | -2000.074494 | -2006.189427 | -2005.425924 | 4452 | -2005.442880
cat6 2mosc a3 | -2010.738485 | -2000.074889 | -2006.189757 | -2005.426161 | 43.64 | -2005.442782
cat6 3mosc a3 | -2010.740839 | -2009.077367 | -2006.191644 | -2005.428173 | -36.53 | -2005.442085
cat6 3mosc al | -2010.739811 | -2009.976471 | -2006.188350 | -2005.425010
cat6_Imosc a2 | -2010.738540 | -2000.074852 | -2006.186633 | -2005.422945
cat6 2mosc al | -2010.737362 | -2009.973726 | -2006.183741 | -2005.420105
re-attack 22009.976321 22005.426051 22005.442188
cat6_Imosc b3 | -2010.739950 | -2009.076345 | -2006.188553 | -2005.424947 | -46.53 | -2005 442668
cat6_ 2mosc b2 | -2010.739609 | -2009.075906 | -2006.188746 | -2005425043 | 4527 | -2005 442286
cat6 3mosc b4 | -2010.740263 | -2009.977138 | -2006.189781 | -2005.426656 | -38.20 | -2005.441205
cat6 3mosc b2 | -2010.739382 | -2009.975609 | -2006.190313 | -2005426541 | -37.40 | -2005.440787
cat6_4mosc b3 | -2010.740118 | -2009.076491 | -2006.188897 | -2005425270 | -39.25 | -2005.440218
cat6_Imosc b2 | -2010.738922 | -2009.975620 | -2006.187531 | -2005424228
cat6_4mosc b2 | -2010.739156 | -2009.075714 | -2006.187105 | -2005.423663
cat6_Imosc bl | -2010.738816 | -2009.975123 | -2006.187292 | -2005.423600
cat6_4mosc bl | -2010.738946 | -2009.975599 | -2006.186939 | -2005.423592
cat6 3mosc bl | -2010.739465 | -2009.975972 | -2006.186530 | -2005.423036
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Table A5.20. Calculated energies of conformers of MOSC-adducts of 59a. Averaged enthalpies <H,q5> were
calculated at MP2(FC)/6-31+G(2d,p)//B98/6-31G(d) level of theory with inclusion of solvent effects in
chloroform at PCM/UAHF/RHF/6-31G(d) level.

Etot

E,, B98/6- Flyos BS/6- . 0| G | <Hags> MP2-5
Conformer 31G(d) 31G(d) 1;/[1112&2?336)' Haos MP2-57 1 4 1ol with solv
si-attack 21797.623764 21793.591995 21793.607925
348 [1798.249486 | -1797.624509 | -1794217766 | -1793.592789 | -38.99 | -1793.607642
324 J1798.248044 | -1797.623118 | -1794.217525 | -1793.592599 | -40.88 | -1793.608168
72 J1798.248075 | -1797.622995 | -1794.217252 | -1793.592172 | -42.34 | -1793.608299
202 [1798.247764 | -1797.622829 | -1794.217091 | -1793.592156 | -41.00 | -1793.607774
001 J1798.249816 | -1797.624807 | -1794.216431 | -1793.591422 | -43.64 | -1793.608043
149 C1798.246989 | -1797.622103 | -1794.216055 | -1793.591160 | -41.92 | -1793.607137
207 J1798.247348 | -1797.622564 | -1794215947 | -1793.591163 | -40.42 | -1793.606557
321 C1798.245662 | -1797.621169 | -1794.215232 | -1793.590740

010 C1798.248411 | -1797.623565 | -1794.215578 | -1793.590732

017 C1798.247861 | -1797.622740 | -1794.215414 | -1793.590293

234 C1798.247258 | -1797.622381 | -1794.215024 | -1793.590147

034 J1798.243044 | -1797.623140 | -1794.215042 | -1793.590138

544 C1798.246435 | -1797.621386 | -1794.215040 | -1793.589992

016 J1798.247880 | -1797.622858 | -1794.215008 | -1793.589986

045 C1798.247323 | -1797.622650 | -1794.213949 | -1793.589276

013 C1798.247082 | -1797.622158 | -1794.213687 | -1793.588764

009 C1798.247531 | -1797.622472 | -1794.213647 | -1793.588588

014 C1798.245992 | -1797.621262 | -1794.212751 | -1793.588020

011 C1798.246349 | -1797.621096 | -1794.212726 | -1793.587473

re-attack 21797.623670 £1793.592401 21793.608664
358 [1798.249822 | -1797.624956 | -1794.218403 | -1793.593537 | -41.17 | -1793.609218
194 C1798.248135 | -1797.623426 | -1794.216952 | -1793.592243 | -43.60 | -1793.608843
208 C1798.248103 | -1797.623227 | -1794217291 | -1793.592415 | -41.88 | -1793.608367
108 J1798.246678 | -1797.622099 | -1794215778 | -1793.591200 | -43.05 | -1793.607598
203 C1798.247486 | -1797.622797 | -1794.215951 | -1793.591262 | -42.51 | -1793.607453
350 [1798.248874 | -1797.623834 | -1794.216305 | -1793.591264 | -42.00 | -1793.607296
037 C1798.248167 | -1797.623219 | -1794.217337 | -1793.592389

