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Zusammenfassung
Organokatalytische a-Chlorierung von Aldehyden

Die direkte organokatalytische a-Chlorierung von Aldehyden wurde im Jahre 2004 von den beiden
Arbeitsgruppen um MacMillan und Jgrgensen unabhangig voneinander vorgestellt. Im Anschluss
folgten zahlreiche Veroffentlichungen zur Aufklarung des Katalysemechanismus. Die Rolle und
Eigenschaften von sogenannten Aminal-Intermediaten wurden seitdem kontrovers diskutiert.
Basierend auf Kalorimetrie- und NMR-Experimenten wurde diesen Spezies durch die Arbeitsgruppe
um Blackmond eine aktive Rolle im Katalysezyklus zugeordnet (,,on-cycle”). Im Gegensatz zum
klassischen ,,steric-shielding“~-Modell, bei dem die C-Cl-Bindungsknipfung fiir die Stereoselektivitat
der Reaktion verantwortlich ist, soll hier das thermodynamische Gleichgewicht zweier diastereomerer
Aminal-Intermediate fir das Enantiomerenverhiltnis der Produkte verantwortlich sein (Curtin-
Hammett-Paradigma). Erste eigene Forschungsergebnisse konnten dieses Szenario zunachst nicht
unterstiltzen, sodass eine umfassende mechanistische Untersuchung der zuvor erwahnten Reaktion

aufgenommen wurde.

R
sz/'

off-cycle off-cycle

Curtin-Hammett-Szenario Steric-Shielding-Modell

Die organokatalytische a-Chlorierung von Aldehyden wurde mit diversen MacMillan- und Jgrgensen-
Katalysatoren eingehend untersucht. Die Isolierung und Einkristallstrukturanalyse verschiedenster
MacMillan-Aminale konnte erstmals die genaue Stereokonfiguration aufklaren und damit die in der
Literatur vorgenommene Bezeichnung widerlegen. Mit Hilfe einer Kombination aus
Zersetzungsexperimenten, NMR-Messungen und DFT-gestlitzten Berechnungen wurde ein Curtin-

Hammett-Szenario fiir diese Spezies zweifelsfrei ausgeschlossen. Stattdessen bilden die Aminale im
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Fall der MacMillan-Katalysatoren stabile, parasitare Intermediate, die einen Teil des Katalysators aus

dem Katalysezyklus entfernen.

Den Abschluss dieser mechanistischen Studie bildet die griindliche Untersuchung der Jgrgensen-
Aminale, die in der Publikation , Curtin-Hammett Paradigm for Stereocontrol in Organocatalysis by
Diarylprolinol Ether Catalysts” erforscht wurden. Durch eine Modifikation des Reaktionsprozesses
wurden erstmals Einkristalle der wesentlich instabileren Aminale erfolgreich fiir die Strukturanalyse
isoliert. Durch eine Kombination aus NMR-Messungen und DFT-basierten Berechnungen konnten die
beiden in der Literatur beschriebenen Aminale ausfiihrlich charakterisiert werden. Zur weiteren
Aufklarung der absoluten Stereokonfiguration durch Zersetzungs- und Deuterierungsexperimente,
gelang es die nachgelagerte Reaktivitat genauer zu untersuchen. Neben den MacMillan-Aminalen
konnte so auch fiir die Jgrgensen-Aminale die falsche stereochemische Zuordnung korrigiert werden

und ein Curtin-Hammett-Szenario ausgeschlossen werden.

Basierend auf einem besseren Verstandnis der stabilisierenden Wechselwirkungen innerhalb der
Aminale, wurde in weiterfilhrenden Untersuchungen die Bildung dieser parasitiren Spezies
unterdrickt und die Katalysatorbeladung dadurch deutlich reduziert. Des Weiteren konnte gezeigt
werden, dass die organokatalytische a-Chlorierung von Aldehyden Zugang zu synthetisch

interessanten chiralen Verbindungen wie Triazolen ermdoglicht.

Anwendung neuartiger Polyinterhalogenide

Aufgrund der Instabilitdit und schlechten Handhabung von reinem BrCl stellt die Synthese und
Anwendung stabilisierter Polyinterhalogenide ein interessantes fachiibergreifendes Forschungsgebiet
dar. In einer aktuellen Veroffentlichung konnte die Arbeitsgruppe Hasenstab-Riedel die Synthesen und

Charakterisierungen von Verbindungen des Typs [Y][CI(BrCl)] (Y = Kation; x = 1-6) prdsentieren.

R’ R2 ci R' R?

R3_ R4 . e Br1 cl R3 RélBr
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RV\)LF@ > R1J\)LR2
Br
R' Br
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Im zweiten Teil dieser Arbeit wurde die Interhalogenierung von ungesattigten organischen

Verbindungen mittels eines neuartigen [NEtsMe][CI(BrCl),]-Komplexes, welcher in der Arbeitsgruppe
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Hasenstab-Riedel entwickelt wurde, untersucht. Die gute Atomoékonomie in Kombination mit einer
hohen Reaktivitdt bei gleichzeitiger Selektivitdt konnte anhand verschiedenster Substrate gezeigt

werden.

Studien zur Totalsynthese von Hypatulin A und B

Der letzte Teil dieser Arbeit befasst sich mit der Synthese der beiden Naturstoffe Hypatulin A und B.
Die beiden polyprenylierten Meroterpene wurden 2016 von der Arbeitsgruppe Kashiwada aus den
Blattern des GroBblumigen Johanniskrautes (Hypericum patulum) isoliert und mit Hilfe von 2D-NMR
und ECD-Spektroskopie charakterisiert. Die einzigartige hoch-substituierte tri- bzw. bizyklische
Struktur und die vier bzw. drei benachbarten quaternéren Stereozentren von Hypatulin A und B lieRen
einen chemisch-synthetischen Zugang zu beiden Naturstoffen erstrebenswert erscheinen. Im Hinblick
auf die vielfaltige biologische Aktivitdt verwandter Naturstoffe, sollte die Totalsynthese zusétzlich
verschiedenste Derivatisierungsmoglichkeiten eréffnen.
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Ausgehend vom iodierten Enon | konnte die erste Allylgruppe durch eine organokatalytische Brown-
Allylierung mit exzellenter Enantioselektivitat (94%) eingefiihrt werden. Eine anschliefende Nickel-
katalysierte Kumada-Reaktion lieferte Alkohol Il mit einer ausgezeichneten Ausbeute von 84% uber
zwei Stufen. Die nahezu quantitative Darstellung des B-Ketoesters lll gelang in einer Eintopf-Reaktion,
bei der eine Oxa-Cope-Umlagerung mit einer Methoxycarbonylierung kombiniert wurde. Die zweite
Allylgruppe wurde durch eine Sequenz bestehend aus einer Mitsunobu-artigen O-Allylierung und
anschlieRender enantioselektiver Oxa-Cope-Umlagerung stereoselektiv eingefiihrt. Durch eine
nachfolgende Silylierung konnte der Silylenolether IV mit einer moderaten Ausbeute von 32% Uber
drei Stufen hergestellt werden. Eine intermolekulare Mukaiyama-Aldol Reaktion und saurekatalysierte
Eliminierung fiihrten mit einer guten Gesamtausbeute von 60% zum Enon V. Mit Hilfe der
anschlieRenden Hosomi-Sakurai-Reaktion wurde die letzte Allylgruppe zwar mit einer guten Ausbeute
(63%) aber schlechten Diastereoselektivitat (dr = 1:2) eingefiihrt. Im weiteren Verlauf gelang es die

bizyklische Struktur VII nach drei weiteren Schritten aufzubauen.



Abstract
Organocatalytic a-Chlorination of Aldehydes

The organocatalytic a-chlorination of aldehydes was presented independently by the two research
groups of MacMillan and Jgrgensen in 2004. Subsequently, numerous publications followed to
elucidate the catalytic mechanism. The role and properties of aminal intermediates have been
controversially discussed since then. Based on calorimetry and NMR experiments, these species were
assigned to play an active role in the catalytic cycle (“on-cycle”) by the Blackmond group. In contrast
to the classical steric-shielding model, in which the C-Cl bond linkage defines the stereoselectivity of
the reaction, the thermodynamic equilibrium of two diastereomeric aminal intermediates is supposed
to be responsible for the enantiomeric ratio of the products here (Curtin-Hammett paradigm). Early
results of our own research were unable to support this scenario, so that a comprehensive mechanistic

investigation of the aforementioned reaction was commenced.
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Curtin-Hammett Scenario Steric-Shielding Model

The organocatalytic a-chlorination of aldehydes with various MacMillan and Jgrgensen catalysts was
investigated in detail. With the isolation and single crystal structure analysis of a wide variety of
MacMillan aminals we were able to elucidate the exact stereoconfiguration for the first time, thus
refuting the assignment made in the literature. Using a combination of decomposition experiments,
NMR measurements and DFT-based calculations, the Curtin-Hammett scenario could be excluded for
these species. Instead, MacMillan catalysts form aminals which are stable parasitic intermediates that

remove some of the catalyst from the catalytic cycle.
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Consequently, the conclusion of this mechanistic study was the thorough investigation of Jgrgensen
aminals, which were considered in the publication “Curtin-Hammett Paradigm for Stereocontrol in
Organocatalysis by Diarylprolinol Ether Catalysts”. Single crystals of the much more unstable aminals
were successfully isolated for structural analysis for the first time by modifying the reaction process. A
combination of NMR measurements and DFT-based calculations could be used to further characterize
the two aminal species described in the literature. To elucidate the absolute stereoconfiguration and
conformation, decomposition and deuterium incorporation experiments allowed the downstream
reactivity to be studied in more detail. In addition to the MacMillan aminals, the incorrect
stereochemical assignment of the aminal species could thus also be corrected for the Jgrgensen

aminals and a Curtin-Hammett scenario could be excluded also for this type of catalyst.

Based on the better understanding of the stabilizing interactions within aminals, it was possible to
suppress the formation of these parasitic species and significantly reduce the catalyst loading.
Furthermore, it could be shown that the organocatalytic a-chlorination of aldehydes can access

synthetically interesting chiral compounds such as triazoles.

Application of Novel Polyinterhalides

Due to the instability and dangerous handling of pure BrCl, the synthesis and application of stabilized
polyinterhalides represents an interesting interdisciplinary field of research. In a recent publication,
the Hasenstab-Riedel group successfully completed the syntheses and characterizations of compounds

of the type [Y][CI(BrCl),] (Y = cation; x = 1-6).
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In the second part of this thesis, the interhalogenation of unsaturated organic compounds was
investigated using a novel [NEtsMe][CI(BrCl),] complex developed by the Hasenstab-Riedel group. The
good atomic economy in combination with a high reactivity and simultaneous selectivity could be

demonstrated using a broad substrate scope.
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Studies on the Total Synthesis of Hypatulin A and B.

The last part of this thesis deals with studies on the total synthesis of the two natural products
hypatulin A and B. The two polyprenylated meroterpenes were isolated from the leaves of goldencup
St. John's wort (Hypericum patulum) by the Kashiwada group in 2016 and characterized by 2D NMR
and ECD spectroscopy. The unique highly substituted tri- and bicyclic structures and the four and three
adjacent quaternary stereocenters of hypatulin A and B, respectively, suggested that a synthetic
approach to both natural products was desirable. In view of the diverse biological activity of related

natural products, a total synthesis approach should open up a wide variety of derivatization

possibilities.
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Starting from the commercially available iodinated enone I, the first allyl group was introduced by an
organocatalytic Brown allylation with high enantioselectivity (94%). A subsequent nickel-catalyzed
Kumada coupling afforded alcohol Il with an excellent yield of 84% over two steps. Nearly quantitative
preparation of B-keto ester Ill was achieved through a one-pot reaction combining an oxy-Cope
rearrangement with a methoxycarbonylation. The second allyl group could be stereoselectively
introduced by a sequence consisting of a Mitsunobu-like O-allylation followed by an enantioselective
oxy-Cope rearrangement. Subsequent silylation allowed the preparation of silyl enol ether IV with a
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satisfactory overall yield of 32% over three steps. An intermolecular Mukaiyama-aldol reaction and
acid-catalyzed elimination led to the enone V with a good yield of 60%. By applying the Hosomi-Sakurai
reaction, the last allyl group could be introduced with a good yield (63%) but poor diastereoselectivity
(dr =1:2). The construction of the bicyclic structure VII could further be realized after three additional

steps.
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1. Mechanistic Studies on the Organocatalytic a-Chlorination of Aldehydes and the Application in

Organic Synthesis
1.1. Introduction
1.1.1. Organocatalysis

A catalyst is defined as a substance that accelerates a reaction without undergoing a (net) reaction
itself. By opening an alternative reaction pathway, it lowers the activation energy (Ea) without changing

the free enthalpy of the reaction (AG) (Figure 1).1!

A
Ea
Ea(cat)

>
= P AR WA\ AU AP
[ .
S starting

materials AG

products

reaction coordinate
Figure 1: Simplified energy diagram for a catalyzed (green) and non-catalyzed (blue) process.

For catalytic processes, a distinction is made between heterogeneous catalysis, in which the substrate
and the catalyst are in different phases, and homogeneous catalysis, in which both substances are in
the same phase.!? Catalytic processes are omnipresent in organisms, play a major role in industry and
are therefore extensively researched. Especially heterogeneous catalysis plays a crucial role in our
modern society. From the Haber-Bosch process, which provides the supply of nitrogen to agriculture,
to automotive catalysts, which enable the reduction of toxic emissions, catalysts are a key element of

our modern life.[

Catalysis can be further divided into subgroups such as biocatalysis, metal catalysis and
organocatalysis. By definition, organocatalysis is described as a reaction in which small organic and
metal-free molecules serve as catalysts for organic reactions.!® Within organocatalysis, a distinction is
made between covalent and non-covalent interactions. Covalent organocatalysis is represented by the
diverse group of amine catalysts!” (Scheme 1, 1.) or N-heterocyclic carbenes®® (Scheme 1, 2.). In these
cases, the substrates and the catalysts give rise to covalently bonded reactive intermediates
(enamines, Breslow intermediates), which with a suitable reagent lead to formation of the product.

Non-covalent organocatalysis is based on activation of the substrate by means of hydrogen bonds
1



(Scheme 1, 3. and 4.) (chiral Brgnsted acids'®, urea derivatives!”!) or other electrostatic interactions

(Scheme 1, 5.) (halogen bond donors'®).
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Scheme 1: Different organocatalysts, modes of activation with suitable substrates and possible reactivities (E:
electrophile, Nu: nucleophile): 1. Aminocatalysts can form enamines with aldehydes; 2. N-Heterocyclic
carbenes can form Breslow intermediates with aldehydes; 3. Organophosphates can activate imines by

hydrogen bonding; 4. Thiourea derivatives can activate ketones by hydrogen bonding; 5. Cationic multidentate

halogen bond donors can activate alkyl chlorides by halogen bonding

Although the term “organocatalysis” was coined at the beginning of the new millennium, particularly
by MacMillan®, the application of this concept goes back much further historically. The benzoin
addition discovered by Wéhler and Liebig in 1832 can be regarded as the first organocatalytic reaction
developed by chemists.'” Twenty-seven years later, Liebig first identified an organic molecule
(acetaldehyde) as the catalyst of an organic reaction (oxamide synthesis from dicyan and water).[*¥ In
1912, Bredig and Fiske were able to observe a small enantiomeric excess in the addition of hydrogen
cyanide to aldehydes by using the diastereomers quinine and quinidine as catalysts.!*? This research
marks the first man-made asymmetric organocatalytic reaction. The Hajos-Parrish-Eder-Sauer-
Wiechert reaction developed in the 1970s can be regarded as another milestone. By using
enantiomerically pure proline, it was possible to achieve enantiomeric excesses of >90% for the first

time.[23!

Since the introduction of the term "organocatalysis" in 2000, this field of research has seen a
tremendous increase in publications every year until 2012. The nearly constant publication numbers

since 2012 illustrate that research interest in this topic is undiminished (Figure 2).1*4
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Figure 2: Number of SciFinder entries for the research topic ,,organocatalysis” (*: Extrapolation based on 414

entries on March 29, 2021).014

1.1.2. Activation of Aldehydes by Secondary Amines

A fascinating subarea of covalent organocatalysis is the activation of aldehydes by secondary amines.

A distinction can be made between LUMO, SOMO and HOMO activation.!*"
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Scheme 2: Different activation modes for aldehydes with secondary amines.

The condensation of a secondary amine with an a-unsubstituted aldehyde generates, after elimination
of water, an iminium ion whose LUMO is energetically lowered compared to the carbonyl group. The
representation of the resonance structure illustrates the localization of the LUMO at the former
carbonyl carbon (blue box). This position is accessible by suitable nucleophiles. At the same time, the

acidity of the a-protons increases. The m-system consists of two n-electrons which are part of the C-N



double bond or are present as a free electron pair at the nitrogen atom in a second mesomeric

structure.
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Figure 3: Molecular orbital scheme for the C-O double bond of a carbonyl compound (left) and for the C-N

double bond of an iminium ion (right).

Figure 3 illustrates the differences between the C=0 carbonyl and the C=N iminium bond by means of
a qualitative molecular orbital diagram.!*® The LUMO of the carbonyl bond (left) corresponds to the
antibonding m* molecular orbital, which is formed from the linear combination of the two p, atomic
orbitals of the carbon and oxygen atom. The two non-bonding electron pairs of two sp? hybrid orbitals
of the oxygen atom form the HOMO. The unpaired electron in the third sp? hybrid orbital of the oxygen
atom would form the o-bond to the carbon atom in a complete molecular orbital scheme. Compared
to the carbonyl bond, the LUMO of the C-N double bond in the iminium ion (Figure 3, right), which
results from the same linear combination, is energetically lowered and clearly localized at the carbon
atom. The energetic lowering of the LUMO results from the energetically lower atomic orbitals of the
positively charged nitrogen. This reflects the increased reactivity toward the HOMO of a nucleophile.
The HOMO of the iminium ion is the occupied and binding mt-molecular orbital. The three unpaired
electrons in the three sp? hybrid orbitals of the nitrogen atom would, in a complete molecular orbital
scheme, again form the o-bond to the carbon atom and additionally two more c-bonds to two (alkyl)

substituents.

Examples of LUMO activation include reductive amination*” (Nu~ = H’) or activation of carbonyl
compounds by Lewis or Brgnsted acids followed by nucleophilic attack at the former carbonyl carbon
atom®. In addition, iminium catalysis with a,B-unsaturated aldehydes can provide nucleophilic

addition at the B-position.**!



Formal one-electron reduction provides access to SOMO activation with three electrons in the n-
system (orange box). The mesomeric structure shows the reactive center of the molecule. In this case,
SOMO-philic molecules can react with the a-position of the activated aldehyde. Literature-known
examples for the application of SOMO activation are the a-allylation™® and a-chlorination?® of

aldehydes.