007 C1798.247579 | -1797.622760 | -1794.216029 | -1793.591210

048 J1798.247569 | -1797.622550 | -1794.215875 | -1793.590865

170 C1798.247517 | -1797.622302 | -1794.215985 | -1793.590770

069 C1798.247499 | -1797.622464 | -1794.215489 | -1793.590453

034 C1798.247752 | -1797.622952 | -1794.215240 | -1793.590440

306 C1798.246472 | -1797.621755 | -1794.215134 | -1793.590417

115 C1798.247754 | -1797.623420 | -1794.214751 | -1793.590416

359 C1798.247206 | -1797.622504 | -1794.215054 | -1793.590352

362 C1798.246755 | -1797.621761 | -1794.214857 | -1793.589863

406 [1798.247221 | -1797.622567 | -1794.213974 | -1793.589319

379 [1798.246716 | -1797.621675 | -1794.214047 | -1793.589006

506 C1798.246642 | -1797.621936 | -1794.213394 | -1793.588689

114 C1798.246359 | -1797.621790 | -1794.212517 | -1793.587948

Table A5.21. Calculated energies of conformers of MOSC-adducts of 5g. Averaged enthalpies <H,og> were
calculated at MP2(FC)/6-31+G(2d,p)//B98/6-31G(d) level of theory with inclusion of solvent effects in
chloroform at PCM/UAHF/RHF/6-31G(d) level.

Etot

E,, B9S/6- Flos BS/6- . 0| G | <Haps> MP2-5
Conformer 31G(d) 31G(d) 1;/1132((;3’/1)6)- Hoog MP2-57 1y ol with soly
si-attack 11932.654751 £1928.279939 11928.294158
al.001 T1933.383850 | -1932.654873 | -1929.009177 | -1928.280201 | -37.32 | -1928.294416
b4.006 11933.383547 | -1932.654586 | -1929.007881 | -1928.278920 | -36.94 | -1928.292991
re-attack £1932.653656 21928.279544 21928.294105
22.005 11933382643 | -1932.653879 | -1929.008349 | -1928.279585 | -37.70 | -1928.293944
b1.004 11933381012 | -1932.651973 | -1929.008539 | -1928.279500 | -38.66 | -1928.294225
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AS.4 Conformational analysis of transition states.

. 5§ ts
23 N P IV_frozen i
- |
25 | le ll_frozen |
S 23 . ‘A Il_frozen i
|
& 214 'e | frozen !
‘ | I
® 19 A w N
) 7 . :)K IV_optimized :
§ 3 15 A * '@ Il_optimized |
L
835 13-
g 11 ‘ 2
@ 9 - ? ~ N
8 71 ¢ ¥ SN
g 5 ® (\L
1 : iV O
14 o \/N—N
-1 I 11 i Y Ph
ts type 5i

Figure A5.3. Relative energies (in kJ mol™) of conformers of TSs with catalyst 5j, as
calculated at B98/6-31G(d).

Table AS.22. Relative enthalpies of TSs conformations of different types (Scheme 5.8) as
calculated at the B98/6-31G(d) (referred as “B98”) and MP2(FC)/6-31+G(2d,p)//B98/6-
31G(d) (referred as “MP2-5") levels of theory.

Relative enthalpy Relative enthalpy
Conformer tstype  Hjog, kJ mol’! Conformer tstype  Hjog, kJ mol!
B98 MP2-5 B98 MP2-5
Sa_ts Sb_ts
frozen ts frozen ts
1 tsl v 1.84 2.00 1 ts4 1A 2.42 2.65
2 ts4 v 3.27 3.59 11 ts4 v 4.46 4.57
3 ts4 1A\Y 6.22 8.13 2 ts2 1A 10.75 11.20
1 ts2 111 11.07 17.82 4 ts4 v 6.80 7.49
2 ts3 111 11.15 6 ts4 v 9.40 9.13
2 ts2 II 0.44 0.53 13 ts4 v 11.80 10.98
3 ts2 11 5.31 6.37 1 ts3 111 9.37 16.70
1 ts4 11 0.00 0.00 11 ts3 1 13.30 20.99
1 ts3 | 11.85 18.99 4 ts2 II 5.09 5.41
3 tsl I 15.11 6 ts2 11 7.20 7.29
2 tsl | 12.85 13 ts2 11 12.74 12.33
optimized ts 1 ts2 II 0.00 0.00
2 tsdopt v 3.57 3.54 11 ts2 11 2.57 2.63
2 ts3opt 111 11.45 18.26 2 ts4 11 13.56 14.58
1 tsdopt 11 0.27 -0.08 1 tsl | 11.83 19.64
2 ts2opt 11 0.84 0.63 11 tsl I 14.96 22.74

optimized ts
1_ts4opt v 2.40 2.21
1 _ts3opt 111 9.76 16.97
1 _ts2opt I 0.02 -0.30
11 ts2opt 11 2.71 2.53
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Table AS.22 (continued)

Conformer ts type

Relative enthalpy

Hzgg, kJ IIlOl_1

B98 MP2-5
S5k ts
frozen ts
2 ts4 v 5.20 0.00
15 ts4 v 7.05 1.12
13 ts2 v 0.00 7.28
4 ts2 v 1.93 9.22
6 tsl v 0.02 7.72
6 ts2 I 10.25 17.94
13 tsl 11 8.73 23.80
13 ts4 II 0.31 8.16
6 ts4 II 291 4.87
4 ts4 II 3.30 4.32
2 ts2 II 10.40 10.85
15 ts2 II 13.17 12.65
13 ts3 I 8.91 22.79
6 _ts3 I 9.74 21.12
optimized ts
15 tsdopt IV 6.86 1.20
13 ts2 v 0.54 7.58
6 tsl v 0.49 7.80
4 ts2 v 1.97 8.58
2 tsdopt 1Y% 5.20 0.00
6_tsdopt II 3.70 5.40
13 ts3 I 9.09 22.92
51 ts
frozen ts
2 ts2 v 0.00 5.52
1 ts4 v 6.84 13.33
1 ts3 I 11.66 22.77
2 tsl I 14.77 32.17
1 ts2 II 2.57 0.00
2 ts4 II 5.74 12.36
1 tsl I 10.36 25.07
2 ts3 I 12.87 28.66
optimized ts
2 ts2opt 1Y% 0.50 5.72
1 ts2opt 11 2.99 0.55
51-Me_ts
optimized ts
1 ts4 v 5.81 10.15
2 ts2 v 1.56 6.45
2 ts4 II 4.85 10.49
1 ts2 11 0.00 0.00

Relative enthalpy
Conformer tstype  Hyog, kJ mol!
B98 MP2-5
5j_ts
frozen ts
102 ts2 v 2.49
33 ts2 v 2.99
158 ts2 v 5.78
85 ts2 v 6.62
106 ts2 v 9.14
155 ts2 v 11.82
1 ts2 v 16.15
46 ts2 v 17.23
182 ts2 v 19.82
22 ts2 v 19.83
7 ts2 v 20.35
187 ts2 11 22.38
102 tsl 11 2.18
158 tsl 11 3.15
33 tsl 11 0.00
187 tsl 11 5.15
1 _tsl 11 11.26
207 tsl 11 12.45
85 tsl II 6.38
7 tsl II 19.57
155 tsl II 15.77
182 tsl I 27.28
22 tsl I 27.35
106 tsl I 26.86
optimized ts
102 ts2 v 3.10 2.07
33 ts2 v 3.52 2.34
85 ts2 v 6.79 6.28
158 ts2 v 6.10 7.50
106 ts2 v 8.68 22.54
155 ts2 v 11.31 26.72
33 tsl 11 -0.01 0.00
158 tsl 11 3.16 2.57
102 tsl 11 1.99 10.64
85 tsl 11 6.03 17.98
1 tsl 11 10.44 14.55
207 tsl 11 11.69 25.99
51-Ph_ts
optimized ts
1 ts4 v 0.90 9.41
2 ts2 v 0.50 12.09
2 ts4 11 1.27 17.23
1 ts2 II 0.00 0.00
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Table A5.23. Calculated energies of conformers of 3,4-diaminopyridines and corresponding acetyl intermediates

and transition states. Averaged enthalpies <H,o5> were calculated at MP2(FC)/6-31+G(2d,p)//B98/6-31G(d)
level of theory with inclusion of solvent effects in chloroform at PCM/UAHF/RHF/6-31G(d) level.