Through another formal one-electron reduction, HOMO activation with four m-electrons in the m-
system is accessible (green box). The same activation mode can be achieved by a-deprotonation of the
previously mentioned iminium ion. The HOMO, which is localized in the a-position, is energetically
higher than the one for the corresponding enol species.!* Thus, it has a distinct nucleophilic character
and is reactive towards electrophiles. HOMO activation, on which enamine catalysis is based, has been
and is a subject of versatile research. Applications include aldol reactions and a wide variety of a-

functionalizations (a-oxidation, a-chlorination, a-amination, etc.)./

Enamine and iminium ion are in direct equilibrium with each other due to protonation/deprotonation
(Scheme 2). The equilibrium between iminium ion 3 and enamine 4 can also be interpreted as a simple
acid-base equilibrium.”?Y The stability of the respective species (enamine and iminium ion) and the
available reaction partner (electrophile or nucleophile) define the type of reaction that takes place
subsequently. Since the two modes of activation can in principle take place under the same conditions,
some organocatalysts can mediate both, nucleophilic and electrophilic reactions. Based on the vinylogy
principle!?? functionalizations of a,B-unsaturated aldehydes or conjugated dienals (1) in the B-, y-, &-
and e-position are accessible (Scheme 3). Due to the cascade-like reaction course, multiple

functionalization in one reaction are possible.?3!

Scheme 3: Reactivities of the polyunsaturated aldehyde 1 and amine catalyst 2 according to the vinylogy

principle.

The formation of aminal intermediates in the organocatalytic a-chlorination of aldehydes (Chapter
1.1.4.) is a consequence of a twofold activation. The enamine 6 formed by HOMO activation from
aldehyde 5 and catalyst 2 first reacts as a nucleophile with the electrophilic chlorinating reagent NCS

(7). The resulting a-chloroiminium ion 8 is now LUMO-activated and allows nucleophilic attack of the



succinimide anion (9) at the iminium carbon atom, leading to the formation of the aminal 10 (Scheme
4).
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Scheme 4: Aminal formation through the sequence of HOMO and LUMO activation.

1.1.3. Organocatalytic a-Chlorination of Aldehydes

The catalytic cycle shown in Scheme 5 depicts the general and simplified idea of a HOMO-activated,
amine-catalyzed reaction of aldehydes with electrophiles. The secondary amine catalyst 2 first
condenses with the a-unsubstituted aldehyde 5 to generate the iminium ion 11. Subsequent
deprotonation leads to enamine 6. This nucleophile can react with an electrophile (E*) to form the
iminium ion 12. Subsequent hydrolysis releases the a-functionalized aldehyde 13 under regeneration

of the catalyst 2.

R' 12 R' 11
(3"
+ ) -H+
E z
R' 6

Scheme 5: Simplified catalytic cycle for the amine-catalyzed reaction of aldehydes with electrophiles (E*).

Based on the HOMO activation, the two research groups of MacMillan and Jgrgensen independently
developed the first enantioselective organocatalytic a-chlorination of aldehydes in 2004.1242]
Previously, other a-functionalizations of aldehydes and ketones had been realized by enamine

catalysis.!



MacMillan's research group used a combination of imidazolidinone 14 and Lectka's ketone 15 to
achieve excellent yields (up to 94%) and enantiomeric excesses (up to 95%) at a temperature of —30 °C
(Scheme 6, top). At 4 °C and by using NCS as a chlorinating agent, the enantiomeric excess decreased

dramatically (19%).124
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Scheme 6: The first two examples of an enantioselective organocatalytic a-chlorination of aldehydes (top

MacMillan, bottom Jgrgensen).

In the course of his doctoral research in the MacMillan group, Brown observed the racemization of the
chiral a-chloroaldehyde over time at room temperature. He also identified significant amounts of

dichlorinated aldehyde at this temperature.[¢!

Jargensen and co-workers, on the other hand, used the C;-symmetric diarylpyrrolidine 17 as a catalyst
and NCS as a chlorinating reagent to achieve excellent yields (up to 99%) and enantiomeric excesses
(up to 97%) already at room temperature (Scheme 6, bottom). In this example, no racemization could

be observed over time.[?!

In 2009, MacMillan's research group developed an a-chlorination protocol based on the SOMO
activation mode, using lithium chloride as a low-cost and atom-economical chlorinating reagent

(Scheme 7).2%
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Scheme 7: MacMillan’s SOMO chlorination.



The initially employed imidazolidinone catalyst 20 led to unsatisfactory enantioselectivities at room
temperature, as in Brown’s studies.?>?®! Only the novel design of the pseudo-C,-symmetric catalyst 18
gave satisfactory results and suppressed the downstream racemization of the product even at elevated

temperatures.

MacMillan and Brown postulated a downstream mechanism that explains both racemization and dual
chlorination of the product (Scheme 8).[2%%¢ Here, the imidazolidinone catalysts 14 and 19 can re-
condense with the chiral a-chloroaldehydes (R)-16 and (S)-16 to form the chloroiminium ions 20a/20b
and 21a/21b, which can be in equilibrium with the chloroenamines 22 and 23, respectively. These
chloroenamines can subsequently lead to racemization of the a-stereocenter by non-selective
protonation (rac-16) or be chlorinated for a second time (24). For the pseudo-C,-symmetric catalyst

18, downstream racemization or dichlorination was not observed.
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Scheme 8: Postulated mechanism for racemization and dichlorination (X=Y=Me Brown dissertation; X='Bu, Y=H

MacMiillan 2009).

The group of Jgrgensen showed that two enantiomeric a-halogenated aldehydes have different
tendencies to form halo enamines. The authors reason that this phenomenon is due to the different
shielding of the two acidic protons of the haloiminium ions (Scheme 9, red). To verify their hypothesis,
they condensed a racemic mixture of a-fluoroaldehydes (R)-25 and (S)-25 with a chiral organocatalyst
and reacted it with N-fluorobenzenesulfonimide as an electrophilic fluorinating reagent. The twofold
fluorinated aldehyde 29 was subsequently identified in the reaction mixture. Moreover, the
enantiomeric excess of the monofluorinated aldehyde (S)-28 was now 20%. Through this experiment,
it was shown that one enantiomer can be preferentially converted to the difluorinated aldehyde 29 via

the fluorinated enamine 27.%7
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Scheme 9: Kinetic resolution of a racemic a-fluoroaldehyde according to Jgrgensen.

In another study on the a-chlorination of aldehydes using 2,5-diphenylpyrrolidines as catalysts, the
group of Jgrgensen gained additional insights into the reaction mechanism.!?®! Experimental and
computational methods led the authors postulate an initial N-chlorination of enamine 30, followed by
an [1,3]-sigmatropic shift to form the product, rather than direct chlorination of the nucleophilic
enamine carbon (Scheme 10). This hypothesis was investigated by the group of Metzger,'*!
Blackmond,*® and Renaud®'! and was evaluated differently. In addition, the study of Jgrgensen

identified the hydrolysis of the chloroiminium ion 33 as the rate-determining step of the reaction.
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Scheme 10: Excerpt from the reaction mechanism postulated by Jgrgensen.

Over the course of the last two decades, numerous studies have appeared in which the catalytic
properties of various secondary amines have been compared. Of particular interest for organocatalysis
is the nucleophilicity of the catalysts and the stability and reactivity of the corresponding enamines.
The group of Mayr showed that the basicity and nucleophilicity of the imidazolidinone-based
MacMillan catalysts is significantly lower than that of the pyrrolidine-based catalysts (e.g. J@rgensen-
Hayashi catalyst). This observation correlates with the nucleophilicity of the corresponding enamines.
Again, the enamines of the imidazolidinones show significantly lower nucleophilicity than the

pyrrolidine-based enamines.’®?



A crucial factor for the reactivity of enamines is the pyramidalization of the nitrogen atom.!33 A distinct
sp? hybridization leads to a tetrahedral nitrogen in which the four tetrahedral corners are occupied by
the free electron pair and the three bonding partners of the nitrogen. The more planar the nitrogen,
the stronger the sp? hybridization character. In this borderline case, all bonding partners of the
nitrogen lie in a triangular plane and the free electron pair is located in the p orbital, which is
perpendicular to it. Figure 4 shows the two boarder cases of hybridization. In an idealized sp?
hybridized nitrogen, the nonbonding sp® orbital carrying the free electron pair points away from the
N-C bond axis at a tetrahedral angle of 109.5 °C. The geometric overlap of this orbital with the
antibonding m-orbital of the C-C double bond (LUMO) is unfavorable in this case (Figure 4, left). A
different picture emerges for an ideal sp? hybridization of the nitrogen. Here, the non-bonding p orbital
lies in the same plane as the antibonding m orbital of the C-C double bond and the overlap is optimal
(Figure 4, right). The more planar the nitrogen and the better the overlap of the nonbonding orbital of
the nitrogen with the antibonding mt orbital of the C-C double bond, the better the electron donation

(n—7t*) and the higher the reactivity with electrophiles.®*
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Figure 4: Extreme cases of hybridization at the nitrogen atom and the resulting overlaps with the LUMO of the

C-C double bond.

The group of Vilarrasa compared the relative stabilities of the enamines formed from the equilibrium
between catalyst/aldehyde and enamine. Accordingly, the thermodynamic stability correlates with the

subsequent reactivity toward electrophiles.#
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Figure 5: Structure-reactivity relationship of some enamines from the two catalyst classes.

nucleophilicity

10



The authors concluded that imidazolidinone enamines such as 36 and 37 posses lower nucleophilicity
than pyrrolidine-based enamines such as 34 and 35 (Figure 5). According to the authors, their

observation can be rationalized by steric shielding and the electronic structure of the catalysts.

Enamine formation of different catalysts has also been studied by Wiest.[?!! Figure 6, illustrates that
enamine formation proceeds more favorably when using the Jgrgensen-Hayashi catalyst 38 than with
the MacMillan imidazolidinones 14 and 19. These observations are consistent with the previously
mentioned publications. The effect of the addition of acid (benzoic acid, TFA) to the reaction mixture
is also evident. For example, the addition of benzoic acid dramatically reduces the enamine formation
of catalyst 38. In the case of imidazolidinone 14, enamine formation is completely suppressed by the

addition of TFA.
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Figure 6: Enamine formation of various catalysts and additives after 30 min according to Wiest.

In the context of the conversion of terpene-based starting materials, the organocatalytic a-chlorination
of aldehydes was also investigated and applied in the Christmann group. The starting point was the
desire to make synthetically valuable chiral epoxides accessible by the organocatalytic a-chlorination
of aldehydes. SOMO activation according to MacMillan initially represented a promising possibility
because inexpensive and atom-economical chlorinating agents could be used here. Due to side
reactions attributed to the decomposition of radical intermediates,?* a suitable alternative had to be
found. MacMillan's a-chlorination benefits from the simple, inexpensive, and scalable synthesis of
imidazolidinone catalysts.'*® However, the quantitative use of Lectka’s ketone 15 is expensive®”! and
releases pentachlorophenol after conversion, a toxic and probably carcinogenic substance.® For the
reaction procedure according to Jgrgensen,”> the opposite case arises: the synthesis of
diphenylpyrrolidine catalyst 17 represents a major disadvantage, especially considering scalability and
cost.®! At the same time, the chlorinating reagent NCS is inexpensivel®® and releases harmless
succinimide after conversion. Finally, the combination of catalyst 18 and NCS provided an efficient,

inexpensive and scalable system for a-chlorination of aldehydes (Scheme 11).5%
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Scheme 11: ,,Merged“-chlorination according to Christmann.

1.1.4. Aminal Intermediates

The reaction mechanism was further elucidated by the observation of previously unknown aminal
intermediates. These species consist of catalyst, aldehyde and chlorinating reagent and were identified
spectroscopically for the first time by the Jgrgensen group.?® For this purpose, a previously synthesized
enamine 39 was reacted with NCS to generate the aminal 40 (Scheme 12). Interestingly, the authors
observed the exclusive formation of one diastereomer (40a or 40b). The unstable nature of the aminal
made the isolation impossible, which would have been necessary to elucidate the relative

stereoinformation.
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Scheme 12: Aminal synthesis according to Jgrgensen.



In 2012, the group of Blackmond revisited these aminal intermediates in a study on stereocontrol of
organocatalytic reactions.% The aim was to show that in the organocatalytic a-chlorination of
aldehydes, the final stereochemical outcome is not defined by the transition state in which the
stereocenter is formed, but by the relative stabilities of two interconverting diastereomeric aminal
intermediates. This Curtin-Hammett scenario, postulated by the authors should lead to the erosion of
the initially near-perfect stereoselectivity of the C-Cl bond formation (6 to 41). The remaining anion
(Y") of the chlorinating agent (Y-Cl) can subsequently form the two equilibrating diastereomeric aminals
syn-42 and anti-42 by syn- or anti-addition to the chiral chloroiminium ion 41. As a rate-determining
step, stereospecific E2 elimination leads to the chloro enamines E-43 or Z-43. A highly selective
protonation and subsequent hydrolysis of the two species generates the two enantiomeric a-

chloroaldehydes (S)-16 and (R)-16, respectively.
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Scheme 13: Catalytic cycle according to Blackmond.

The main hint for this new paradigm of stereocontrol was the observation that the diastereomeric
ratio of the aminals (Scheme 13, green) was nearly identical to the enantiomeric ratio of the
chlorinated products (Scheme 13, blue). The appearance of EXSY-cross-peaks in the NOESY spectrum
of the reaction mixture led the authors to postulate the interconversion of the two aminals. All
spectroscopic data were taken from *H NMR spectra of the reaction mixtures. The absolute or relative
stereoconfiguration of the aminals could again not be clarified. In the course of their studies the

authors used three different chiral pyrrolidine-based catalysts, isovaleraldehyde as the substrate and

13



NCS and NCP as chlorinating reagents. As a conclusion of their research, they claim “that this concept
may apply to related reactions and thus may represent a general phenomenon for amine catalysts

lacking an acidic directing proton”.

According to a master thesis prepared in the Blackmond group, aminal formation could also be studied
using MacMillan catalysts 14 and 19.Y Under the conditions published by MacMillan in 2004124
(Lectka's ketone 15 as chlorinating reagent), no intermediate (in this case hemiaminal:
pentachlorophenol anion) could be identified. Replacing the previously used chlorinating reagent by
NCS, two (in analogy to the results previously published by Blackmond®®) diastereomeric aminals were
detected (Figure 7). These compounds showed significantly greater stability than the aminals of the
Jorgensen-Hayashi catalyst and were isolable (the relative and absolute stereoconfiguration of these
species could again not be clarified). Importantly, no interconversion of the two diastereomers was
observed, not even at elevated temperature. The author concluded that these observations rule out a
Curtin-Hammett scenario: “In this case they [the two diastereomeric aminals] could not only be
detected at room temperature but also be isolated. Even heating did not provide enough energy to

equilibrate those diastereomers (no Curtin-Hammett scenario).”!?!
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Figure 7: Aminals identified in the aforementioned master thesis and the syn- and anti-assignment of aminals
made by Blackmond et al. together with the correlation between the diastereomeric ratio of these aminals and

the enantiomeric ratio of the corresponding a-chloroaldehydes (right).

Furthermore, when using MacMillan catalyst 19 with TFA, the author observed the decomposition of
one diastereomer during the ongoing reaction. In the review article “Explaining Anomalies in Enamine
Catalysis: Downstream Species as a New Paradigm for Stereocontrol”*Y! Blackmond et al. list the
results of this master thesis as further evidence for a Curtin-Hammett paradigm, despite the author's

contrary interpretation.

Further research to elucidate the catalytic mechanism in the Christmann group allowed the
identification of similar aminal intermediates as observed by Jgrgensen®® and Blackmond?+3%41],
These compounds, incorporating the imidazolidinone catalyst 18, could be isolated and the absolute

configuration could be determined by X-ray crystal structure analysis for the first time.[*?
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1.1.5. Application in Organic Synthesis

As demonstrated by various groups, a-chloroaldehydes are precursors for numerous compound
classes. This concept of “linchpin catalysis”, taken up by MacMillan, includes the generation of an
enantiomerically enriched intermediate by a highly specialized catalytic transformation, which can
then be efficiently converted into numerous synthetically valuable building blocks.?” a-Chlorinated
aldehydes are ideal examples for this type of intermediates. They are sufficiently stable compounds,
yet possess enough reactivity to undergo further synthetic derivatizations. As presented in Scheme 13,
the carbonyl functionality (blue) can be reduced, oxidized or otherwise modified. These
transformations can be followed by esterification, etherification and other reactions. Coupled with the
good leaving group properties of the chloride atom (red), which enables inter- and intramolecular Sy2
reactions, this opens up access to multiple compounds. Enantiomerically enriched amino acids,**
epoxides,®! aziridines*! or y-chlorinated Michael systems!*’! can thus be efficiently constructed in a

few steps.

O
37,
R SN2 (\OH
Wittig-Reaction / R
Reduction

NP

(I) Epoxidation R
(0]
l) Esterification C| \HJ\OR
R

/ R

Oxidation

AN o

Sn2
o R N H2N"HLOH
\‘)\OH

R
R
Scheme 13: Possible transformations of a-chloroaldehydes.

By applying these numerous transformations, research groups have further explored the application
of chiral a-chloroaldehydes over time, allowing the synthesis of more complex structural elements.
The group of Britton established the a-chlorine atom as a practical and atom-economical auxiliary in
aldol reactions™*® and opened access to heterocycles and their related natural products*’!. Kokotos
and co-workers developed a one-pot strategy to prepare chiral 2-oxopiperazines, structural motifs in

various drugs and natural products.*®

A more recent example can be found in the Pihko group. The synthesis and successful installation of
the two stereocenters of (+)-lycoperdic acid was achieved by an organocatalytic Mukaiyama aldol and

an organocatalytic a-chlorination combined with a Pinnick oxidation (Scheme 14).14%!
15
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Scheme 14: Part of the synthesis of (+)-lycoperdic acid.

The method developed in the Christmann group (chapter 1.1.2; organocatalyst 18 and NCS) found
valuable application in the total synthesis of ripostatin B.1*’! The aldehyde 49 prepared from geranyl

acetate could be efficiently converted to the key intermediate 50 by the previously mentioned method

(Scheme 15).
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Scheme 15: Part of the total synthesis of ripostatin B.
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1.2. Scientific Goal

The combination of imidazolidinone 18 and NCS requires a high catalyst loading to allow for satisfying
conversion to the product. Together with the isolation and characterization of the stable aminals, the
guestion arises which role these intermediates play in the catalytic cycle and how to minimize the
catalyst loading by better understanding the reaction mechanism. Achieving the isolation and therefor
stable nature of these aminals, makes their role in a downstream process as described in the Curtin-
Hammett scenario® seem unrealistic. Instead, it was hypothesized that these aminals are stable
parasitic species that accumulate outside the catalytic cycle. Since these aminals remove catalyst from
the ongoing reaction and incorporate the product, the first aim was to suppress the formation of these

intermediates or to promote their decomposition.

1
additives

(0] / Q /
N 4 4 N 4
j R IR R
2 3
R N)<R3 | \_) : N)(Ra
o, == CH) 2
R! 54 R'!53 \/ R' 52

Y-Cl
Scheme 16: Simplified catalytic cycle with color-coded modification options.

The catalytic cycle in Scheme 16 reveals various possibilities for modifications of the catalytic system.
First, by introducing sterically demanding substituents (R?, R3, and R?) on catalyst 51, the nucleophilic
attack of the anion (Y°) to the chloroiminium ion 53 and hence the formation of the aminal 54 should
be prevented. Due to the convenient and flexible synthesis of the imidazolidinone catalysts,!® the
substituent R? can be varied by utilizing different amino acids as the starting material. R* and R* can be
altered by choosing from a variety of aldehydes (R® or R* = H) or ketones (R® and R* = alkyl, aryl).
Another conceptual way to prevent intermediate enrichment is to modify the chlorinating reagent
Y-Cl. By introducing electron-withdrawing groups, the nucleophilicity of the anion Y can be lowered
and the leaving group quality increases. Since the chlorinating reagents are used stoichiometrically, a
short, inexpensive and scalable synthesis should be envisioned. In addition, the use of additives should
be investigated. As mentioned in a previous work on another system,’?®! the addition of water and
acids can increase the reaction rate. Looking again at the catalytic cycle allows for an explanation of

this effect. Water can accelerate the hydrolysis of the chloroiminium ion 53 and thus reduce the
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competing formation of the aminal 54. A Brgnsted acid could further protonate the anion Y-, thus
lowering its nucleophilicity. In addition, acidic conditions could facilitate the decomposition of aminal

54 and thus promote the release of the product and catalyst.

The influence of novel imidazolidinone catalysts and additives on the reaction rate should be
investigated by time-resolved GC-MS measurements. We intended to observe the accumulation of
aminal intermediates when using novel chlorinating reagents by monitoring the course of the reaction
with the aid of 'H NMR spectroscopy. A preliminary interpretation of the aminal intermediates should
also be made by evaluating the kinetic profile. The decomposition mechanism of the aminals should
be elucidated by decomposition and deuterium incorporation experiments. The absolute
stereoconfiguration of various intermediates from different catalysts, substrates and chlorinating
reagents should be elucidated by single crystal structure analyses. KIE experiments and DFT-based
calculation of possible transition states should give a deeper insight into the reaction mechanism.
Furthermore, we intended to elucidate the properties of the much more unstable Blackmond aminals
experimentally by NMR measurements, decomposition and deuterium incorporation experiments,

and theoretically by DFT-based calculations.

The evaluation and interpretation of these experiments can subsequently provide further insights into
the catalytic mechanism and unambiguous assignment of various aminal species. The results should
then be compared to findings from other groups. Of particular interest can be the similarities and
variations between different catalyst systems (Ex: Jgrgensen-Hayashi pyrrolidines and MacMillan

imidazolidinones).

Based on the better understanding of the stabilizing interactions within aminals, an improved catalytic
system should be presented. The applicability should be demonstrated using a wide range of
substrates and by synthesizing two chiral regioisomeric bistriazoles. These bistriazoles can be

investigated in further studies for their properties as bidentate ligands.
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Abstract:

Herein we report the isolation and characterization of aminal intermediates in the organocatalytic a-
chlorination of aldehydes. These species are stable covalent ternary adducts of the substrate, the
catalyst and the chlorinating reagent. NMR-assisted kinetic studies and isotopic labeling experiments
with the isolated intermediate did not support its involvement in downstream stereoselective
processes as proposed by Blackmond. By tuning the reactivity of the chlorinating reagent, we were
able to suppress the accumulation of rate-limiting off-cycle intermediates. As a result, an efficient and

highly enantioselective catalytic system with a broad functional group tolerance was developed.
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Author Contribution:

| was first able to develop an optimized catalytic system consisting of an adamantyl-substituted
imidazolidinone catalyst and the electron-deficient chlorinating reagent 2-chloro-5-nitroisoindoline-
1,3-dione and demonstrate its applicability to a wide range of substrates. Time-dependent *H NMR
measurements to investigate the influence of self-developed chlorinating reagents and the
comparison of novel catalysts by time-resolved GC-MS spectroscopy were also carried out by me.
Furthermore, the aminal intermediate could be prepared in larger amounts for the first time by an
optimized synthesis and workup procedure and subsequent decomposition and deuterium
incorporation experiments could be realized. The interpretation of the collected results and the

preparation of the manuscript were carried out in collaboration with Prof. Dr. Mathias Christmann.
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Mechanistic Studies on the Organocatalytic a-Chlorination of
Aldehydes: The Role and Nature of Off-Cycle Intermediates

Sebastian Ponath, Martina Menger, Lydia Grothues, Manuela Weber, Dieter Lentz,

Carsten Strohmann, and Mathias Christmann*

Abstract: Herein we report the isolation and characterization
of aminal intermediates in the organocatalytic a-chlorination
of aldehydes. These species are stable covalent ternary adducts
of the substrate, the catalyst and the chlorinating reagent.
NMR-assisted kinetic studies and isotopic labeling experiments
with the isolated intermediate did not support its involvement
in downstream stereoselective processes as proposed by Black-
mond. By tuning the reactivity of the chlorinating reagent, we
were able to suppress the accumulation of rate-limiting off-
cycle intermediates. As a result, an efficient and highly
enantioselective catalytic system with a broad functional
group tolerance was developed.

Enantiomerically enriched a-chlorinated aldehydes consti-
tute important chiral building blocks."™! In 2004, MacMillan
and Jgrgensen reported the first asymmetric organocatalytic
a-chlorination of aldehydes via enamine catalysis using
imidazolidinones!* or diarylpyrrolidines!"! as catalysts. Five
years later, MacMillan developed a conceptually different
SOMO chlorination approach.”! The group of Britton and
others have utilized organocatalytic chlorinations to access
chiral heterocycles and natural products.”!

During a total synthesis campaign, we attempted to
convert citronellal as terpene-feedstock into the correspond-
ing 1,2-epoxide by a-chlorination, reduction and base-
induced epoxide formation. The application of MacMillan’s
organo-SOMO methodology® led to decomposition which
can be attributed to radical intermediates, which react with
the electron-rich olefin within the substrate.”” Expensive
chlorinating reagents® or catalysts!'! were prohibitive for
scale-up. Merging inexpensive N-chlorosuccinimide (NCS) 3
and MacMillan’s imidazolidinone 2-TFA resulted in an
efficient system that was used in our group®® and by
others.”*) While yields and enantioselectivities are usually
excellent, a relatively high catalyst loading of up to 30 mol %
is required to achieve good conversion. Aiming to overcome
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this obstacle, a detailed investigation of the enamine chlori-
nation was initiated. The mechanism has been discussed
controversially by several groups.'™""! In early studies, the
stereochemical outcome was rationalized using a steric
shielding model." In contrast, Blackmond, Bures and
Armstrong suggested a Curtin—-Hammett paradigm where
aminals are part of a secondary cycle. In this scenario, the
enantioselectivity results from the relative stability and
reactivity of intermediates downstream to the primary cycle.
They concluded that this mechanistic concept may present
a general phenomenon for amine catalysts lacking an acidic
directing proton and can be also applied to other enamine-
electrophile reactions."! In a computational study on related
organocatalytic Michael additions of aldehydes and nitro-
alkenes, Papai concluded that the reaction rate is dictated by
the stability of similar ternary intermediates. The stereose-
lectivity, however, was rationalized by the attack of the
enamine (steric shielding model). The suggestion that the
enantioselectivity is determined by the stability of rapidly
interconverting intermediates was not supported.!'!

Irrespective whether a downstream cycle is operative,
suppressing aminal accumulation was envisioned to be
beneficial for the reaction rate. Thus, it was anticipated that
tuning the catalyst structure and the counteranion of the Cl*
source would greatly impact the formation and decomposi-
tion of the aminal.

As a model reaction, the chlorination of hydrocinnamal-
dehyde (1) using 2-TFA as the catalyst and NCS (3) as the C1*
source was investigated (Figure 1). The substrate was quickly
consumed and converted to chloroaldehyde 4. However, after
one hour the catalyst is almost completely caught up in the
stable intermediate S. It was possible to isolate this inter-
mediate for the first time and unambiguously characterize its
structure by x-ray crystallography (Figure 2). In order to rule
out that the isolated intermediate was a singular example, the
reaction was carried out with different (di-)aldehydes and
chlorinating reagents. In all cases, stable and isolatable
intermediates were observed. The relative configuration
corresponds to a formal syn-addition of the chlorinating
agent to an E-enamine double bond.

The optimization began with the synthesis of imidazoli-
dinones 2 and 10-13."! Increasing the size of the alkyl groups
at C2 and C5 was anticipated to lower the rate of aminal
formation and consequently, increase the overall rate of the
chlorination reaction. Screening experiments using in situ
generated” TFA salts of 10-13 showed no significant benefit
on the reaction rate and the enantioselectivity compared to
catalyst 2. Interestingly, catalyst 13 showed a slightly higher
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Figure 1. Reaction monitoring by "H NMR spectroscopy: Hydrocinna-
maldehyde 1 (0.1 m) in MeCN-d;, NCS 3 (1.2 equiv), catalyst 2-TFA
(20 mol %) at 22°C.

Figure 2. Crystal structures of isolated intermediates: 5 (hydrocinna-
maldehyde, NCS, 2), 6 (octanal, NCS, 2), 7 (pentanal, NCS, 2), 8
(hydrocinnamaldehyde, NCP, 2), phthalimide was cleaved upon
workup with NaBH,), 9 (heptanedial, NCS, 2).

reaction rate, the best enantioselectivity and was convenient
to handle as a bench-stable crystalline solid (Figure 3).

We then turned our attention to the modification of the
chlorinating reagent. The installation of electron withdrawing
groups was anticipated to weaken the N-Cl-bond increasing

oL ./
Dy
R N)"Bu
H

10: R = (S)-sec-butyl
11: R = isopropyl!

o /
e
N)WR
H

2: R = tert-butyl
12: R = 1-methylcyclohexy!
13: R = adamant-1-yl

Figure 3. Synthesized imidazolidinone derivatives and crystal structure
of catalyst 13.
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the reactivity of the electrophile. More importantly, reducing
the nucleophilicity of the nitrogen atom lowers its ability for
nucleophilic attack on the iminium ion 14 (k). By the same
reasoning, the electron-deficient imides would destabilize the
intermediates 16 (k_,). Irrespective whether the formation of
16 is inhibited or its decomposition is promoted, both effects
would suppress the accumulation of this intermediate as
illustrated in Figure 4.

O Me

Dy
& N w/tBu
)\rm
N

1 7 N\ R

]

%@0/_ 16

b

14 R k1

Figure 4. Modified CI" source and its effect on enamine formation and
decomposition.

To probe that hypothesis, four electronically different
chlorinating reagents were synthesized (Figure 5).%

0 Cl o o] o]
F cl O,N
N-CI N-CI N-ClI N-CI
Cl
e} ca O e} o]
17 18 19 20

Figure 5. Electronically modified chlorinating reagents.

In analogy to an investigation on the fluorine plus
detachment (FPD) of F*-sources,'”! placing electron-with-
drawing substituents at the phthalimide was anticipated to
increase its reactivity by weakening the N-Cl-bond. In
addition, the effect on the accumulation of the aminal
intermediates was studied. The tetrachloro- (CI,NCP) 18
and the nitrophthalimide (NO,NCP) derivative 19 afforded
the highest reaction rates whereas the fluorophthalimide
(FNCP) 17 showed lower reactivity. The tetramethylsuccini-
mide (Me,NCS) 20 derivative gave very sluggish conversion.
For further investigations, NO,NCP (19) was selected over
CLNCP 18 due to higher solubility and its accessibility from
inexpensive nitrophthalimide.

In a '"H NMR study, the influence of the CI™ sources 19
and 20 on aminal formation was studied (Figure 6). As
expected, the electron-rich Me,NCS 20 formed a highly stable
aminal intermediate. After 3 h, the aminal concentration
reached its maximum with almost all the catalyst and
a significant amounts of the product being tied-up in this
intermediate. In contrast, using NO,NCP 19 as the CI* source
gives rise to an intermediate which reaches its maximum
concentration after 30 minutes. Interestingly, the maximum
aminal concentration is significantly lower compared to
Me,NCS 20 and quickly drops within the next two hours. As
a consequence, the amount of free catalyst is never below
10 mol % and none of the product remains trapped within the
aminal intermediate. The rapid decomposition of aminal

Angew. Chem. Int. Ed. 2018, 57, 11683 -11687
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Figure 6. Reaction monitoring by 'H NMR spectroscopy: Hydrocinna- / H)YCI \
maldehyde 1 (0.1 m) in MeCN-d;, Me,NCS (20) or NO,NCP (19) R H*
(1.2 equiv), 2-TFA (20 mol %) at 22°C.
o ./
by
intermediate underscores the excellent leaving group proper- N) By
ties of nitrophthalimide anion, which may be attributed to ’ &/Cl
better charge delocalization. r 28

Finally, the effects of acids as additives was investigated. It
was found that a 1:1:2 ratio of catalyst:TFA:AcOH gave \—4
optimal results, whereas binary acid-catalyst mixtures were HoY
inferior. It is conceivable that the acetate ion plays a role  Figure 7. The extended catalytic cycle (black) and downstream pathway
beyond a proton source such as forming short-lived adducts i analogy to Blackmond"" (gray).
with iminium intermediates.

With the ability to follow the concentration of the relevant  ion I is in an equilibrium with an off-cycle intermediate B. As
intermediates A, B and C over time and the isolated aminalin ~ we have shown above, the stability of B strongly depends on
hand, we felt we were in a position to positively contribute to  the character of the counteranion of the CI' source. In
the discussion on the existing conflicting mechanistic propos- ~ Blackmond’s two-cycle mechanism, the chloroiminium ion I
als (Figure 8). As proposed by Jgrgensen!'”! and MacMillan,™  forms intermediate B, which upon elimination of succinimide
the classical mechanism for chlorination of aldehydes A and protonation forms chloroiminium ion I or a diastereomer.
involves condensation with the catalyst 2”TFA to form  Eventually, hydrolysis of I affords the product C. Assuming
enamine 21 as the reactive species. Attack on a CI* source  that decomposition of B is rate-liming, the concentration of B
(Y-Cl) from the face opposite to the proximal bulky  would be expected to rise and reach a maximum concen-
substituent on N-heterocyclic catalyst affords an a-chloroi-  tration (c,,.) before decomposing to the product C. Under
minium ion I in the stereodetermining step. Hydrolysis  this premise, the product formation C should be delayed and
releases the catalyst 2 alongside formation of a-chloroalde- its rate should be maximal at ¢, (B), that is, C should have an
hyde C. Jgrgensen also noted that the addition of the inflection point at ¢ (B) (see Figure 8b for an idealized
succinimide anion to the iminium ion intermediate can give  kinetic profile). In our observation (Figure 8a), no delay in
rise to aminal intermediates!"”! (Figure 7, black). product formation was observed, that is, the rate was the

Upon reinvestigation of the chlorination reaction using  highest in the beginning and dropped continuously over time.
the Jgrgensen—Hayashi catalyst, Blackmond proposed that  This behavior was observed irrespective whether the inter-
the aminal B is not only an off-cycle intermediate but instead
involved in a secondary stereodetermining catalytic cycle.* a)

It was suggested that E2-elimination of succinimide from

aminal syn-B affords Z-chloroenamine 23. Diastereoselective é
protonation of this intermediate generates an a-chloroimi- .g
nium ion I (or its Z-diastereomer)'!! (Figure 7 gray). In their S
scenario, equilibration of diastereomeric iminium ions I prior 3
to hydrolysis is responsible for the stereochemical outcome. 2

Following the concentrations of A, B and C should allow %
one to distinguish whether B is an off-cycle intermediate or
a mandatory intermediate in the pathway toward the product
C. In the classical mechanism, the aldehyde A forms the Figure 8. a and b) Experimental observation (a) and idealized kinetic
chloroiminium ion I, which upon hydrolysis releases the profile with mandatory formation of the intermediate (b); A: Substrate,
product C. In a non-productive pathway, the chloroiminium  I: Iminiumion, B: Aminal, C: a-Chloroaldehyde.
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mediate accumulated (Me,NCS 20) or quickly decomposed
(NO,NCP 19) (Figure 6).

In order to distinguish between the two mechanisms, we
subjected the isolated intermediate to the standard reaction
conditions using deuterated solvents and acids. If the reaction
proceeds through a chloroenamine, one would expect deut-
eration of the a-position of the aldehyde. Under the standard
conditions, the decomposition of the aminal is very slow (see
Figure 1). Thus, we did not observe deuterium incorporation.
Under more forcing conditions (Figure 9), the aminal 5 was

®!
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Figure 9. Decomposition process including downstream racemization
investigated by 'H and "*C NMR monitoring.

partially decomposed to the a-chloroaldehyde 4" after 1 h.
Interestingly, no deuteration was observed as seen by
"H NMR spectroscopy. After 19 h, most of the intermediate
was decomposed. At this time, partial deuteration of the a-
position was identified by the coupling pattern of the
diastereotopic beta protons and the multiplicity of the a-
carbon (4°). This behavior can be explained by a non-
selective racemization pathway as evidenced also by the drop
of the enantiomeric excess. After 66 h, the chloroaldehyde 4
was nearly racemic. Our experimental results support the
classical mechanistic proposal where the enamine chlorina-
tion constitutes the stereo-determining step (steric shielding
model). We could also show that accumulation of the off-cycle
aminal can become rate-limiting and has a negative impact on
the reaction rate by removing active catalyst from the
catalytic cycle. By tuning the chlorinating reagent with
electron withdrawing substituents, we could shift the aminal/
iminium equilibrium to the iminium ion (see Figure 4) and
increase the overall reaction rate. With an improved catalytic
system in hand, we wanted to explore its utility in the
chlorination of a diverse set of different aldehydes. Table 1
shows that using 5 mol% of catalyst 13 and 1.2 equiv of
NO,NCP (19) were sufficient to achieve excellent enantiose-
lectivities and good to excellent yields.
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Table 1: Substrate scope.
catalyst 13 (5 mol%), NO,NCP 19 (1.2 equiv),
o) TFA (5 mol%), AcOH (10 mol%),
J\/R MeCN, -30 °C, 48 h HO/\;/R
H then =
NaBH,, EtOH, 0°C, 1 h cl
Entry Product Yield [9%6]" ee [%]
HO YN NN
1 z 78 97
cl
20 HO N O 63 >99
Cl
NG
3 S 77 98
AN OTBDPS
4 r 74 96
HO SN S S OAC
5 I 87 96
NS OMOM
6 R 87 9%
HO S NHBoc
7 i 57 9
HO' Y
8 0 75 98
HOW
9 L 79 97
101 How 73 97
Cl
n TN 74 98

[a] Isolated yields. [b] 70 mol % of 2-TFA, 20 mol % of AcOH, 2.4 equiv of
NO,NCP; dr=95:5. [c] 97 % ee for the starting material (S)-citronellal;
Upscaling 5.00 g, 32.4 mmol (S)-citronellal, Rondomatic 4007, cryostat;
dr=97:3.