E B98/6- E. MP2(FC)/6- Haos MP2-5 | <Haog> MP2-5
Conformer tgthg(d/) Haoy B98/6-31G(d) t0321+G((2d§o))/ k(J}/Sr(;llv(;l with soly with soly
Py
Py -248.181767 -248.087627 247589439 | -9.00 | -247.498727
Py ac | -401.140004 -400.991691 -400.215516 |-142.55| -400.121498
51-Me -1441.641383
1 _1445.880901 | -1445.172693 | -1442.357138 | 19.37 |-1441.641552
2 -1445.880375 | -1445.171564 | -1442.356300 | 22.34 |-1441.638979
3 -1445.878714 | -1445.170331 | -1442.355406 | 32.72 |-1441.634561
4 _1445.879184 | -1445.170629 | -1442.353600 | 25.73 |-1441.635244
51-Me_ac -1594.293769
1 acl | -1598.889925 | -1598.126495 | -1595.033168 | -63.97 |-1594.294104
1 ac2 | -1598.891052 | -1598.127564 | -1595.034445 | -60.54 |-1594.294016
2 acl | -1598.889015 | -1598.125839 | -1595.032196 | -62.17 |-1594.292701
2 ac2 | -1598.889646 | -1598.126274 | -1595.032726 | -59.87 |-1594.292159
3 acl | -1598.890016 | -1598.126825 | -1595.033191 | -54.73 |-1594.290844
4 ac2 | -1598.889550 | -1598.126017 | -1595.031496 | -55.06 |-1594.288935
3 ac2 | -1598.885235 | -1598.121800 | -1595.027104 | -49.54 |-1594.282537
51-Ph 2206.255203
3 2212521031 | -2211.587771 | -2207.214573 | 67.86 |-2206.255465
1 2212.524033 | -2211.590934 | -2207.203380 | 42.55 |-2206.254074
2 2212.521634 | 2211.588352 | -2207.196322 | 38.58 |-2206.248347
4 2212.520811 | -2211.587683 | -2207.195645 | 45.81 |-2206.245067
51-Ph_ac 2358.904362
1 acl | -2365.531860 | -2364.543720 | -2359.878651 | -37.03 |-2358.904614
1 ac2 | -2365.532457 | -2364.544401 | -2359.879792 | -32.47 |-2358.904103
3ac2 | -2365.526447 | -2364.539858 | -2359.883327 | -12.22 |-2358.901391
3 acl | -2365.530534 | -2364.542603 | -2359.876213 | -22.38 |-2358.896808
4 ac2 | -2365.530081 | -2364.543013 | -2359.874073 | -26.28 |-2358.896113
2 acl | -2365.528125 | -2364.539985 | -2359.869431 | -38.66 |-2358.896016
Transition
states
51-Me_ts -2055.216096
1 ts2 | -2061.042343 | -2060.082516 | -2056.197370 | 55.06 |-2055.216571
1 ts4 | -2061.041406 | -2060.080302 | -2056.194782 | 49.33 [-2055.214890
2152 | -2061.043440 | -2060.081920 | -2056.196608 | 53.68 |-2055.214642
2 ts4 | -2061.042318 | -2060.080667 | -2056.195198 | 53.35 |-2055.213229
51-Ph_ts 2819.828123
1 ts2 | -2827.684496 | -2826.498719 | -2821.045830 | 82.84 |-2819.828499
1 ts4 | -2827.684285 | -2826.498376 | -2821.042378 | 77.91 |-2819.826796
2 ts2 | -2827.684617 | -2826.498528 | -2821.041536 | 78.49 |-2819.825551
2 ts4 | -2827.684279 | -2826.498235 | -2821.039535 | 76.61 |-2819.824312
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9. Kinetics of reactions in homogeneous solution:edivation of the kinetic
law.

[. Introduction

The rate of chemical reactions in homogeneous isolutepends on a multitude of factors
and the following script is intended to provide soatientation in practical rate studies. In order
to facilitate the discussion, several importantigshould first be defined.

Stochiometry

The stochiometry of a chemical reaction defines tha@ar quantities of reactants and
products of the overall reaction. For the exampiethe reaction of alcohol with acetic
anhydride 2) in the presence of triethylamine (NEB) and a catalytic base such as 4-
dimethylaminopyridine4) the following stochiometric equation applies:

0/4

= )?\ )OK e (}O
= + + NEt3 = + HNEt +OA - A
& 0 23T, CDCl 4 s OAC (A

2 3 ? 6 7
1 OQ
5

1,4-dioxane §) is used here as an internal standardfbNMR measurements. Components
not seeing any turnover during the reaction (sdljenatalysts, reference standards) are not
included in the stochiometric equation, but areetison top/below the reaction arrow.

Elementary steps

Each elementary step of a reaction can containriablea number of individual molecules.
The reaction isinimolecular when involving transformation of only one molegulanolecular
when involving two molecules, artdmolecular with three molecules. Steps involving more
than two molecules are statistically quite rareisTimplies that the majority of elementary steps
in the gas phase and in homogeneous solution &anoh bimolecular. The following sequence
of bimolecular steps has been suggested for reaip

SN ~p
N

~ (A1)

—

A

|

@)

®
@ + NEt; — HNEt; + N (A3)
_ |
\ N
H 4
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Kinetic rate law