For octanal (entry 1), the reaction proceeds in 78 % yield
and 97 % ee. As a result of a Horeau- amplification,!” decan-
1,10-dial is an excellent substrate for bidirectional synthesis™”)
and affords the C,-symmetric dichlorinated alcohol in 63 %
yield and >99% ee along with minor amounts of the meso
diastereomer (entry 2). Bromides did not interfere with the
chlorination as shown for 5-bromopentanal to give the (-
chloroalcohol in 77 % yield (entry 3). A variety of acid-stable
protecting groups such as TBDPS, Ac, and MOM (entries 4—
6) were tolerated. In case of the Boc-protected primary amine
the yield was slightly lower. Aldehydes bearing aryl-, alkenyl
and alkynyl side chains (entries 8-11) gave excellent selectiv-
ities (97-98 % ee) and good yields (73-79 %). In case of (S)-
citronellal (entry 10), we initially encountered a significant
drop in the yield. Analysis of side products revealed that the
trisubstituted alkene readily reacts with the more electro-
philic CI" source NO,NCP (19) compared to NCS (3).P!l As
a major side product, we were able to isolate the allylic
chloride of a-chlorinated citronellal. As only small amounts
of (more reactive) enamine compared to the alkene are
present in the reaction mixture, we aimed to suppress
undesired allylic chlorination by slow addition of the chlori-
nating agent. It was possible to increase the yield from 29 % to
57% by adding NO,NCP (19) over 48 h by hand in small
portions. For obvious reasons, an automatic solution for
adding the reagent was sought. Using Rondomatic 400", an
automatic fish-feeding device in combination with cryostatic
cooling allowed us to achieve an increased yield of 73 % and

Angew. Chem. Int. Ed. 2018, 57, 11683 -11687
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97% ee. Gratifyingly, this reaction could be conveniently
carried out on a 5 g-scale (entry 10).

In summary, we have carried out a detailed investigation
of the organocatalytic a-chlorination of aldehydes. It was
possible to isolate and characterize the off-cycle intermedi-
ates for the first time, elucidate their role in the catalytic cycle
and to suppress their accumulation. Remarkably, the catalyst
loading was reduced from 20-30 mol %®* to 5 mol%. The
new catalytic system was applied to a variety of substrates
where it demonstrated good functional group tolerance with
excellent enantio- and diastereoselectivity. For electron-rich
olefins, allylic chlorination could be supressed with a modified
reaction procedure capitalizing on the higher reactivity of
enamines.
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Abstract:

A comprehensive analysis of the organocatalytic a-chlorination of aldehydes with N-chloroimides and
different catalysts is presented. For this reaction, alternate mechanisms were proposed that differ in
the role of resting state intermediates and the rationalization of the observed enantioselectivity. This
manuscript aims at resolving these fundamental questions on the basis of rigorous structural
characterization of intermediates (configuration and conformation), NMR studies, ion mobility-mass

spectrometry, concentration profiles, isotope studies, and DFT calculations.
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ABSTRACT: A comprehensive analysis of the organocatalytic a-chlorination of aldehydes with N-chloroimides and differ-
ent catalysts is presented. For this reaction, alternate mechanisms were proposed that differ in the role of resting state
intermediates and the rationalization of the observed enantioselectivity. This manuscript aims at resolving these funda-
mental questions on the basis of rigorous structural characterization of intermediates (configuration and conformation),
NMR studies, ion mobility-mass spectrometry, concentration profiles, isotope studies, and DFT calculations.

¢ INTRODUCTION

The development of novel concepts to exert stereochemi-
cal control over chemical reactions constitutes a funda-
mental challenge.! Toward this goal, catalytic strategies
that avoid expensive catalysts, toxic reagents and byprod-
ucts are considered among the most desirable. In order to
improve on the selectivity and efficiency of a given trans-
formation,? it is important to align experimental results
with consistent models.

Enantioselective organocatalytic reactions? via enamines
commence with a condensation of a carbonyl compound
and a chiral amine catalyst. In the selectivity-determining
step (Scheme 1), the electrophile reacts preferentially with
either of the two diastereotopic faces of the most reactive
enamine conformer. The relative rates of formation (kpa-
jor/Kminor) Of the diastereomeric iminium intermediates I
(d.r.) and the enantiomeric ratio (e.r.) of the hydrolysis
products P are usually rationalized by the relative energies
of the respective transition states of the enamine-electro-
phile reaction. In a study on enantioselective fluorinations
published in 2005, Jorgensen“ showed for the first time that
processes downstream to the formations of the stereogenic
center may result in a product e.r. that is different from the
d.r. of the two iminium intermediates (d.r. = e.1.).

In 2012, Blackmond, Bures, and Armstrong>® investigated
two reactions catalyzed by Jergensen-Hayashi diarylpro-
linol silyl ethers:7® the addition of aldehydes to ni-
troolefins, and the o-chlorination of isovaleraldehyde.

They arrived at the conclusion that “selectivity in these ex-
amples is rationalized not by comparison of transition
states for formation of the stereogenic center but by the
relative stability and reactivity of equilibrated downstream
intermediates and in the separate branches of a competi-
tive reaction network”.

Scheme 1. Stereopredictive Models
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It was further suggested that their concept coined “Curtin-
Hammett stereocontrol” may “represent a general phe-
nomenon for amine catalysts lacking an acidic directing
proton”. This projection is no exaggeration because if true,
the design of enantioselective catalysts in these cases



should be augmenting the relative thermodynamic stabil-
ity of intermediates rather than relative energies of transi-
tion states. In the following study, we will validate both
models? against new experimental data for the a-chlorina-
tion of aldehydes with different N-chloroimides, catalysts
and substrates. To facilitate the reading, we will commence
by framing the mechanistic discussion in the historical
context.

¢ BACKGROUND

Asymmetric Aldehyde Chlorinations

Over the last years, chiral o-haloaldehydes®" have
emerged as important building blocks. The first direct
asymmetric a-chlorinations of aldehydes? were inde-
pendently developed by two groups (Scheme 2). In the
chlorination of octanal (1), MacMillan® and co-workers
employed 1.2 equiv of Lectka’s chloroketone (2)* at 30 °C
in acetone in the presence of 5 mol% of imidazolidinone 3a
(X=Y=Me) to give chloroaldehyde (S)-4 in good yield and
high enantiomeric excess.

Scheme 2. «-Chlorination of Aldehydes (2004-2009)
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They noted that under these conditions, “product epimer-
ization, formation of 2,2-dichlorooctanal, or octanal aldol
dimerization were comprehensively suppressed”. As the
byproduct, pentachlorophenol (5), is a probable human
carcinogen, alternative chlorinating agents were consid-
ered. Using N-chlorosuccinimide (6, NCS) as an alternative
Cl* source at 4 °C, MacMillan observed almost racemic
product. By monitoring the chlorination at 23 °C, Brown
(MacMillan group) noticed an erosion of the product ee
over time.> Taken together with the concomitant for-
mation of 2,2-dichlorooctanal, this behavior was ascribed
to the reversible formation of a chloroenamine intermedi-
ate subsequent to the formation of the stereogenic center.
Racemization of the chiral chloroaldehyde can be effected
by catalysts 3a and 3b (X='Bu, Y=H) in or without the pres-
ence of a chlorinating reagent.® It is suppressed effectively
at —30 °C. Interestingly, Jorgensen et al. reported that C,-

symmetric (R,R)-2,5-diphenylpyrrolidine (7) (10 mol%)
catalyzed the chlorination of aldehydes with NCS
(1.3 equiv) at room temperature without noticeable race-
mization.” In order to inhibit chloroenamine formation at
room temperature, MacMillan designed imidazolidinone
catalyst 3c with loosely C,-like symmetry.® This catalyst
and Lectka’s chloroketone constitute a highly effective
combination for chlorinations at elevated temperatures's
and subsequent follow-up transformations." In 2009, Mac-
Millan demonstrated that 3¢ can be used for the SOMO
chlorination of aldehydes.’®® We started our own investiga-
tions in 2011 by initially using the MacMillan’s SOMO pro-
tocol?° but later moved to the combination of 3¢ (20 mol%)
and NCS in acetonitrile* due to side reactions® of radical
intermediates in the SOMO chlorination of terpene alde-
hydes.

Chlorinations with Jergensen-Hayashi-type Catalysts

The 2-substituted pyrrolidine scaffold g was first employed
in enamine chlorinations of isovaleraldehyde 10 by Jorgen-
sen et al. in 2004 (Scheme 3). Using 9a (20 mol%) in 1,2-
dichloroethane afforded (S)-2-chloroisovaler-aldehyde 12
with moderate enantioselectivity. (e.r. 82:18).”7 The corre-
sponding diarylprolinol silyl ethers gb and 9c (R=H,
X=0OTMS) had not been disclosed by that time.? In 2012,
Blackmond et al. studied the a-chlorination of isovaler-
aldehyde with NCS in CDCl; using these two catalysts
achieving enantioselectivities in the same ballpark.¢ With
the aid of reaction calorimetry, they showed that “a rapid
initial rate corresponding to ca. one turnover of the cata-
lyst was followed by a slower zero-order regime, demon-
strating that the reaction does not depend on the concen-
tration of either of the two reactants.” The observation of
two sets of NMR signals at —54 °C featuring EXSY cross
peaks led the authors to suggest that those correspond to
two interconverting diastereomeric aminals 11 as resting
states of the catalytic system. The two species were pro-
posed to be constitutionally “analogous to a species re-
ported by Jergensen using pyrrolidine” and diastereomeric
at C1. Surprisingly, no attempt was reported to directly de-
termine the structure, yet the major species was assigned
to be the anti-configurated. An inductive reasoning for the
structural assignment implies an enamine-NCS reaction
occurring with “near perfect facial selectivity” which was
derived from the observation of “only two out of four pos-
sible diastereomers”. In the mechanistic proposal (Scheme
3), stereoselective enamine (13)/NCS reaction followed by
reversible addition of succinimide to the iminium carbon
of the chloroiminium ion affords two aminals 11, “which
equilibrate between one of the two possible syn and one of
the two possible anti diastereomers”.>3 Two separate stere-
ospecific E2 eliminations proceeding at identical rates (kyn
= Kanei)) would provide an E-chloroenamine (E-15) from the
major anti-aminal and a Z-chloroenamine (Z-15) from the
minor syn-aminal. A stereospecific protonation/hydrolysis
which, was not further detailed, would lead to the chloro-
aldehydes in an enantiomeric ratio identical to the ratio of
the observed aminals.>* The apparent correlation between
the ratio of two rapidly equilibrating species (cause) and



the ratio of two product enantiomers (effect) led the au-
thors to formalize a new concept for stereochemical con-
trol in organocatalysis entitled the “Curtin-Hammett para-
digm”.

Scheme 3. On-Cycle Mechanism for Chlorinations
with Monosubstituted Pyrrolidine Catalysts
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¢ RESULTS AND DISCUSSION
Chlorinations with Imidazolidinone Catalysts

In 2018, our group reported an investigation of the a-chlo-
rination of aldehyde 16 using catalyst 3¢-TFA (20 mol%)
with different N-chloroimides in acetonitrile.> The aim
was to improve on the catalytic efficiency and to decrease
the catalyst loading. We quickly realized that the main ob-
stacle for good turnover is catalyst accumulation within
stable aminals similar to those previously proposed. Grati-
fyingly, we were able to isolate aminal intermediates 18 in
pure form and to obtain several X-ray crystal structures for
the first time (Scheme 4). Each of the isolated species was
obtained as a single diastereomer with syn-configuration.
With N-chlorophthalimide (NCP) as the chlorinating rea-
gent, opening of the phthalimide moiety was observed to
give 18a upon reductive quenching/work-up. Merging the
absolute configuration of the chloroaldehyde product 19
and the aminal 18, we concluded that both compounds
would be derived from iminium ion precursors possessing
identical configurations at the chlorine substituted stereo-
genic center (C2).

Scheme 4. Isolation of Aminal Intermediates Using
MacMillan-Type Catalyst 3¢
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In our mechanistic proposal (Scheme 5), high facial selec
tivity for the depicted chloroiminium ion 19 was rational-
ized by the standard steric shielding model. In contrast to
the previously discussed on-cycle model, we placed the
aminal species syn-18 and anti-18 off the catalytic cycle. As
a major consequence of the model, neither kinetic nor
thermodynamic ratios of aminal C1 epimers affect the en-
antiomeric ratio of the chloroaldehyde. Yet, the accumula-
tion of the catalysts within stable aminals is the major neg-
ative influence for diminished catalytic efficiency.

Scheme 5. Chlorination Using MacMillan-Type Cata-
lyst 3¢ with Off-Cycle Aminal Intermediates
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The problem was overcome by using N-chloro-4-nitroph-
thalimide as NCS surrogate. The on-cycle model proposes
the stereochemical outcome to be thermodynamically con-
trolled, i.e. the formation of the major enantiomer must
proceed through the most stable aminal. In that sense, the
on-cycle mechanism predicts a formal inversion of the ini-
tially generated stereogenic center for the (2S5)-syn-aminal
to give the (2R)-chloroaldehyde product under the premise
that chlorination and protonation occur with the same
sense of stereocontrol imposed by the catalyst. Im-
portantly, due to the C,-like symmetry of the catalyst, a
180° rotation along the enamine and the chloroenamine C-
N bond axis does not change the facial shielding signifi-
cantly. Summarizing the stereochemical considerations,
only the off-cycle mechanism aligns the configuration of



the most stable aminal with the observed (S)-configuration
of the product, whereas the on-cycle model predicts the
(R)-enantiomer as the major product.

In case of the first and second generation MacMillan cata-
lysts 3a and 3b, similar aminals were proposed.26272® The
syn/anti ratio of respective aminals had been correlated to
the enantiomeric ratio, and the anti-diastereomer was sug-
gested to lead to the major product enantiomer. It is some-
what puzzling that to the best of our knowledge not a sin-
gle aminal structure was established directly either by
NMR or by X-ray crystallography. Repeating the experi-
ments described for chlorination of isovaleraldehyde using
catalysts 3a and 3b and NCS as the chlorinating reagent,
we have been able to isolate most of the respective stable
aminals which are separable chromatographically with no
subsequent equilibration being observed. For each of those
aminals, single crystals were grown and analyzed.
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Figure 1. 'H-NMR spectrum of the reaction (in accordance
with the literature2®) (top). Crystal structure and 'H-NMR
spectrum of the isolated aminal bearing MacMillan-catalyst 3a
(bottom).

The obtained crystal structures reveal two surprising find-
ings: first, the major aminal diastereomers syn-20 and syn-
21 for the imidazolidinone catalysts 3a and 3b possess the
syn- and not anti-configuration; second, in case of catalyst
3b, we also isolated a third aminal, clearly visible in the
crude NMR data that was previously overlooked (see SI for
details). This third aminal also bears syn-configuration and
is present in higher concentrations than the minor aminal
in Blackmond s assignment (Figures 1 and 2).

The conformations of the diastereomeric aminals are re-
flective of steric and stereoelectronic interactions between
the catalyst and the chloroaminal substructures and within
the chloroaminal substructure itself. In all crystal struc-
tures, both syn- and anti-aminals adopt an antiperiplanar
orientation of C1-H and C2-H (Scheme 6). Such an arrange-
ment constitutes the only staggered conformation along
the C1-C2 axis where each non-hydrogen substituent (N,
Cl, R) possesses only one synclinal interaction with another
non-hydrogen substituent. A similar conformational pref-
erence in solution is indicated by the observation of large
3Jci-n,co-n coupling constants (10-1 Hz).
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Figure 2. 'H-NMR spectrum of the reaction (in accordance
with the literature2728) (top). Crystal structures and 'H-NMR
spectra of different isolated aminal diastereoisomers bearing
MacMillan-catalyst 3b (bottom).

The stability of the aminals can be rationalized by a syner-
gistic interplay of anomeric stabilization and gauche ef-
fects. In the syn-diastereomer, the two best c—c* accep-
tors (C-Cl, C-N-imide) are in a gauche orientation whereas
in the anti-diastereomer, the succinimide and the chlorine
substituent are antiperiplanar. As previously noted by oth-
ers,® the catalyst’s aminal nitrogen lone pair prefers to be
cis to the bulkiest substituent (to minimize strain) and an-
tiperiplanar to a C-C or a C-X (X = O, N, S) bond (allowing
for n—o* stabilization).

Curtin-Hammett conditions refer to situations where each
of two rapidly interconverting conformational isomers re-
acts irreversibly to a different product. The Curtin-Ham-
mett principle3° issues a warning not to relate a conformer
ratio directly to the product ratio if the rate of product for-
mation is small relative to the rate of interconversion. Dia-
stereomers must not be treated as individual reactive con-
formers but as an ensemble of conformations. Diastere-
omer stability is dominated by the lowest energy conform-
ers but not necessarily by reactive conformations relevant
to an ensuing transformation (Scheme 6) let alone the
standard free energies (AAG*) of the respective transition
states. The “Curtin-Hammett paradigm for stereocontrol”
suggests a quantitative relationship between the ratio of
two equilibrating diastereomeric aminals and the ratio of
their respective E2 elimination products. However, the rel-



ative stability of aminal conformations with C2-H and suc-
cinimide in an antiperiplanar orientation (the basis for the
stereospecificity of the E2 elimination) is not directly re-
lated to the lowest energy conformation. It is also worth
noting that the rate of E2 eliminations is expected to be
sensitive towards the size of the substituents and other pa-
rameters (base, solvent).

Scheme 6. Lowest Energy and Reactive Conformations
of Syn- and Anti-Aminals
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Kinetic Isotope Effects and DFT Calculations

In order to evaluate the first irreversible step in the cata-
lytic cycle, we performed the reaction of 16 and 6 using
20 mol% 3¢-TFA for determination of 3C kinetic isotope ef-
fects (KIEs) at natural abundance.3 By using 6 as a limiting
reagent, the reaction was taken to 77% conversion of 16.
The unreacted 16 was re-isolated from the reaction mixture
as the corresponding alcohol following a reductive workup
(see SI for full experimental details). The 3C isotopic com-
position of this re-isolated sample was compared to that of
a standard sample of reduced 16 (taken from the same
batch used for the high conversion reaction) using quanti-
tative NMR methodology. From the relative isotopic com-
position and the fractional conversion, 3C KIEs for 16 were
determined in a standard way.>' The resulting 3C KIE meas-
urements, from duplicate runs of this experiment, are
shown in Figure 3A. There is a normal KIE of ~1.015 on the
former carbonyl carbon and unity KIEs on all other carbon
atoms of 16. The qualitative interpretation of the experi-
mental KIEs is that only the carbonyl carbon is involved in
the first irreversible step for 16 in the catalytic cycle. There
are several steps in the catalytic cycle that involve the car-
bonyl carbon atom and the exact step that accounts for the
experimental KIE is not immediately clear. For the quanti-
tative interpretation of experimental KIEs, we modeled the
key steps in the catalytic cycle using B3LYP/6-31+G** with
a PCM solvent model for acetonitrile as executed in Gauss-
ian 16.3>333435 High-level single point energy calculations
that include dispersion corrections were performed for all
stationary points using B3LYP-D3(B])3¢/6-3u+G**PCM (ac-
etonitrile). The reported Gibbs free energies were obtained
by adding the free energy correction from the optimiza-
tions to the high-level single point energy calculations. The
free energies were corrected using Grimme’s quasi rigid ro-
tor -harmonic oscillator (QRRHO) approach, which raises
vibrational frequencies that are below 100 cm? to

100 cm™.37 This approach is routinely utilized and is well-
established for evaluating reactivity and selectivity in sim-
ilar catalytic systems.3®3% The reaction coordinate diagram
for the reaction of 16 and 6 catalyzed by 3¢-TFA leading up
to the formation of the chloroiminium ion Int4 is shown
in Figure 3B. The trifluoroacetate counterion of the catalyst
salt is included in these calculated structures to either act
as a proton shuttle or to stabilize positively charged tran-
sition structures/intermediates. The reported free energy
barriers (AG*) are computed with respect to the sum of the
energies of neutral 3¢, trifluoroacetic acid, 6, and 16. The
computed free energy profile reveals that the transition
structures (TSs) for initial formation of the carbinol amine
intermediate Int 1 (TS1, AG*=10.2 kcal mol™), loss of water
to form the iminium ion Int2 (TS2, AG¥=10.1 kcal mol?),
and deprotonation of Int2 to form the enamine Int3 (TS3,
AG*=10.4 kcal mol*) all lie within 0.7 kcal mol* of each
other. The TS for chlorination of Int3 by 6 (TS4) has a AG*
of 9.3 kcal mol™and this step is an exergonic process result-
ing in a o-chloroiminium ion intermediate Int4 that is
25.1 kcal mol™ below separated starting materials. The ex-
perimental 3C KIE determined for 16 reports on TS for the
first irreversible step in the catalytic cycle for 16. Since the
AG?* for TS1-TS4 lie within 1.1 kcal mol™ of each other, the
prediction of 3C KIEs for the interpretation of our experi-
mental KIE values is complicated - each of these TSs con-
tribute to the observed KIE, with the highest energy tran-
sition structure (TS3) contributing the most followed by
TS1, TS2, and TS4. Figure 4C shows the predicted 3C KIEs
for TS1-4 assuming each to be the sole first irreversible step
for 16. The percentage contribution of each TS (based on
relative AG*) to the observed KIEs is also indicated in pa-
rentheses. Based on the predicted 3C KIE values for TS1-4,
the energy-weighted predicted 3C KIEs for C1 and C2 of 16
are computed (Figure 3C, last row). Comparison of experi-
mental (Figure 3A) and energy-weighted predicted 3C KIEs
reveals a good agreement between the two - lending sup-
port to the computed reaction coordinate diagram.4° Next,
we computed the steps from the chloroiminium ion inter-
mediate Int4a to the final a-chloroaldehyde product 19
(Intga is a complex between the chloroiminium ion-TFA
salt and a molecule of water and differs from Int4 which is
a complex between the chloroiminium ion-TFA salt and a
molecule of succinimide). In the resulting reaction coordi-
nate diagram (Figure 4A), the reported free energy barriers
(AGH#) are computed with respect to Intga (the global min-
imum on this reaction coordinate). The hydrolysis of Int4a
proceeds via two lower barrier steps - TS6
(AG*=8.8 kcal mol™) and TS7 (AG*=8.3 kcal mol™) - to de-
liver the product aldehyde 19 and regenerate 3c and tri-
fluoroacetic acid. Based on the observation of syn- and
anti-aminal intermediates in this reaction (Figure 6 and 7),
we also computed transition structures for the conversion
of Int4 to syn-18b (TS5) and anti-18b (TS5’). The transition
structures TS5 and TS5’ face a free energy barrier of 1.1 and
8.9 kcal mol” (relative to Intg4). The syn-aminal syn-18b
was found to be thermodynamically favored over the anti-



A. Experimental 1*C KIEs

B. Calculated free energy profile up to 16
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FIGURE 3. Experimental 3C KIE studies and supporting DFT calculations. (A) Experimental 3C KIEs for the a-chlorination of 16
with the MacMillan Catalyst 3¢-TFA. (B) Reaction coordinate diagram for the reaction of 16 and 6 catalyzed by 3¢*TFA up to the
formation of the chloroiminium ion Int4 calculated at the B3LYP-D3(B])/6-3u+G** PCM (acetonitrile)//B3LYP/6-31+G** PCM
(acetonitrile) level of theory. Some hydrogen atoms have been removed for clarity in the 3D representation of the key transition
structures. Key bond-forming and bond-breaking distances are in angstroms (A). (C) Predicted KIEs at C1 (aldehyde-carbon) and
C2 (a-carbon) of 16 for TS1-4 along with energy-weighted predictions for comparison to experimental KIEs.

aminal anti-18b by 1.7 kcal mol". These computed free en-
ergies are consistent with the experimental observation of
anti-18b in the initial 5 minutes of the reaction (kinetic
aminal) and subsequent accumulation of syn-18b (thermo-
dynamic aminal) (Figure 7).Our calculations suggest that
syn-18b is a parasitic off-cycle intermediate that has only
one path to product 19 - by re-entering the catalytic cycle
via TS5 (AG*=15.3 kcal mol™) to form Inty4 followed by the
previously described hydrolysis via TS6 and TSy. If this
pathway is operational for the conversion of syn-18b to 19,
re-entry of the syn-18b into the catalytic cycle via TS5 rep-
resents the largest change in free energy in the conversion
of syn-18b to 19 (see Supporting Information for a discus-
sion and supporting calculations for the conversion of anti-
18b to 19). Alternatively, syn-18b could be an on-cycle in-
termediate (Curtin-Hammett paradigm®) and could un-
dergo an Ez-elimination to yield a chloroenamine interme-
diate. Protonation and subsequent hydrolysis of this chlo-
roenamine intermediate would deliver the product and re-
generate the catalyst. In order to evaluate this alternative
mechanism, we explored transition state models for the
formation of the chloroenamine intermediate utilizing ei-
ther trifluoroacetate or succinimide anion leaving group as
the base that effects the deprotonation with concomitant
loss of the succinimide anion. All attempts to locate this TS
resulted in an Ei-type structure where the succinimide an-
ion is completely dissociated and the base deprotonates a

structure resembling a chloroiminium ion (Figure 4A, TS-
E1; AG*=28.2 kcal mol™ with respect to syn-18b). This is be-
cause the incipient carbocation, that forms as the succin-
imide leaving group departs, is stabilized by the lone pair
of electrons on the catalyst nitrogen before deprotonation
can occur. Based on this result we hypothesized that dis-
engaging this lone pair from the reaction coordinate by
protonation, could result in the identification of an E2-
elimination TS.# Accordingly, we explored the a-deproto-
nation of N-protonated syn-18b (with concomitant loss of
the succinimide anion) using trifluoroacetate as the base
to generate the protonated chloroenamine intermediate.
These explorations resulted in the identification of TS-E2
(AG*=50.3 kcal mol™*with respect to syn-18b), for the direct
conversion of N-protonated syn-18b to the protonated
chloroenamine intermediate. Clearly, the barriers for the
Ez-elimination and Ei-elimination pathways are signifi-
cantly higher than the pathway involving re-entry of syn-
18b into the catalytic cycle as Intg4 (Figure 4D, TSs;
AG*=14.2 kcal mol* with respect to syn-18b). In order to
gain experimental evidence on the catalytic role of syn-18b,
we envisioned that determination of 3C KIEs for the stoi-
chiometric conversion of syn-18b to product 19 could
probe the first irreversible step in the pathway for this re-
action (Figure 4B). If the reaction proceeded via turnover-
limiting re-entry into the catalytic cycle, a normal 3C KIE
would be expected only on C1. However, if either the E1- or
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FIGURE 4. Hydrolysis of chloroiminium ion and investigation of the role of experimentally observed aminal intermediates. (A)
Calculated transition structures for alternative pathways for re-entry of syn-18b (as a chloroenamine) into the catalytic cycle. (B)
Experimental 3C KIEs determined for the stoichiometric conversion of syn-18b to 19. (C) Comparison of experimental 3C KIEs for
the conversion of syn-18b to 19 with the predicted 3C KIE for the rate-determining step in each pathway that converts syn-18b to
19. (D) Reaction coordinate diagram for the conversion of the chloroiminium ion Int4 to the final product 19 calculated at the
B3LYP-D3(BJ)/6-3u+G** PCM(acetonitrile)// B3LYP/6-31+G** PCM(acetonitrile) level of theory. Also shown is the calculated path-
way for the parasitic off-cycle aminal intermediates syn-18b and anti-18b. Some hydrogen atoms have been removed for clarity in
the 3D representation of the key transition structures. Key bond-forming and bond-breaking distances are in angstroms (A).

Ez-Elimination pathway is operational, a normal 3C KIE
would be expected on C2 or both C1 and C2, respectively.
The conversion of syn-18b to 19 was initiated using 5 equiv-
alents each of trifluoroacetic acid and water (Figure 4B).
The 3C KIEs were determined by product analysis# - by
comparison of samples of reduced 19 isolated from 24%
and 100% conversion reactions. The key result from this ex-
periment was a 1.008 (2) KIE on C1 and a 1.001 (4) KIE on
C2 (Figure 4B) - in qualitative agreement with a mecha-
nism involving turnover-limiting re-entry of syn-18b into
the catalytic cycle. A comparison of this experimental KIE
and theoretical KIEs for TSs, TS-E2, and TS-E1 reveals that
the experimental values are in excellent agreement with
predicted values for TS5 and in poor agreement with those
for TS-E2 and TS-E1 (Figure 4C). Thus, evaluation of the
reaction energetics and KIEs for the conversion of syn-18b
to 19 supports the role of syn-18b as a parasitic, off-cycle
intermediate that can re-enter the catalytic cycle via turn-
over-limiting formation of Int4. Finally, from the com-
puted reaction coordinate diagram shown in Figure 3B, the
chlorination of the enamine intermediate (TS4) is irre-
versible, and the enantioselectivity-determining step of the
reaction. Accordingly, we performed a thorough confor-

mational search for the formation of both R and S chloroi-
minium ion via chlorination of the Si- and Re- faces, re-
spectively, of all possible enamine geometries. The AAG*
between the lowest energy transition structures leading to
R and S chloroiminium ion is 2.9 kcal mol™ (favoring S) -
value that is qualitatively consistent with the >90% ee ob-
served for this reaction. The full details of these explora-
tions are included in the Supporting Information. Thus,
our experimental KIE results along with a comprehensive
DFT analysis of the entire reaction coordinate supports a
scenario where the enantioselectivity-determining step is
the initial formation of the chloroiminium ion and not any
downstream processes.

Deuterium Incorporation Studies

In a deuterium incorporation study, aldehyde 16 was sub-
jected to a chlorination reaction with the MacMillan cata-
lysts 3b and 3¢ and the Jorgensen-Hayashi catalyst 9c and
NCS at two different temperatures. The obtained chloroal-
dehyde was reduced to alcohol 22 (to avoid racemization)
and submitted to NMR measurements. At —30 °C, all cata-
lysts showed little to no incorporation of deuterium. At
20 °C, the MacMillan catalyst 3b shows significant deuter-
ium incorporation (Figure 5). This observation is in line



with the racemization MacMillan observed for 3b but not
for 3¢ (vide supra). Our results also rule out the protona-
tion of fleeting chloroenamine intermediates due to the
absence of significant deuterium incorporation at low tem-
perature. While the intermediacy of chloroenamine inter-
mediates cannot be studied by these experiments, their
presence is not unlikely as chlorination might account for
the formation of significant amounts dichloroaldehyde
products for catalysts 9c, 3a, and 3b.
catalyst (20 mol%)
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Figure 5. Deuterium incorporation of 16 with different cata-
lysts and temperatures with exemplary 'H-NMR (A) and 3C-
NMR (B) spectra; C) Quantification of deuterium incorpora-
tion under different conditions.

NMR Reaction Progress

We interrogated concentration profiles in order to assess
whether the two mechanisms are kinetically distinguisha-
ble. Gratifyingly, aldehyde 16 (the substrate), the chloroal-
dehyde product 19 and the corresponding crystallograph-
ically characterized aminal syn-18b possess separate, non-
overlapping NMR resonances (see SI). Monitoring their
concentrations over time, it is apparent that the initial rate
of chloroaldehyde formation exceeds the build-up of the
aminal (Figure 6A). This observation eliminates the possi-
bility of the catalyst being turned over through the ther-
modynamically most stable aminal. The alternate off-cycle
mechanism provides a scenario where the rate of iminium
hydrolysis exceeds that of aminal formation. From the
iminium ion intermediate, part of the catalyst is diverted
into a stable aminal resting state. To identify these subtle-
ties, it is essential to follow individual concentrations over

time (NMR spectroscopy) rather than observing a single
value for the whole system, for example, the amount of en-

ergy released (reaction calorimetry).
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Figure 6. a-Chlorination of aldehyde 16 with catalyst 3¢ and
NCS (6) with concentration/time profile (A) and 'H-NMR
spectra with characteristic aminal signals for the first 15 min
of the reaction (B).

Caution is due when arguing based on the presence or ab-
sence of intermediates in the NMR spectrum. Fleeting spe-
cies, e.g. enamines® and iminium ions,* are difficult to ob-
serve and reversibly forming aminal diastereomers are cer-
tainly no exception. When reanalyzing our data for this re-
action, we noted additional, previously overlooked reso-
nances in the NMR spectrum at t = 5 min (Figure 6B)
(quickly disappearing thereafter). The possibility of the
corresponding species to be the elusive aminal anti-18b is
supported by comparison of the observed and computed
'H chemical shifts (Figure 7).
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Figure 7. Calculated syn-18b and anti-18b lowest energy con-
formations of the aminal 18b (top). Key 'H chemical shifts cal-
culated at PCM(ACN)-mPWi1PWg1/6-31+G(2d,p)//PCM
(ACN)-B3LYP-D3(BJ)/6-31G+(d,p) level of theory (bottom)
(for additional details see SI).



This hypothesis is in line with the calculated reaction path
as the thermodynamically more stable aminal syn-18b ac-
cumulates in favor of anti-18b. While minor anti-18b will
continue to be formed at an (unknown) kinetic ratio, its
concentration quickly becomes too small to be observed by
NMR as the amount of available catalyst diminishes rapidly
into the syn-18b aminal reservoir. It is worth noting that
under Curtin-Hammett conditions, the equilibrium distri-
bution of the equilibrating species and the product distri-
bution must be time-invariant.+

The Role of Chloroenamine Intermediates

The DFT calculations for catalyst 3¢ demonstrated that
chloroenamine formation - either by iminium deprotona-
tion or by E2 elimination from the aminal intermediate - is
energetically disfavored compared to the alternative hy-
drolysis pathway. This assessment is supported by the no-
table lack of evidence of protonation (no deuterium incor-
poration) and the absence of dichlorination products. For
catalyst 3a, erosion of the ee was shown upon complete
turnover of the substrate in a chlorination reaction.’s In a
direct comparison, MacMillan et al.® also showed that in
the absence of NCS, catalyst 3b effects rapid racemization
of chloroaldehydes. This result suggests that chloroena-
mines are accessible even in the absence of chloroaminals,
i.e. from the iminium ions by deprotonation. During our
efforts to separate aminals from reaction mixtures, we also
have been able to characterize the first dichloroaminal 24a
from catalyst 3a, which we suspect to be derived from the
corresponding dichloroiminium intermediate (Scheme 7).
In case of the Jorgensen-Hayashi catalyst or unsubstituted
pyrrolidine, it was shown that chloroenamine formation is
competing#® with the hydrolysis thus leading to the obser-
vation of significant amounts of dichlorination byproduct
in both cases. This problem can be overcome by accelerat-
ing the hydrolysis step via intramolecular (proline#) or in-
termolecular assistance (2,6-lutidine and H,04°).

Scheme 7. Chloroenamines can Competitively Lead
to Racemization and Dichlorination
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Ion Mobility-Mass Spectrometry Studies

Aminals can be subjected to electrospray ionization fol-
lowed by collision-induced dissociation. For each aminal,
diastereomeric iminium ions can be formed as E- and Z-
isomers. In a feasibility study, we aimed to find out

whether iminium ions derived from two isolated Cz-epi-
meric aminals would be separable due their different ion
mobilities in a drift gas (He).
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Figure 8. Separate ionization of the diastereomeric aminals
syn-25 and anti-25 with arrival time distributions and experi-
mental CCSs of the generated diastereomeric iminium ions
(blue and red traces). The trace of the mixture of both dia-
stereomers is depicted in grey. The four possible chloroimin-
ium ions and their calculated CCSs and relative free energies
are shown on the right.

Toward this end, instrument-independent collision cross
sections (CCSs) were determined by ion mobility-mass
spectrometry experiments on a custom-built instrument.4®
The arrival time distributions (ATDs) of the selectively dis-
sociated aminals are represented in Figure 8. The confor-
mational space of the iminium ions 26 was sampled using
a genetic algorithm# and promising candidate structures
were reoptimized at the PBEoD3/6-311+G(d,p) level of the-
ory.>® Computed CCSs were obtained using the trajectory
method.>® The combined approach was successfully used
to make a prediction whether E- or Z- iminium ions are
formed in the decomposition process of the two diastereo-
meric aminals syn-25 and anti-25. The ATD traces of the
selectively dissociated aminals suggest that the dissocia-
tion of each aminal leads to the corresponding E-iminium
ion. The comparison of the computed and the experi-
mental CCS value suggests the E-iminium to be formed for
both epimers (see SI for details). Future research will in-
volve spectroscopic investigation (e.g., IR spectroscopy) of
the separate iminium ions and following the iminium ion
distribution over the course of the reaction.

Aminals with Jergensen-Hayashi-Type Catalysts

In light of the observations described above for the Mac-
Millan catalysts, we decided to reinvestigate the Jorgensen-
Hayashi system for which we have not been able to obtain
crystals of sufficient quality. Toward this end, we prepared
a reaction mixture using isovaleraldehyde, catalyst gb and
N-chlorophthalimide (NCP) as previously described.® In
order to obtain cleaner spectra than those reported, we re-
moved all volatile constituents by evaporation. In the 'H-
NMR spectrum, 11 showed rather broad resonances at
room temperature which split up at around -20 °C and at
-54°C two sharp signal sets with a 3:1 ratio were observed.