A kinetic rate law defines the dependence of the o&reactiorr on the concentration of all
components of the reaction mixture, including mostnmonly those of the reactants and
catalysts, but sometimes those of the productsoémer reagents as well. This usually takes on
the form of equation 1:

r =k [A]3B]°[C]®. . . (1)

with k — rate constant of the reaction, [A] — the conadrdn of reaction component A, aed
the order of the reaction with respect to reackaniVith a = 1 the reaction is called first-order
with respect to that reactant, with= 2 the reaction is called second-order with respecthat
reactant etc. Values fa often involve integral numbers, but may, in somsesa also become
non-integral. The sum of all of the exponenfsh, c . . is called the (overall) order of the
reaction. The rate of the reactionmay be determined either by measuring the decrehse
reactant concentrations (e.g. reactant A):

= _dlA]

it (2)

or by measuring the increase of product concentrat{e.g. product P):

_d[p]
"ar )

In case the reaction involves the formation of kimgd intermediates these two types of
measurements need not give the same results!

[I. Experimental procedures

The first step in rate studies is the accurate oreasent of the concentration of reactants and
products as a function of timéd NMR spectroscopy provides a convenient way oémheining
these concentrations for reactions, which are ootfast. The following two examples will be
used to demonstrate the details involved in thgses of measurements.

1. Studied reactions:

o4
OH 6 O 0.1 eq. cat \O
$ ' )J\O)K + NE —  +HNELOAC  (A)

23 T, CDCl 5

O
1 2 3 o) 6 7
5

0
OH )CJ)\ )OJ\ 0.1 eq. cat \O
= + + NEt = . :
& Pri”” Y07 NiPr ° 40T, CDCl, + HNEtTIPreoo” — (g)

o
1 8 3 O\) 9 10
5
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Conditions: 0.2 M alcohdl, 0.4 M anhydrid& or 8, 0.6 M triethylamine 3), 0.1 M 1,4-dioxane
(5), 0.02 M catalyst.

2. Sample preparation and kinetic measurements.

CDCl; and EtN were freshly distilled under Nrom CaH before use. Acetic and isobutyric
anhydrides were distilled under reduced pressum 2,0, on anhydrous BCO;, filtered and
fractionally distilled under reduced pressure. Batihydrides were kept over 4 A molecular
sieves. All kinetic measurements were recordedcainatant temperature of 23 °C for reactfon
and 40 °C for reactioB on a Varian Mercury 200 NMR spectrometer. Theolwlhg solutions
were prepared in CDgIn three dry, calibrated 5 mL flasks:

A: 1.2 M in AcO or isobutyric anhydride, and 0.3 M in anhydroigxdne;
B: 0.6 M in ethynylcyclohexanol ROH and 1.8 M ins/&t
C: 0.06 M in catalyst.

In an NMR tube, 200 pL each of the above mentiostadddardized solutions were added
under nitrogen using an Eppendorf pipette. The NiMiie was then flame-sealed under e
reaction solution was mixed and immediately ingeneo the NMR spectrometer. The reaction
was monitored by recordirfi NMR spectra within a defined time interval urtill conversion.

[ll. Integration process
'H NMR spectra were analysed with program VNMR 4é/RG0194. Peak integrals were
automatically integrated by using the subprograted below.

intmod = 'partial’
$i=1

REPEAT

ds($i)

cz

$height=0

$c=0
peak:$height,cr
integ(cr2,cr+2):$c
write (‘file','daten’,$c)
$i=%i+1

UNTIL $i > arraydim

Reaction ASignals of ested (1.91 ppm, CH group, corresponds to 3H) and dioxane (3.57
ppm, corresponds to 8H) (see Figure 1) were intedrautomatically during the course of the
reaction.  Taking into account that the final concsion of  ester
[estev]m = [ROH]0 = 2[[Jdioxane}, one can calculate the conversion according tetsou 6.

Conversiorr [[:S%']— 100% 4)
Conversiore M [100% (5)
2[d|oxane}

Conversiore %[%} 100% = {M} [100% (6)

Dioxane Dioxane
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Figure 1.'H NMR (200 MHz) spectrum of reaction mixture foetteaction (A).

Reaction B.Signals of isobutyric anhydrid&)((a half of duplet at 1.14 ppm was taken for
integration, 2CH groups corresponds to 6H) and dioxane (3.57 ppmesponds to 8H) were
integrated automatically during the course of theaction. Taking into account that

[(RCO),0], [(RCO),0] . . .
=2 and — 20 =4, one can calculate the conversion according tatamyu
|ROH|0 |d|oxana
12.
Conversion= [RO|[_|R]OO_I—I[]R OH] 100% (7)
0
Conversion= [(RICO)ZO]O _ [(RICO)ZO] 100 (8)
[ROH],
Conversior= [(RICO)ZO]O _ [( RICO)ZO] 100 9)
L[(rco),0],
Conversion=|2-2 [(F?'CO)ZO]/[di.oxand 1000 (10)
[(RC0O),0], /[dioxand
half —dL_JpIet /6
Conversiore 2—2‘;”““”"’9/8/4 [100% (11)
Dioxane
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half —duplet

Conversiore= {1—M} [200% (12)

Dioxane

Integration boundaries depend on the peak widtle. Adundaries should be changed in such
a way that the conversion as calculated by equatoor 12 reaches 100% at the time when the
peak of alcohol at 2.31 ppm is vanished.