The presence of EXSY exchange peaks between the two sig-
nal groups indicated two rapidly interconverting species.
These observations had been previously interpreted as 11
being a mixture of interconverting diastereomers at the
aminal carbon with the anti-diastereomer as the major and
the syn-diastereomer as the minor constituent.® Interest-
ingly, in both species the large 3/y.1 coupling indicates an
antiperiplanar arrangement of the H-atoms along the Cr-
C2’ bond. In order to elucidate the structures of the two
species from NOE data, we aimed for minimizing exchange
contributions to the NOE. This was largely achieved by
changing the solvent from CDCl; to CD.CL, which allows
cooling to -83 °C. We managed to assign most signals of
both species and obtained a rather large body of distance
data from the NOE of the major species and far less of the
minor (see SI). The challenge now is to find out, why two
signal sets are obtained and whether we can assign the two
signal sets to possible structures of species. It is conceiva-
ble that these are interconverting diastereoisomers (syn
and anti) as proposed previously by Blackmond et al.®
(Scheme 9). An alternative explanation would involve in-
terconverting conformational isomers. For the major spe-
cies, a comparison of distances with calculated structures
allowed the assignment of syn-configuration (Figure 9).
This is in contrast to what has been claimed previously.®
The key question now is whether the minor species is a di-
astereomer or a conformational isomer. For both species,
only small difference in the distances were observed indi-
cating a very similar relative orientation of the pyrrolidine
ring to the chlorinated substrate; the antiperiplanar ar-
rangement of Hi' and H2’ is conserved (see above). While
our recently published pure shift ROE experiment (F1
PSYCHE EASY ROESY?') afforded additional distance data,
still no safe assignment of the minor species was possible.
From the 3Ji.1 coupling data in the pyrrolidine ring, it is not
unlikely that multiple envelope conformations are present.
The “averaged” pucker of the pyrrolidine is different for the
major and minor species, which we consider unlikely for
the ap arrangement of H1’ and H2’ in syn vs. anti-diastere-
oisomers. Thus we considered hindered rotation as being a
plausible cause. From J-coupling analysis (see above and
data in the SI) it is quite unlikely, that the pyrrolidine
puckers are the reason for the separate signal sets; thus we
focused our attention to the orientation of the diarylsi-
lylether group. This hypothesis seems plausible as a struc-
ture search in the CCDC data base for Jorgensen-Hayashi
catalysts with the pyrrolidine nitrogen bound to stereo-
genic sp3 hybridized carbon reveals striking similarities
concerning the catalyst structure (see SI).295* Each struc-
ture in the database had the pyrrolidine ring in an envelope
conformation with the y-carbon tilted out of plane toward
the diarylsilylether moiety and the nitrogen lone pair
(down conformation). For the orientation of the diarylsi-
lylether group, two distinct conformational minima are ob-
served. In 7/10 crystal structures, the N- and O-substituent
at the exocyclic C-C bond of the catalyst possess an anti-
periplanar (ap) relationship whereas in three cases an exo-
synclinal (exo-sc) conformation was adopted.

As NOE data was not entirely conclusive on the nature of
the minor species and the process of the two interconvert-
ing aminal species 14 at -54 °C, a calculation of the NMR
shifts for several conformational isomers and stereoiso-
mers was performed (see SI for details). When the pre-
dicted conformers for 14 were separated into the ap and
exo-sc classifications the ap chemical shifts corresponded
to the major product (mean average deviation (MAD):
1.4 ppm 3C, o.10 ppm 'H) and the exo-sc chemical shifts
were in excellent agreement with the minor product
(MAD: 1.5 ppm 3C, 0.13 ppm 'H) for key chemical shifts
(Figure 9).

maijor (syn-ap-14)

minor (syn-sc-exo-14)

Nuc.# Calc.® Exp.d SZ\S, Calc.d Exp.d 323
cr 75.2 76.3 1.1 74.6 76.1 1.5
c2 67.9 68.6 0.7 67.1 68.6 1.5
Cc2 72.9 65.6 7.3 741 66.8 7.3
C3 32.2 29.3 2.9 32.1 29.0 3.1
C4 25.2 24.3 0.9 25.4 241 1.3
Cc4 19.9 21.3 1.4 19.7 21.4 1.7
C5 48.4 48.8 0.4 47.9 48.5 0.6
C5’ 12.3 12.2 0.1 16.2 15.7 0.5
C6 82.7 82.4 0.3 84.3 84.2 0.1

MAD 1.4 1.5
HT 5.24 5.16 0.08 6.04 5.81 0.23
H2 4.80 4.60 0.20 4.24 4.15 0.09
H2' 5.25 4.98 0.27 5.28 5.05 0.23
H3 2.39 2.13 0.26 2.67 2.35 0.32
H3a 1.76 1.71 0.05 1.81 1.82 0.01
H3b 1.80 1.71 0.09 1.32 1.38 0.06
H4’ 1.07 0.95 0.12 1.20 1.06 0.14
H4a 1.18 1.20 0.02 1.25 1.28 0.03
H4b 0.08 0.09 0.01 0.63 0.63 0.00
H5 0.05 -0.01 0.06 1.50 1.28 0.22
H5a 3.37 3.29 0.08 3.44 3.27 0.17
H5b 1.97 1.97 0.00 2.16 2.16 0.00

MAD 0.10 0.13

Figure 9. Calculcated ap (top left) and exo-sc (top right) con-
formations of the Jorgensen-Hayashi aminal syn-14 (R = C(3,5-
CF;-C6H;),OTMS). Bottom: key chemical *H and C shifts. 'H
and 3C chemical shifts calculated with the mPW1PWg1/6-
31+G(2d,p) (GIAO; PCM, CHCl3, 219.15 K)//B3LYP-D3(B]J)/6-
31G+(d,p) (219.15 K) level of theory (indicative atoms are high-
lighted in bold).

From the integration of the exchange signals in 1D NOE
series a barrier of 12.8(4) kcal mol” can be determined at
-54 °C. Investigation into the rotational barrier from the ap



to the exo-sc for syn-14 using DFT calculations (see SI for
additional details), revealed the barrier of rotation to be
~13.9 kcal mol™, within the error expected for this method
to compare to the experimental 12.8 kcal mol™ barrier be-
tween the major and minor products at -54 °C. Further
separation of the conformers into concave and convex pyr-
rolidine ring puckering, led to worse predicted chemical
shifts for both the major and minor products, suggesting
an averaging of the ring puckering in the NMR solution
(barrier of ~1 kcal mol™ for the major (ap) product). The Hy’
proton shift appears to be diagnostic of ap and exo-sc con-
formations with the shift at -o.01 ppm for the major prod-
uct and at 1.28 ppm for the minor product. In the lowest
energy conformer calculated for the ap product, a C-H---rt
interaction can be seen shielding this methyl group proton,
which does not occur in the exo-sc product (Figure 9).

Additionally, NMR calculations to determine the major
and minor products bearing a succinimide (aminal 11) sub-
stituent instead of phthalimide (aminal 14) found by Black-
mond and co workers® at -54C were performed. The exper-
imental chemical shifts were compared to the syn-11 ap and
exo-sc, anti(C1') ap and exo-sc, and anti(C2')-11 ap calcu-
lated chemical shifts. The syn-ap-u1 calculated chemical
shifts were in good agreement with the major product,
while the syn-exo-sc-11 produced some shifts above the ex-
pected deviation (<o0.3 ppm for 'H shifts and =3.1 ppm for
3C shifts — with the exception of 7.3 ppm for C2’-Cl).53 The
anti C1' and C2' aminals were found to have greater mean
average deviations (MADs) for the 'H and 3C chemical
shifts when compared to the minor product chemical shifts
than the syn-exo-sc-11 aminal. These results, along with the
agreement of syn-exo-sc-14 calculated chemical shifts with
the minor product experimental chemical shifts, suggest
further analysis of the minor product experimental chemi-
cal shifts for 11 at -54 °C may be needed to confirm the
chemical shift assignment.

The computationally and NMR spectroscopically derived
(2S,1'R,2’S)-configuration and the conformation of the syn-
aminal 14 share several structural features with the crystal-
lographically determined aminals of the MacMillan cata-
lysts including an antiperiplanar orientation of Cr’-H and
C2’-H and the lone pair of aminal nitrogen from the cata-
lysts being antiperiplanar to the imide nitrogen. The stabi-
lization energy of this nn(a)—0*c.Nimide) interaction
(Scheme 8) is predicted to be 16.3 kcal mol* for the ap
product and 16.0 kcal mol™ for exo-sc product. This inter-
action is even stronger when the succinimide substituent
is present 17.5 (ap) and 17.2 (exo-sc) kcal mol™; and it de-
creases to ~8.0 kcal molin the lowest energy conformer of
the anti-aminal (see SI for details).54

In summary, only the syn-diastereomer (2S,I'R,2'S)-14 al-
lows for an optimal synergistic interplay of stereoelectronic
effects and minimized steric interactions.

As additional and independent supporting evidence for the
structural assignment, aminal 14 was reduced and the re-
sulting alcohol was converted to the crystalline dinitroben-
zoate 15. After a thorough isolation process only one dia-
stereomer could be isolated. Crystal structure analysis con-
firmed the syn-configuration of aminal 15 (Scheme 8).

Scheme 8. Stereochemical Assignment of Aminal 14
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When substituting isovaleraldehyde with propanal, the
analogous aminal could be obtained along with the chlo-
roaldehyde being formed in a 57:43 enantiomeric ratio.
NMR spectroscopic analysis of the aminal at —54 °C showed
the presence two separate sets of sharp signals in a 68:32
ratio. Decomposition of the aminal into the corresponding
chloroaldehyde was promoted by addition of 2 equivalents
of water and TFA. Determination of the enantiomeric ex-
cess revealed high enantiomeric excess for the chloroalde-
hyde product (1-120 min: 95-93% ee). Additionally, almost
no deuterium incorporation was observed when the de-
composition of the propanal-derived aminal or aminal 14
was promoted by D,O with or without TFA-d,. These ob-
servations suggest that only one out of four possible aminal
diastereomers is present in sufficient concentration to be
detected and isolated. Thus, aminal accumulation solely
depends on thermodynamic stability.

¢ CONCLUSION

A comparative analysis of the Curtin-Hammett model for
stereocontrol and the steric shielding model showed only
the latter to be consistent with experimental evidence. Us-
ing crystallography, NMR spectroscopy and computational
NMR shift prediction, we have elucidated the configura-
tion and conformation of several aminal intermediates of
different catalysts in the organocatalytic a-chlorination of
aldehydes. Their relative stability was rationalized by min-
imizing steric interactions and maximizing stabilizing ste-
reoelectronic effects.

In the case of the Jorgensen-Hayashi catalyst gb, the un-
derlying assumption of two equilibrating Ci-aminal dia-
stereomers 14 with the anti-diastereomer being the major
and the syn-diastereomer being the minor species® was
shown to be incorrect. Instead, the two interconverting
species, found upon cooling, are proposed to be conforma-
tional isomers of the syn-diastereomer (Scheme g9). More-
over, the suggested formation of the C2-stereogenic center



by chloroenamine protonation was excluded by the ab-
sence of deuterium incorporation under the reaction con-
ditions.

Scheme 9. Structural Revision of Aminal 14
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In the case of the MacMillan catalyst 3¢, a combination of
3C KIE studies and DFT calculations demonstrated
enamine chlorination not to be the first irreversible step. It
also provided complementary evidence to rule out decom-
position of the aminal intermediates by an E2 elimination.
The calculated transition structures for the enamine chlo-
rination not only correctly predict the stereochemical out-
come but also demonstrate that enamine chlorination is
faster than (re-)protonation. This in an important finding
as it shows that enamine formation in this case is not re-
versible, i.e. it is not thermodynamically controlled. This
observation is supported by the chlorination product lack-
ing significant amounts of deuterium incorporation. With
respect to the C1 diastereomeric aminals, DFT calculations
predicted the anti-aminal as the kinetic and the syn-aminal
as the thermodynamic intermediate.

Following the concentration/time profile by NMR spec-
troscopy, we were able to identify the previously over-
looked anti-aminal being formed within the first 5 minutes
of the reaction. It quickly disappears due to accumulation
of the catalyst in the syn-aminal resting state. The struc-
ture of the anti-aminal was determined by NMR shift com-
putations and the method was validated against the crys-
tallographically characterized syn-aminal diastereomer.
These observations rule out a Curtin-Hammett scenario
for two reasons. First, Curtin-Hammett conditions require
the ratio of the two interconverting intermediates to be
time-invariant. Secondly, the dominant conformational
minima of the two diastereomeric aminals are unrelated to
the reactive conformations for an E2 elimination let alone
the respective transition states.

Additionally, we were able to isolate and characterize most
of the relevant aminals for the MacMillan catalyst 3a and
3b by crystal structure analysis for the first time and to
reevaluate the incorrect assignment made in the literature.
We also isolated and characterized an intermediate rele-
vant to formation of dihalogenation byproducts. Similar to

the fluorination reaction described by Jeorgensen, for-
mation of dichlorinated intermediates also could change
the initial stereoisomeric ratio of the monochlorination
product.

Regarding the iminium intermediates, we have for the first
time been able to separate diastereomeric iminium ions in
an organocatalytic reaction by ion mobility-mass spec-
trometry. Future research will involve spectroscopic char-
acterization of the separated iminium ions.

These results highlight the added value of combined com-
putational work and experimentation. They also demon-
strate the importance of a careful characterization of reac-
tion intermediates to the understanding of complex reac-
tion networks. Understanding and countering the stabiliz-
ing interactions within stable intermediates may provide
clues to the design of more efficient catalytic systems.
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1.4. Summary and Outlook

The two previously mentioned publications made a decisive contribution to the understanding of the
reaction mechanism of the organocatalyzed a-chlorination of aldehydes. A better understanding of
the stabilizing interactions within stable aminal intermediates was achieved by rigorous
characterization and follow-up experiments with these species. Moreover, the synthetic value of this

reaction was demonstrated by its application in the synthesis of chiral compounds.

A first mechanistic idea allowed the definition of factors whose modification could have an influence
on the reaction mechanism. The modified steric environment of newly designed and synthesized
imidazolidinone-based catalysts did not lead to the desired result. The reaction accelerating effect of
Bra@nsted acid could be confirmed as expected. Interestingly, the choice and combination of acids plays
a crucial role. Thus, a 1:2 mixture of TFA and acetic acid was slightly superior to pure TFA. This
observation suggests that acetic acid plays a role beside only being a proton source. However, the most
significant effect was obtained by modifying the chlorinating agent. By comparing electron-rich imides
such as the tetramethylated analog of NCS (MesNCS) and electron-poor derivatives such as nitrated
NCP (NO;NCP), the notion postulated at the outset was confirmed. Electron-deficient chlorinating
reagents almost completely suppressed the accumulation of the parasitic intermediates and allowed
the reaction to proceed in a much shorter reaction time. On the other hand, electron-rich derivatives
provided rapid accumulation of much more stable aminals. *H NMR studies could proof that the
maximum product concentration was significantly lower than with electron-deficient chlorinating
reagents. In combination with a slightly modified imidazolidinone catalyst and additives, an improved
catalytic system with significantly reduced catalyst loading was presented, showing broad functional
group tolerance. In addition, aminal intermediates previously identified only by NMR
spectroscopy!?®3% could be isolated and fully characterized. Single crystal structure analysis allowed
the relative and absolute stereoconfiguration to be elucidated for the first time. The isolation of this
species also allowed decomposition experiments to be carried out, thus defining its role in the catalytic
cycle. For this purpose, the intermediate was first exposed to standard reaction conditions. As in the
previously performed time-dependent NMR studies, almost no decomposition was observed even with
longer reaction times. Only after increasing the equivalents of TFA and water, the aminal decomposes
effectively. By using deuterated TFA and deuterated water, the decomposition mechanism could be
further studied. Initially, no deuterium incorporation into the a-position could be detected. This finding
rules out decomposition via E2 elimination to chloroamine as postulated by Blackmond®® and supports

the decomposition mechanism via a chloroiminium ion.
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Subsequent intensive scientific discussion with Burés, Armstrong, and Blackmond led to a thorough
examination and reflection of all previous research results and motivated us to once again question
the interpretation of our own research and to conduct renewed mechanistic studies. In addition to the
already studied MacMillan aminals, the Jgrgensen aminals, which were considered in the publication
“Curtin-Hammett Paradigm for Stereocontrol in Organocatalysis by Diarylprolinol Ether Catalysis”,%

were comprehensively investigated.
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Scheme 17: Final concept of the catalytic cycle for imidazolidinone catalysts.

For the MacMillan catalyst 18, a combination of isotopic competition experiments, calculated and
experimental KIE values, and calculated transition states surprisingly demonstrated that the first
irreversible step precedes the C-Cl bond formation. The stereoinducing step in this scenario is
represented by the nucleophilic attack of the enamine 52 to the electrophilic chlorinating reagent
Y-Cl. The rotational preference of the (E)-enamine 52 is defined by the choice of catalyst (R?, R® and R%)
and thus by the relative energies of the rotamers. Which rotamer reacts in the subsequent step
depends on the energies of the transition states for the C-Cl bond linkage. The four possible
diastereomeric chloroiminium ions 53a-d are trifurcation points. First, direct hydrolysis to the desired
products (S)-16 and (R)-16 can occur. Here, the accelerating influence of Brgnsted acids as additives
can be particularly emphasized. Depending on the reaction conditions and the type of catalyst, a

reverse reaction can take place, which can lead to racemization (rac-16) or double chlorination (24) of
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the aldehyde via the formation of the planar enamine 55. By addition of the anion of the chlorinating
reagent (Y’), the chloroiminium ions can generate the four diastereomeric aminals 54a-d. Whether and
to what extent the formation of the different aminals proceeds can be influenced by the modification
of the chlorinating agent (Y-Cl), the structure of the catalyst and additives. Moreover, this reactivity is
in direct competition to the hydrolysis of the chloroiminium ions. Consequently, favored hydrolysis can
also suppress accumulation of the intermediates. For the entire catalytic cycle to proceed efficiently,
all of the processes shown in grey (Scheme 17) should be suppressed. Which of the processes discussed
here really proceeds is dependent on the selected reaction conditions. The nature of the catalyst, the
chlorinating reagent, additives or the temperature can have an enormous influence on the reaction
events and thus, for example, suppress or favor dichlorination, racemization or the formation of one

or more diastereomeric aminals.

Numerous aminals with the 1% (14), 2" (19) and 3™ (18) generation MacMillan catalysts could be
isolated, the respective diastereomers separated and all compounds fully characterized for the first
time. This made it possible to revise the syn and anti assignment of MacMillan aminal diastereomers
made in the literature and to characterize additional diastereomers that had previously been
overlooked.?*! |on mobility mass spectrometry with aliquots from the reaction mixture and with
isolated aminals shed more light on the stereochemical course of the reaction and the decomposition
process of the aminals. In combination with the previously mentioned experiments and a
comprehensive consideration of the kinetic profile, a Curtin-Hammett scenario for the reaction with
MacMillan catalysts could be ruled out. Most of the corresponding aminals are stable off-cycle
intermediates, as anticipated at the beginning of these studies. Interconversion processes, according

to the Curtin-Hammett scenario could be excluded beyond doubt.

Aminals arising from the Jgrgensen catalysts showed significantly lower stability than the
corresponding MacMillan aminals. Decomposition experiments were able to rule out E2 elimination in
analogy to the MacMillan aminals. In addition, these experiments could show that only one
enantiomer of the chloroaldehyde emerges from the two aminal species and not both, as in the Curtin-
Hammett scenario. In situ reduction and functionalization of the formed aminals (42a) led to increased
stability and made the isolation of the Jgrgensen aminals possible for the first time. Subsequent X-ray
crystal structure analysis revealed a syn configuration of the major aminal isomer, in contrast to the
anti assignment made in the Curtin-Hammett scenario. A comparison between the calculated NMR
data of a wide range of isomers, which were also calculated, and the experimental NMR data of the
two aminal species could refute the anti configuration of the major isomer anti-42a and confirm a syn
configuration between the chlorine atom and the phthalimide substituent. Additionally, the
combination of calculated isomers and NMR-data revealed a syn configuration also for the minor
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aminal. Interestingly the major and minor species turned out to be rotamers (ap-syn-42a and sc-exo-
syn-42a) at the bulky substituent of the pyrrolidine catalyst. These findings are summarized in Scheme

18.
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Scheme 18: Assignment of the two aminal species according to Blackmond®®*Y and revised structures

according to the present work.

The sum and diversity of all experiments and the unambiguous results for both, the MacMillan and the
Jorgensen system, leaves no doubt about the incorrect assignment of numerous aminal

intermediates®*! and the absence of a Curtin-Hammett scenario.

This work shows how powerful a reasonable combination of diverse chemical methods can be.
Approved synthetic methods, such as the isolation of intermediates for crystal structure analysis or
decomposition experiments, go hand in hand with various modern techniques such as KIE
measurements and ion mobility spectrometry. These experimental methods were complemented at
various points by DFT-based calculations. The reliability of the interpretation is increased by the
combination of the methods and their consistent results. Any misinterpretations thus become much
less likely. This approach also promotes exchange between related disciplines and research groups and
can be exemplary for the future elucidation of unknown or controversial reaction mechanisms. A
deeper understanding of the chemical processes involved can improve manufacturing processes and,

in some cases, make them possible in the first place.
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1.5. Further Results

The previously developed CI* species and their halogen analogues, were shown to have profitable
properties over the traditionally used reagents NXS and NXP (X = Cl, Br, 1) in further work by the group
of Christmann and Heretsch. In addition, the applicability of the modified organocatalytic a-

chlorination of aldehydes was demonstrated in the synthesis of chiral organic molecules.

Triazoles

Triazoles as structural motifs can be found in numerous products such as drugs, functional materials
or agrochemicals.®® The properties and uses as ligands in coordination chemistry have also been
extensively studied.® As shown in Scheme 19, two regioisomeric bistriazoles should be synthesized
from one common chiral precursor (in the course of the synthesis two different pseudo-enantiomeric
catalysts (62 and ent-18), which generate the enantiomeric bis-chlorohydrins 57 and ent-57 were used;

the use of one catalyst would generate one common chiral precursor).

a-chlorination
1. epoxidation

2. epoxide opening HO/\:/Y\OH SN2
," Cl cCl l
57
<N, HO™ Y Y oH
N3 Nj
8 59

NB/Y\_/\
OH OH
5

1. propargylation 1. propargylation
2. cycloaddition 2. cycloaddition

Scheme 19: Synthesis of the two chiral bistriazoles 60 and 61.

The previously investigated a-chlorination of aldehydes should ensure the correct installation of the
two stereocenters and prove its potential as an efficient transformation. The subsequent bifurcation,
leading to the regioisomeric bistriazoles 60 and 61, should be accomplished by direct azide substitution
or epoxidation and epoxide opening of the chiral bis-chlorohydrin 57. Part of the synthetic route to

regioisomer 60 was inspired by a publication of Mekni and Baklouti.l>
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Scheme 20: Synthesis of the two chiral bistriazoles 60 and 61.

As shown in Scheme 20, the two bistriazoles 60 and ent-61 could be successfully synthesized in four
and five steps, starting from inexpensive glutaraldehyde 56. In the first step, chiral chlorohydrin ent-
57 was obtained by an organocatalytic a-chlorination of aldehydes followed by reduction in moderate
yield of 38% and excellent diastereo- and enantioselectivity. The use of the modified catalytic system
consisting of catalyst 62 and the chlorinating reagent NO,NCP (67) allowed a reduction of the catalyst
loading from 20 to 10 mol% per functional group with almost identical yield (35%). At this bifurcation

point diazide 58 could first be synthesized by twofold inversion of the stereocenters in a one-pot
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reaction (epoxidation and epoxide opening) with a yield of 63%. The regioisomeric diazide ent-59 was
accessed by TBS protection of the free alcohols followed by a one-pot azide substitution and
deprotection in a good overall yield of 63%. Unfortunately, the direct substitution of chlorohydrin ent-
57 was not possible. It was suspected that the harsh conditions of the azide substitution could lead to
ring closure reactions.3 Subsequent propargylation generated the two regioisomeric propargyl ethers
64 and 66 in 63% and 76% yield, respectively. In the last step, an intramolecular 1,3-dipolar
cycloaddition afforded the two regioisomeric bistriazoles 60 and ent-61 in 88% and 68% vyields,
respectively. The absolute configuration of the two compounds could be confirmed by single crystal

structure analysis.

Both triazoles 60 and ent-61 can also be precursors for carbenes and offer subsequent coordination to
metal-centers (Scheme 21).5% The presented synthesis enables multiple variations to modify the
bistriazoles. The large bite angle (a) of mesionic carbene 68 can in priciple be compressed by two
additional substituents (R') on the carbon backbone (Thorpe-Ingold effect’®) (Scheme 21, 70). Using a
suitable starting material would be the easiest way to introduce these substituents. The same
compressing effect might be achieved by shortening the connection between the oxygen atom and
the triazole scaffold (Scheme 21, 69). Thus the previously performed propargylation of the free
alcohols should be substituted by alkynylation of the two hydroxyl groups.®® In future studies
bistriazoles and mesoionic carbenes with different bite angles can be investigated by means of

coordination modes to different sized metal centers.

1. alkylation/arylation
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Scheme 21: Possibilities for tuning of the bite angle of mesoionic carbene 68 (a>B>y).

Allylic Chlorination

The strongly electrophilic chlorinating reagent NO,NCP (67) showed significantly increased reactivity

(compared to NCS and NCP) toward unsaturated compounds. For example, in the organocatalytic a-
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chlorination of citronellal, it was observed that the electron-rich double bond of this substrate
generates the corresponding allyl chloride 72 as a side reaction (Scheme 22, top). In a bachelor thesis
supervised by me, it was subsequently shown that numerous olefins react to the corresponding allyl
chlorides without further activation.”! Using the electron-rich aromatic 1,3,5-trimethoxybenzene (73)
as an internal standard in a *H NMR kinetic measurement, electrophilic aromatic substitution was
observed over time. The three aromatic protons were substituted successively by the chlorine atoms
of NO;NCP in the course of the reaction (Scheme 22, bottom). The corresponding iodine and bromine
derivatives of NO;NCP were also successfully synthesized and a similar reactivity towards olefins was

demonstrated.

\
P

Y
P

71 O 72
O,N
N—CI
OMe OMe
NO,NCP (67) O X X
MeO OMe MeO OMe
73 X
X=H,Cl
74

Scheme 22: Allylic chlorination of olefins (top) and SeAr for electron-rich aromatic compounds (bottom).

Total Synthesis of Dichrocephon A and B

In the course of the first total syntheses of dichrocephon A and B, a chemoselective bromination of
the terminal alkyne of compound 75 was envisioned (Scheme 23).581 With NBS as a brominating
reagent, good yields could only be obtained by using stoichiometric amounts of AgNOs. Lowering the
catalyst loading to 0.5 equivalents led to a significant drop of the yield and the formation of side
products. Only by using NO,NBP (77) it was possible to reduce the amount of silver salt to a catalytic

value of 5 mol%. In addition, the yield could be increased from 32% to 91%.%

AgNO; (eq.) R-Br temperature yield

| | 1 NBS 0°C 79%

] AgNO, Q o]
_ RBr X 05 NBS 0°C 32% O2N
acetone A Br N—Br
O 75 temperature O 76 1 NO,NBP  0°C 85%
NO,NBP (77) O
005 NONBP 1t 91%

Scheme 23: NO2NBP as a superior alternative to NBS in the chemoselective bromination of terminal alkynes.
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Photocatalytic C-H-Functionalization

In a recent publication by the two groups of Heretsch and Christmann on the design and use of a self-
developed flow system, a regioselective, photocatalytic C-H chlorination of (+)-sclareolide was
investigated as a feasibly application (Scheme 24).1°0) The commercially available reagents NCS and
NCP initially generated yields in the range of 11-24%. The use of NO;NCP resulted in a further drop of
the yield (6%). Good results (41% yield) were finally achieved with the electron-rich chlorine source
MesNCS (79). The beneficial behavior of electron rich chlorinating reagents can be attributed to the
more stable N-H bond of the corresponding imides.®* The superiority of the newly developed

chlorinating reagent 79 could also be reproduced on a gram scale.

catalyst R-Cl temperature yield

["BugN14[W10O35] [mol%] [°C] [%]
R-CI 7 NCS 30 24
365 nm LED
Clo, 10 NCP 30 19
CH5CN, temperature 10 NO,NCP 30 6
100 min
(+)-sclareolide 10 MeyNCS 0 41

Scheme 24: Photocatalytic C-H-functionalization of (+)—sclareolide.
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2. Application of Novel Polyinterhalides in Organic Synthesis
2.1. Introduction
2.1.1. Halogen Bonding

Defined in 2013 by IUPAC,'? halogen bonding was initially considered to be the interaction between
a halogen and a Lewis base. In contrast to the traditional nomenclature, the halogens are considered
as Lewis acidic halogen bridge donors. The Lewis bases act as halogen bridge acceptors by providing
their electron density. Halogen bridges are not only formed between halogens and Lewis bases but
also between two halogen species. Halogen bonding can be explained similarly to hydrogen bonding.
The main difference, however, is the directional nature of the bond. While hydrogen bonds are non-
directional, the halogen bond is formed at a bond angle of 90° or 180°. The reason for the special

bonding situation is the o-hole.®!

CI-ClI Br-Br Br—CI Cl-Br

OO

Figure 8: Electrostatic potential of Clz, Brz, and BrCl (red: high electron density, blue: low electron density)./®¥

As shown in Figure 8, the electrostatic potential, which reflects the electron distribution in the
molecule, is unevenly distributed across the halogen molecules. Rings with areas of larger negative
partial charges are formed perpendicular to the bond axis. At the ends, along the bond axis, regions of
positive partial charges, the o-holes, are formed. This anisotropy leads to directional non-covalent
halogen bonding with nucleophiles along the bond axis of the halogen species (180°). With
electrophiles, interaction occurs perpendicular (90°) to the bond axis. As shown in Figure 8, the
intensity of the o-hole, and thus the electron accepting ability, increases with the atomic radius from
chlorine to bromine. While homoatomic dihalogens (Br, or Cl;) show an identical o-hole at both
halogen atoms, interhalogens (BrCl) show a much more pronounced o-hole at the more electropositive
atom.!® Figure 9illustrates the different bonding situations between halogen species and nucleophiles

or electrophiles and between two halogen species.®!
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Figure 9: Interaction between halogen and nucleophile (left), between halogen and electrophile (center), and

between two halogens (right).

2.1.2. Polyhalides

The importance of halogens and halogenated compounds in the 21% century can hardly be
overestimated.'®® Chlorine gas, which comes almost exclusively from the chlorine-alkali electrolysis, is
one of the ten most produced inorganic substances worldwide in terms of volume.®® Chlorine or
chlorine-containing compounds play an irreplaceable role in manufacturing processes and end
products in most cases. Plastics such as PVC, pharmaceutical products and agrochemicals are just a
few examples.'®”' The increasing importance of fluorinated products, especially in the field of materials
and pharmaceuticals, should also be emphasized here.[®® Beside these substances, which are mostly
classified as organohalogen compounds, the interesting class of polyhalogens exists. Polyhalogen
compounds can be divided into three categories; neutral (BrCl, IF;, BrFs), cationic ([Is]*, [BrsFs]*, [Brs]*)
and anionic ([Brs], [Brs]>, [CI(BrCl);]) polyhalogens.[®® A further distinction is made between
homoatomic species such as [l3]*, [Brs]* or [Brs]* and heteroatomic species (polyinterhalogens) such as
[BrsFg]* or [CI(BrCl);]. The anionic polyinterhalogens will be referred to as polyinterhalides in the
following. Among the polyinterhalides, a distinction is made between classical and non-classical
species. The former bear an electropositive central atom surrounded by more electronegative
halogens ([IFe]” or [ICls]). In non-classical polyinterhalides, the central atom is more electronegative
than the coordinating diatomic halogen molecules ([Cl(l;)s]” or [CI(BrCl)s]). The distinction is often not
clear-cut. For example, the [IBr;]" anion can be considered as [Br-I-Br]" (3-center 4-electron bond
analogous to the I* anion) or as Br- coordinated by a IBr-molecule (donor-acceptor bond). The choice
of the counter cation can influence decisively the structure and geometry of the anion as well as the
physical properties of the compound.!®3 The structural features of polyinterhalides can be explained
by the already mentioned anisotropy of the charge distribution. The exact bonding situation of the
non-classical polyinterhalides can be illustrated by the molecular orbital (MO) theory. In Figure 10, the
MO scheme for molecular BrCl is shown on the left. It largely corresponds to the MO schemes of the
homoatomic dihalogens. The greater electronegativity of chlorine results in the atomic orbitals of
chlorine being lower than those of bromine. Unlike homoatomic dihalogens, in this case atomic orbitals

of different periods are combined (bromine: 4™ period, chlorine: 3" period). The formation of a non-
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classical polyinterhalide such as [CI(BrCl)]" (Figure 10, right) occurs via donating a free electron pair of
the chloride anion into the LUMO of BrCl. Since this molecular orbital is antibonding, a bond weakening
occurs in the BrCl molecule. This phenomenon can be experimentally demonstrated by both single
crystal structure analysis and vibrational spectroscopy.® Thus, the bonding situation in the

polyinterhalide [CI(BrCl)] can be described as a donor-acceptor interaction between CI- and BrCl.[%!

E 4

©

@ & @ BO—O@J

Figure 10: Molecular orbital diagram for the BrCl molecule (left) and for the polyinterhalide [CI(BrCl)] (right).

2.1.3. Polyhalides as Reagents in Organic Chemistry

Due to their better handling (liquid physical state, vapor pressure) and the resulting lower toxic
exposure compared to dihalogens, polyhalides found their way into organic synthesis. Nonabromides,
for example, are reliable bromination reagents with better selectivities compared to elemental
bromine.'® Analogously, the use of trichlorides is also described.’® The use of BrCl in organic
chemistry is mostly limited to its application as an interhalogenation reagent for unsaturated
substrates and not widely used.” Despite its high reactivity and perfect atomic economy, its gaseous
physical state and high toxicity, degrade BrCl to an inconvenient reagent. Another drawback is the
limited storability, which is a result of the equilibrium reaction between BrCl and Br,/Cl,."*¥ Due to the
different vapor pressures, elemental bromine accumulates, which alters the stoichiometry between
bromine and chlorine in the compound and decreases the selectivity for the use as a reagent. Thus,

dual brominated and chlorinated by-products are generated in the reaction with olefins.
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Figure 11: Gaseous BrCl (left)”? and the ionic liquid [NEtsMe][CI(BrCl);] (right)!3l.

Due to the drawbacks of elementary BrCl, two-component systems with common reagents were
established as alternatives.”* Pioneering work on the enantioselective bromochlorination of olefins is
known from the group of Burns."! Various allylic alcohols (80) were converted into the corresponding
chiral bromochlorides (83) in excellent chemo- and enantioselectivities by using NBS (81),

chlorotitanium triisopropoxide and the chiral Schiff base 82 as the catalyst (Scheme 25).

Bu
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14 \D\
N—Br
\‘ N
R PR K:/ NI By

i ; R
HO\)%(RZ 810 , (PrO)3TiCl, Ph 82 >~ HO\)»/RZ
hexane, -30 °C,4to 12 h

R3 B’ R?
80 83

Scheme 25: Chemo- und enantioselective bromochlorination according to Burns.

The BrCl molecule has a more distinct o-hole compared to Br, or Cl, (Figure 8), which favors the
formation of halogen bonds. Therefore, the combination of BrCl with a halogen bond acceptor allows
a shift of the equilibrium from Br,/Cl, to BrCl. Based on this concept, the stabilized interhalide
[NEt4][CI(BrCl)] was first used in the selective bromochlorination of alkenes and dienes in the
1980°s.I%781 The higher homologues of these interhalides were recently synthesized and characterized

in the Riedel group.l’”
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[AsPh,4][CI(BrCl3)] [CCIN(Me,)][CI(BrCl)s] [N(Ph3P),][CI(BrCl)g]
Figure 12: A selection of different polyinterhalides synthesized and characterized by the Riedel group.””!

In order to quantify the environmental and economic efficiency of the different interhalogenation
reagents the atomic economy factor A will be introduced in the following. Here, the quotient of the

molar mass of the reagent and the molar mass of the BrCl equivalents released is formed.

M ([cation][CL(BrCl),])
x - M (BrCl)

A=

or

Ao Y. M (reagents)
M (Brcl

The factor only reflects the atomic economy theoretically possible from the sum formula of the
reagent. The reactivity or actually required equivalents are not taken into account here. In the most
ideal case, the use of pure BrCl, no by-products are formed and the factor A becomes 1. Consequently,
as the value of A increases, the atomic economy of the reagent decreases. Table 1 lists some
interhalogenation reagents and the determined atomic economy factor A. Two-component systems
such as NBS and HCl-py”® or the system used by the group of Burns for the enantioselective
bromochlorination of allylic alcohols!”*! are usually significantly inferior to the one-component systems.
In the latter, a higher substitution with BrCl molecules (compare entries 2 and 4) and a smaller

countercation (compare entries 4 and 5) leads to a better atomic economy factor.
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Table 1: Reagents for bromochlorination and the corresponding atomic economy factor A.

entry reagents BrCl-equivalents A
1 BrCI7Y 1 1.0
2 [NEt,][CI(BrCl)]7278] 1 24
3 [NEtsMe][CI(BrCl);]®4 2 1.7
4 [NEt4][CI(BrCl)3]* 3 1.5
5 [AsPhg][CI(BrCl)3]"""! 3 2.2
6 [NEts][CI(BrCl)s]( % 5 1.3
7 [(PPhs3)2N][CI(BrCl)e]""” 6 1.8
8 NBS, HCl-py!7! 1 2.5
9 NBS, (PrO)sTiCI"®! 1 3.8
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2.2. Scientific Goal

Polyinterhalides of the type [cation][CI(BrCl),] (n = 1-6) developed in the Riedel group extend the
compound class of non-classical polyinterhalides. In this work, we aimed to test whether the novel
compound [NEtsMe][CI(BrCl),] (A = 1.7) can mimic or exceed the reactivity of pure BrCl (A = 1.0) or the
literature-known polyinterhalide [NEt4][CI(BrCl)] (A = 2.4). Good atomic economy combined with high
stability and cheap and easy synthesis make [NEt:Me][CI(BrCl);] a promising interhalogenation
reagent. Unsaturated substrates, such as olefins, alkynes or Michael systems, are known substrates for
bromochlorination and will therefore also be tested in this study. Since regio- and chemoselectivity
have a significant influence on the general applicability, unsymmetrical olefins and substrates with
additional functional groups will also be interhalogenated in the course of the investigations. In
addition, the reaction conditions will be varied to investigate the possible influence of solvent,

temperature and reaction time (Scheme 26).