IV. Fitting

The obtained plot of conversionversus timet can be fitted to integrated rate laws of
“"typical" cases.

1. Zero-order reaction

The rate of many catalyzed processes depends artlyeoconcentration of the catalyst, but
not on those of the reactants or products. Fortima¢A) one would then expect that the
reaction rate is independent of the concentratidhereactants (e.g. alcohl The appropriate
rate law in this case is given by equation 13:

_d[ROH] _

=k 13)

The integrated form of equation 13 predicts a lirdsgpendence of the concentration [ROH] on
the reaction time (equation 7):

[ROH] = [ROH], — kit (14),

which only makes sense as long as there is anyhallcon reaction mixture (until
t =[ROH],/k, ). Conversiory, which is given by equation 7, can be plotted gisiquation 15:

y = (k,/[ROH],) (15)

For the particular example of reaction (A) the ssisl shows only a poor fit to a zero-order
rate law (Figure 2). This is not only clear fronswal inspection of Figure 2, but also from the
correlation coefficient R

‘ - Reaction (A) with DMAP as catalyst ‘

L T

100+

80 o~

60 s

Equation 15 y = kO/[ROH]0*t
Adj. R-Square -1.07972

Value  Standard Error
Parameters kO/[ROH]0 = 0.0017 4.59954E-5

40

conversion (%)

20

T T T T T T T T
0 20000 40000 60000 80000

t(s)
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Figure 2. Fitting of the experimental data for the reactidj with zero-order equation 15.

2. First-order reaction
The rate law for a first-order reaction is givendguation 16:

_d[ROH| _

o~ K[ROH] (16)

The integrated form of equation 16 gives the exptiakdependence of the concentrati®©OH|
on the reaction time(equation 17):

[ROH] = [ROH], (&7 (17)

The dependence of the conversignwhich is given by equation 7, on the tirné given by
equation 18:

y = (1-e™%)m00m6 (18)
The function that can be used for fitting of th@esmental data is given by equation 19:

y =y, fL-e"ew) (19)

wherek; is a rate-constant of the first-order reactipritfas a meaning of time axis offset. With
this parameter in the fitting process it's not resegy to measure the starting point of the
reaction exactly, which may always be complicatgdHhe time it takes to prepare the sample,
calibrate the spectrometer and get the first datatpThe variablg/ allows for rescaling of the
conversion axis. Ideally, the value of this vareald equal to 100%, but weighting and mixing of
reagents could introduce some error, leading toesbfy, slightly different from 100 %.

Equation 19 could be replaced by similar equati@n 2

y=y,-y " (20)

These two equations give identical result in thtnfy process, because some parameters are
interdependent (equation 21).

y =y, @ (21)

3. Second-order reaction

An obvious rate-law for reactions involving two c&nts is that of a second-order reaction.
For reaction A this could apply under the conditibiat the concentration of the catalyst is
assumed to be constant during the reaction andribtitylamine doesn’t participate in the rate
determining step. The following equation for them®d-order reaction can then be written
(equation 22).

ROH +(R'C0),0 [ —~ RCOOR (22)
The rate law for this reaction is given by equa@@n

_ d[ROH]

o = [ROH[(RCO),0] (23)
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The alcohol concentration can be expressed fromearsiony and the initial alcohol
concentrationROH|, by equation 24.

[ROH] =[ROH], @~ ) (24)

If the ratio of the initial concentrations of alaland anhydride is assumedma@&quation 25),
then the anhydride concentration can be expresgedumtion 26.

% =n (n>1 (25)
[(RC0),0]=[ROH],(n-y) (26)

With taking into account equations 24 and 26, #ie law can be written as equation 27.

A€=Y) _  [ROHE A-y)n-y)  (27)

-[ROH], o

Rearranging of variables gives equation 28.

_A@Y) o

- 28),
@=-y)(n-y) %)

wherek = k,[ROH], (29)

Integration of equation 28 after some transfornmeigives equation 35.

[ M:—t kdt 30
{(1—y)(n—y) tj 59)

L ( L _ 1 j/(n—l) 31)

(1—y)(n—y): 1-y n-y

In(l_—yj - |n(ﬂj - —(-DKTt-t)  (32)
1 n

1 In([ACZO] [ﬂROH]OJ ki (33)
[Aczo]o - [ROH]O [Aczo]o EBROH]
n-y _ k(i) (34)
nil-y)
_ n-1
Y =1 e g (35)
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Equation 35 expresses conversion for the idealrskooder reaction. While fitting the real
Kinetics it is again necessary to take into acceurdrs of preparing and mixing of solutions for
the reaction. This can be achieved by introducing more variablgp, which again acts as
conversion axes rescaling parameter, as in theafdsst-order reaction fitting (see above). The
final equation for fitting is given by equation 36.

n-1
y= yo(l‘mj (36)

For the situation that = 2 (as is the case in reaction A), it becomesh8ijgsimpler (equation
37).

y= yo(l ;j (37)

Zek(t—to) -1

4. Calculation of the half-lives

In case of complex rate laws involving multiple iadtes the direct comparison of two
different reactions is not so trivial. It is theveé practical to derive from the rate-law a single
performance number such as the reaction halfdjfe Two slightly different definitions can be
given for the half-life:

1) Kinetic half-life7" is the time taken for a given concentration toreiase to half of its initial
value.

2) Synthetic half-lifer™" is the time interval between the start of reactmd the time, when
conversion is equal to 50%.

The difference between these two definitions isimohediately obvious, and for the case of
an ideal first-order reaction these two definiticatually are identical. But while fitting the
experimental data they could give different resulibis can most readily be appreciated by
inspection of the data in Figure 3.

Because the starting point of the reaction isndwn exactly, at first one should approximate
the data with any of the described above fittingctions (exponential function 19 for example)
and extrapolate the obtained function to conver§i#m It gives the timéy (in examplety = -
2954 s). While applying the second definition ofithyetic half-life one needs to find the time of
50% conversion (7900 s in example). The differegives the synthetic half-life™" = 7900 — (-
954) = 10854 s 481 min. On other hand while applying the definition ofiddic half-lifez", it
should be taken into account, that the full coneerssn’'t equal to 100%y( = 99.0), probably
because of the errors involved in weighting andingpof the reagents. It means, that one should
find the time, when the concentration of alcohatrdase to half of its initial value, i.e. when the
conversion is the half of maximal conversyn(49.5%), this time is equal to 7730 s. Then the
kinetic half-life is7" = 7730 — (-2954) = 10684 sE8 min. The difference between these two
half-lives is 3 min.
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Reaction (A) with DMAP as catalyst

110'_ First-order fit of conversion
100
90 + "
80
_ 704
o\o E
~ 60 < o Equation 19 y = yO*(1-exp(-k*(t-t0)))
= &
o 1 Adj. R-Square 0.99631
0 Eg o 7 Value Standard Error
[} =] I |conversion y0 98.99216 0.1687
E 4 conversion k 6.49195E-5 6.91619E-7
o 40 1 i\ |conversion t0 -2954.84383 104.32444
o E
30
20
104
0 4T AN T T T T T T T
29540 7730 7900 20000 40000 60000 80000
t(s)

Figure 3. Comparison of two definitions of half-life.

In order to get the expressions for half-lives tloe described functions, one should solve
equations 15, 19, 36 and 37 fpr 50% (for the synthetic half-life) or = yo/2 (for the kinetic
half-life). Solution of these equations gives equat 38-44 for half-lives.

1. The zero-order reaction (equation 15).

z.kin — [ROH]O

K (38)

(o]

2. The first-order reaction (equation 19).

r'" = '%2 (39)
In( {OSOJ
7o qu (40)

3. The second-order reactian< 2) (equation 37).

Fhin _ In15

" k,[ROH], (1)

In( Yo — 25}
Z_syn — yO - 50

~ Kk,[ROH],

(42)

4. The second-order reaction (general cag@n(equation 36).
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(Zn —1)
In
rkin n

" I [ROH],(n-1)
50
Yom—

In _n
Yo =50

syn

" K [ROH],(n-1)

(43)

(44)

V. Comparison of the fitting functions
In order to compare the suitability of the rate $adescribed above lets fit the experimental
data for the reaction (A) with DMAP as catalystngsihese functions (Figure 4). One of the
measures of performance is the correlation coeffisi R. Figure 4 shows that the best
correlation with B = 0.9991 is obtained with function 36. In this exgenthe differences
between half-lives, derived from the differentifig functions, appear from the differenceggin
I.e. from the interpolation of the fitting curve ®@% conversion.

Equation 19

¥ = y0*(1-exp(-k*(t-t0)))

Reaction (A) with

Adj. R-Square 0.99631  t(kin)=178 min t(syn)=181 min
Value Standard Error DMAP as Catalyst
conversion 98.99327 0.16871
100 conversion 6.49137E-5 6.91581E-7
~| | conversion -2955.63982 104.33771 H,,ﬁqd"‘<»,>"f,w,,, rrrrrr
”_,,_ﬂm;;?-ﬁ""‘?'
‘,.i"f Equation 37 y = y0*(1-1/(2exp(-ka*(t-t0))-1))
80 o~
'—.." Adj. R-Square 0.99895 | t(kin)=155 min t(syn)=153 min
.;f"- Value Standard Error
’\3 i conversion yo 100.97981 0.10957
< 60 : conversion to -1702.65946 44.53037
conversion a 4.3597E-5 2.7776E-7
c i k
o
2 f
g
v
g 40 4 ! Equation 36 y = y0*{1-(n-1)/(n*exp[ka(n-1)(t-t0)]-1)}
o Adj. R-Square 0.99907 ' t(kin)=152 min t(syn)=147 min
Value Standard Error
conversion yo 101.8964 0.23842
] conversion t - . .
20 0 1482.89921 57.54255
conversion ka 5.52536E-5 2.41448E-6
conversion n 1.67133 0.054
0 T T T T 1
20000 40000 60000 80000 100000
t(s)

Figure 4. Comparison of correlation coefficients for fittifgnctions 19, 36 and 37.

The second performance measure involves plottirigefesiduals of conversion versus time
(Figure 5). In the cases of equations 36 and 3#dbkieluals are statistically distributed. Fitting
with equation 19 doesn't give statistical distribatof residuals. This implies that function 19
isn’t suitable for the fitting of this data on peipal grounds.
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= Equation 19

Residual of conversion

T T T 1
0 30000 60000 90000

t(s)

= Equation 36 ®  Equation 37

Residual of conversion
Residual of conversion

T T 1 T T 1
0 30000 60000 90000 0 30000 60000 90000
t(s) t,s

Figure 5. Plots of residuals of conversion versus time.
V. Selection of data points
One of the options for improving a correlation ¢ ¢hoose just the data points before

conversion reaches 100% and drop points with ceierover 100%. The results for fitting
only this part of the data points is shown on Fegbir

« Reaction (A)/DMAP

Equation 19y = y0*(1-exp(-k*(t-t0))) .
----- Equation 19
Adj. R-Squar = 0.997 t(kin)=173 min t(syn)=177 min L Equation 37

Value Standard Error )
Conversion | y0 98.31813 oarers| e Equation 36
100 A |conversion  k 6.6813E-5 6.9954E-7 e

Conversion  t0 -2800.0217 95.31145
M
80 1 f Equation 37 y = yO*(1-1/(2exp(-ka*(t-t0))-1))

_ o Adj. R-Square 0.99913  t(kin)=155 min t(syn)=153 min
© f Value Standard Error
OC 60 &?f/ Conversion yo 100.66237 0.11886
o T g,/ Conversion to -1657.15165 41.85791
‘0 z Conversion ka 4.41576E-5 2.84433E-7
=
[} f
>
c 4 Equation 36 y = yo*{1-(n-1)/(n*exp[ka(n-1)(t-t0)]-1)}

o 404
O Adj. R-Square 0.99917 | t(kin)=151 min t(syn)=148 min
4 Value Standard Error
; Conversion yo 101.37187 0.27443
j Conversion to -1517.87423 58.00443
20 “ Conversion ka 5.21386E-5 2.59457E-6
e Conversion n 175702 0.067
14
1}
1
I
0 T T T T T T T T T T T T T T T T 1

0 10000 20000 30000 40000 50000 60000 70000 80000
t, s

Figure 6. Fitting of the data with conversion below 100%.
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Comparing Figures 4 and 6 one can see that thdivesf of fitting with equation 19 are
more sensitive to the choice of data, than ha#fdiwith equations 36 and 37. Using of equation
37 gives in this case a good correlation coefficerd insensitivity to the choice of data points
with three variables, while a qualitatively veryndliar result is obtained with equation 36 using
four variables. Due to the smaller number of vddaalequation 37 thus represents the preferred

fitting function.
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Abbreviations

Ac acetyl m multiplet
Ar aryl Me methyl
Bn benzyl min minute
Boc tert-butoxycarbonyl mol mole
br broad MS mass spectrometry
Bu butyl NMR nuclear magnetic resonance
conv. conversion NOESY Nuclear Overhauser effect
spectroscopy
CPCM Conductor-like polarizable 0 ortho
continuum model
d doublet OPLS Optimized Potentials for
Liquid Simulations
DCM dichloromethane PCM polarizable continuum model
DBU 1,8-Diazabicyclo[5.4.0] pent pentyl
undec-7-ene
DMAP 4-dimethylaminopyridine Ph phenyl
DMSO dimethyl sulfoxide PPY 4-pyrrolidinopyridine
equiv. equivalent i-Pr isopropyl
El electron-impact q quartet
ESI Electron Spray lonization RT room temperature
FID Free induction decay S singlet
h hour t triplet
HPLC High-performance liquid t-Bu tert-butyl
chromatography
HRMS high resolution mass spectroscopy TEA triethhythe
IEF PCM integral equation formalism version THF tetrahydrofuran
of PCM
IR infrared UAHF United atom Hartree-Fock
J coupling constant (NMR) uv Ultraviolet
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