R'" R? R" R?
= cl——Br
RS R* R® R*
0 [NEt;Me][CI(BrCl),] ¢ Q
> 1 2
R(\)I\R2 temperature, solvent R R
reaction time Br
R' Br
R'—R? >_<—
cl R?

Scheme 26: Work plan for the application of [NEtsMe][CI(BrCl)z] as an interhalogenation reagent.
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Abstract:

The use of neat BrCl in organic and inorganic chemistry is limited due to its gaseous aggregate state
and especially its decomposition into Cl; and Br,. The stabilization of BrCl in form of reactive ionic
liquids via a novel in situ synthesis route shifts this equilibrium drastically to the BrCl side, which leads
to safer and easier to handle interhalogenation reagents. Furthermore, the solid state structures of
the hitherto unknown [CI(BrCl),]"and [CI(BrCl)4]~ anions were synthesized and characterized by single-

crystal X-ray diffraction (XRD), Raman and IR spectroscopy, as well as quantum chemical calculations.

Author Contribution:

Various novel polyinterhalides were synthesized and extensively characterized in the Riedel group. My
task was to investigate the reaction behavior towards organic molecules. In addition, a comparison
with the known reactivity of pure BrCl had to be made and advantages or disadvantages had to be
pointed out. For this purpose, | first selected nine suitable unsaturated substrates, six of them were
accessible via a one-step synthesis. Subsequently, | was able to find suitable reaction conditions

(solvent, concentration, temperature, reaction time) and test the reactivity of [NEtsMe][CI(BrCl).]

57



towards the nine substrates. The isolation, purification and full characterization of the compounds,
some of which were unknown, was also carried out by me. Lastly, | succeeded in preparing single
crystals for three interhalogenated compounds. The single crystal structure analysis of a

bromochlorinated compound was subsequently carried out by the Riedel group.
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@ In Situ Synthesis and Applications for Polyinterhalides Based on

BrCl

Benjamin Schmidt,® Sebastian Ponath,” Johannes Hannemann,” Patrick VoBnacker,?
Karsten Sonnenberg,” Mathias Christmann,” and Sebastian Riedel*™

Abstract: The use of neat BrCl in organic and inorganic
chemistry is limited due to its gaseous aggregate state and
especially its decomposition into Cl, and Br,. The stabiliza-
tion of BrCl in form of reactive ionic liquids via a novel in
situ synthesis route shifts this equilibrium drastically to the
BrCl side, which leads to safer and easier-to-handle interha-

logenation reagents. Furthermore, the crystalline derivatives
of the hitherto unknown [CI(BrCl),]~ and [CI(BrCl),]~ anions
were synthesized and characterized by single-crystal X-ray
diffraction (XRD), Raman and IR spectroscopy, as well as
quantum chemical calculations.

Introduction

After the discovery of attractive interactions between dihalo-
gens and halide anions in 1819, Chattaway and Hoyle carried
out first systematic investigations of polybromides and -chlor-
ides in 1923.” These reports marked the starting point of the
vast chemistry of polyhalogen compounds. In the last years
not only our knowledge of the structural diversity of several
polyhalogen anions, but also the possible applications of poly-
halogen compounds increased continuously.”! In general, inter-
halogen anions can be separated into classical interhalides,
which possess an electropositive center that is surrounded by
more electronegative halogen atoms, for example, [ICl,]","
[IFs]~,® and nonclassical interhalides. A nonclassical interhalide
can be best described as a central halide ion X~, which is sur-
rounded by dihalogen Y, (e.g., [Cl(1,),] ™) or interhalogen mol-
ecules XY/YZ (e.g., [Br(IBr),-21Br]").”" Lately first examples of ex-
traordinarily large polyhalogen anions of the lighter halogens
such as the octahedrally coordinated monoanions [Cl;;] ™ and
[CI(BrCl)] ™ as well as the highly reactive [Br,F,]~ and [BrsF,o]”
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anions"” were reported. Besides the detailed structural investi-
gation of polyhalides, their applications as halogenation re-
agents,"" as electrolytes in dye-sensitized solar cells"? or
(redox flow) batteries”™ are well established. Recently further
applications as reactive ionic liquids which are able to dissolve
noble metals and alloys were reported. These reactive ionic lig-
uids show promise for applications in metal recycling.""

The formation of polyhalides can be explained by the con-
cept of halogen bonding. According to this concept, the elec-
trostatic potential of a dihalogen molecule is anisotropic and
can be divided into two regions: an area of higher electron
density, which forms a belt perpendicular to the molecule’s
bonding axis, and a region of a more positive electrostatic po-
tential, which is situated on the bonding axis, the so-called o-
hole.™ While for symmetrical dihalogens such as Br, and Cl,,
the o-hole is symmetrical on both halogen atoms, for diatomic
interhalogens such as IBr and BrCl, the o-hole is more pro-
nounced at the more electropositive halogen atom, see
Figure 1. Owing to their polarized bond and pronounced o-
hole, interhalides are expected to form more stable anions and
their tendency to form extended polyhalogen networks is low-
ered.

Cl-Cli Br-Br Br—ClI Cl-Br
& o & & & & & &
o o o o o o o =]
= o = Y] @ s a -3

Figure 1. Electrostatic potential in the range of —0.01 au (red) to 0.06 au
(blue) for the molecules Cl,, Br, and BrCl (view of the Cl or Br atom, isosur-
face value 0.0035 au); calculated at the B3LYP-D3/def2-TZVPP level of
theory.

© 2020 The Authors. Published by Wiley-VCH GmbH
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Results and Discussion

Considering the excellent halogen bonding properties, it is sur-
prising that larger nonclassical interhalides based on bromine
monochloride (BrCl) have been reported only recently.” The in-
terhalide BrCl exists in an equilibrium with Br, and Cl,, see
Scheme 1.1 This hampers its use as a reagent due to side
reactions. An equilibrium ratio of approximately 60% for BrCl,
and 20% for Cl, and 20% Br, was experimentally determined
at room temperature.!®

This in good agreement with quantum chemical calculations
at B3LYP-D3(BJ)/def2-TZVPP"¥¥ and SCS-MP2/def2-TZVPP®*37
level of theory. This equilibrium makes the stoichiometric
usage of neat BrCl nearly impossible. Due to the different
vapor pressures®” of Br, Cl, and BrCl, first mainly chlorine
boils off a batch of BrCl while bromine is enriched in the re-
maining liquid. Due to the pronounced o-hole, the halogen
bonding properties of BrCl are enhanced in comparison to Br,
and Cl,. Thus, an addition of a halogen bond acceptor, for ex-
ample, a chloride salt, yielding BrCl based polyinterhalides
such as the pentahalide [CI(BrCl),]”, should result in a signifi-
cant shift of the equilibrium to the BrCl side, see Scheme 2.
Our calculations show that the equilibrium is almost entirely
located on the side of the BrCl based interhalides (>99.99 %,
calculated from AG°). Therefore, the stabilization of BrCl in
form of polyinterhalide compounds provides a convenient BrCl
source.

This was partially examined by the use of the trihalide
[CI(BrCl)]~ as efficient bromochlorinating agent.®*** Neverthe-
less, further studies regarding the reactivity of higher polyinter-
halides based on BrCl are still necessary.

Herein; we report a new synthetic route for polyinterhalides
based on BrCl as well as the preparation and characterization
of hitherto unknown BrCl interhalide monoanions, which com-
plete the set of possible coordination numbers. These com-
pounds have been characterized by single crystal X-ray diffrac-
tion (XRD), Raman and IR spectroscopy as well as quantum
chemical calculations.

A new synthetic approach generates the interhalide BrCl in
situ, see Scheme 3. In this approach, a chloride salt was provid-
ed in a reaction flask and afterwards elemental chlorine and
bromine were condensed onto the salt at —196°C.

——

2 BrCl Cl, + Brn,
AG =5.2 (5.9) kd mol!

Scheme 1. Equilibrium of BrCl with Cl, and Br, under ambient conditions;
AG (298.15 K, 0.1 MPa) values were calculated at B3LYP-D3(BJ)/def2-TZVPP
and SCS-MP2/def2-TZVPP (italic) level of theory.

—

2 [CI(BrCI),]” [CI(CLL),]™ + [CI(Bry),]”

AG =65.9 (78.3) kJ mol ™’

Scheme 2. Equilibrium of stabilized BrCl under ambient conditions; AG
(298.15 K, 0.1 MPa) values were calculated at B3LYP-D3(BJ)/def2-TZVPP and
SCS-MP2/def2-TZVPP (italic) level of theory.
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[Cat]lCl + nCl, + nBr [Cat][CI(BrCl),,]

Scheme 3. In situ synthesis of interhalogen compounds based on BrCl.

Condensing Br, and Cl, as starting materials guarantees the
exact stoichiometry compared to the usage of a previously
prepared BrCl batch. Warming up to ambient temperature
leads to the formation of BrCl, which immediately reacts with
the chloride to afford the desired polyinterhalide species. Due
to this in situ generation of BrCl the undesired impurities of
Br, and Cl, are minimized and consequently a clean product is
obtained. These interhalide compounds offer themselves as an
easy-to-handle and safer alternative to neat BrCl for applica-
tions in organic and inorganic chemistry.

To demonstrate the advantages of the new synthesis route,
a complete set of the possible BrCl interhalides with one to six
coordinating BrCl molecules was synthesized and fully charac-
terized, see Figure 2.

To receive the trihalide [CI(BrCl)]~, 0.5 equivalents of Br, and
Cl, were condensed onto [NEt,]Cl in dichloromethane (DCM).
Slowly cooling the reaction mixture to —24°C yields single
crystals suitable for XRD analysis. The obtained crystal structure
of 1 was already published in 1974.5% The structural motif of
the [CI(BrCl)]™ trihalide was discussed several times in litera-
ture.”® [NEt,J[CI(BrCl)] contains two crystallographically inde-
pendent anions in the asymmetric unit. In the following, the
structural data of the more symmetrical anion is discussed. The
trihalide is almost linear (179.1(1)°) and symmetrical (Cl1—Br1
240.4(1), CI2—Br1 239.1(1) pm). The bonding situation can be
best described as a three-center four-electron (3c—4e) bond
and can be compared with other symmetrical trihalides such
as [Br;]~ or [Cl;].%3 The 3c-4e bond results in a bond order

240401 o 24001) B AT 22012)
220.7em)/0' e 2302 7 L e
: Br 227.8(1) {
29 1(/ 224.4(:)\@ 221.02)|
(1) (2) (3)
Iz19.4(2) 216.9(1)T
Tzzms(z) i) § U
: b 218.0(2) . e
i B P S
@ ! e G |
«— I S @272:4(16); «° Lo 215.4(1)
1218.9(2) l
4) (5) (6)

Figure 2. Molecular structures in the solid state of the interhalide salts [Cat]
[CI(BrCl),] (for n=1, 2, 3, 5 [Cat] " =[NEt,] "; for n=4 [Cat] " =[NPr,]*; for
n=6 [Cat]* =[PNP]" ) with thermal ellipsoids set at 50% probability. The
cations and disorders of the anions were omitted for clarity. For the penta-
halides (2) two different structures, namely [NEt,],[CI(BrCl),][CI(BrCl)]
and[NEt,J[CI(BrCl),] (bond lengths in italics), were obtained. For detailed
structures, see Figures S1-S5, S38. Bond lengths [pm] of the central chloride
to the coordinated BrCl molecules: 2: 251.7(1), 262.3(1); 259.6(1), 265.5(1); 3:
266.4(2)-273.0(2); 4: 278.6(1); 5: 281.1(2)-298.6(2); 6: 279.3(1)-291.3(1).

© 2020 The Authors. Published by Wiley-VCH GmbH
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of 0.5, which explains the most elongated BrCl bond in com-
parison to the larger interhalides.

The addition of 0.85 equivalents of the dihalogens Br, and
Cl, to [NEt,]Cl in DCM leads to the formation of the hitherto
unknown pentahalide [CI(BrCl),]”. The anion possesses a slight-
ly distorted V-shaped structure, see Figure S38. In the crystal
structure a partial substitution of the coordinating BrCl mole-
cules by Br, is observed. Therefore, a small excess of chlorine
(0.85 equiv Br,, 1.1 equiv Cl,) was used resulting in crystals of a
non-disordered [CI(BrCl),] anion and an additional, slightly un-
symmetrical [CI(BrCl)]~, see Figure S2. In contrast to the 3c-4e
bond of trihalides, the bonding situation of the higher poly(in-
ter)halides can be best described as a donor-acceptor interac-
tion. The central halide ion acts as Lewis base and donates
electron density into the LUMO (0*) of the Lewis acids, namely
the coordinating dihalogen molecules. The charge transfer re-
sults in a bond weakening and elongation of the coordinating
molecules, which can also be observed experimentally.”’ In
case of the non-disordered pentahalide 2 the bond lengths of
the coordinating BrCl molecules are elongated by 10.5(2)-
14.2(2) pm compared to free BrCl (213.6(1) pm).”¥ Adding
more equivalents of Br, and Cl, to the chloride salt, anions
with higher coordination numbers can be obtained. Conse-
quently the heptahalide [CI(BrCl);]~ (3) crystallized with [NEt,] "
as the counter ion. The heptahalide was already reported with
[AsPh,]" as the cation. In the reported structure of [AsPh,]
[CI(BrCl);] two crystallographically independent heptahalides,
which slightly interact with each other, can be observed in the
asymmetric unit” The [CI(BrCl);]~ presented here in [NEt,]
[CI(BrCl);] consists of just one discrete anion, which shows no
interactions to other halogen atoms and is arranged in a dis-
torted trigonal-pyramidal structure.

Increasing the amount of Br, and Cl, to 2.5 equivalents and
changing the cation to [NPr,]* leads to the formation of the
nonahalide [CI(BrCl),]”, which is the first reported BrCl based
nonahalide, see Figure 3.

The compound crystallizes in the tetragonal space group I,
and its structure can be best described as a distorted tetrahe-
dron. The obtained polyinterhalide compounds is isostructural
to the already published [NPr,][Br(Br,),] (Figure 3).5¥ In compar-
ison to the [Br(Br,), , whose intermolecular distances are
about 30 pm shorter than the sum of the van der Waals radii
(370 pm),” the [CI(BrCl),]~ anion is more discrete. The inter-
molecular distances of 4 are just 10 pm shorter than the sum

Br3 3395Q)
b4

Figure 3. Comparison of the anion structures in the solid state of [NPr,]
[Br(Br,),]~ and [NPr,][CI(BrCl),]~ with thermal ellipsoids set at 50 % probabili-
ty. Selected bond lengths [pm] and angles [“]: [Br]": Br1—Br2 294.3(1), Br2—
Br1-Br2’ 131.2(1), 99.8(1); [CI(BrCl),]: CI1—Br1 278.6(1), Br1-CI1-Br1’ 130.1(1),
100.3(1).
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of the van der Waals radii (360 pm),“” which again shows the
lower tendency of BrCl based interhalides to be stabilized by
secondary halogen-halogen interactions. Furthermore, the hy-
pothetical square-planar structure (D,,) has been quantum-
chemically investigated at B3LYP-D3(BJ)/def2-TZVPP and SCS-
MP2/def2-TZVPP level. Both optimized structures show a tran-
sition state for the interconversion of the tetrahedral structure
which are 14.6 and 7.2 kJmol™' higher in energy than the T,
structure.

From a reaction mixture of an excess of Br, and Cl,
(3.5 equiv each) with [NEt,Cl, single crystals of the undecain-
terhalide [NEt,J[CI(BrCl)s] were obtained (5). A similar undeca-
halide structure was already published earlier with
[CCI(NMe,),]" as the counter ion. With this cation the structural
parameter 7 (t=(8—a)/60°,  and a are the largest angles in
the coordination sphere) was determined to be 7=0.25, which
indicated a rather square-pyramidal arrangement.”*” With
[NEt,]* as the cation, the structural parameter becomes larger
(r=0.38). This underlines the strong influence of the cation on
the structure of the anion. Another reason for the distorted
structure of the undecahalide is the bridging between the
[CI(BrCl)s]™ units, which leads to an octahedral coordination
sphere for the central chloride Cl1, see Figure 4.

As mentioned above, the tendency to form extended net-
works is lowered for BrCl due to its asymmetrical o-hole in
comparison to the symmetrical Br,. The solid state structure of
[CIBrCl)s]~ (5) possesses one disordered coordinating dihalo-
gen unit (Br5-Cl6/Br6), which is bridging between two anions,
see Figure 4. The interaction of the bromine with the two cen-
tral chloride ions leads to the formation of a chain.

It was possible to synthesize and crystallize interhalides
based on BrCl with tetraalkylammonium as the cation with co-
ordination numbers going from one up to five. The hexa-coor-
dinated tridecainterhalide could not be isolated with tetraalky-
lammonium cations, even an excess of BrCl leads to the forma-
tion of the [CI(BrCl)s]~ anion. This underlines the great influ-

Bra’
298.6(2)

Figure 4. Molecular structures in the solid state of the [CI(BrCl);]~ anions in
[NEt,][CI(BrCl)s] with thermal ellipsoids set at 50 % probability. A Br,/BrCl
(Br5-Br6/Br5-Cl6: 60 %/40 % occupation) interacts with two central chloride
ions to form a chain (d(Cl1—Br6’) =326.7(5) pm, d(CI1—Cl6") =340.6(17) pm).
Selected bond lengths [pm] and angles []: CI1—Br1 286.4(2), CI1—Br2
281.6(2), CI1—Br3 281.4(2), CI1—Br4 281.1(2), CI1-Br5 298.6(2), Br1—Cl2
218.0(2), Br2—ClI3 219.4(2), Br3—Cl4 219.1(2), Br4—Cl5 218.9(2), Br5—Cl6
218.4(16), Br5—Br6 231.4(5); Cl1-Br1-Cl2 176.7(1), CI1-Br2-CI3 174.9(1), CI1-
Br3-Cl4 175.3(1), CI1-Br4-Cl5 176.1(1), CI1-Br5-Cl6 174.8(8), Br3-Cl1-Br1
148.7(1), Br2-Cl1-Br4 171.5(1).

© 2020 The Authors. Published by Wiley-VCH GmbH



Chemistry

Full Paper Europe

doi.org/10.1002/chem.202001267

European Chemical
Societies Publishing

Chemistry—A European Journal

ence of the counter ions size on the obtained anion. Using the
large bis(triphenylphosphoranylidene)iminium ([PNP]*) as the
cation leads to the formation of the tridecainterhalide, which
was already published.” In this series of polyinterhalides the
Br-Cl bond length of the terminal BrCl molecules is decreasing
with the increase of BrCl molecules coordinating to the central
atom.

As mentioned before, the [CI(BrCl)]~ anion exhibits the lon-
gest BrCl bond due to the 3c-4e bond. From the pentahalide
to the tridecahalide the bonds of the coordinating BrCl mole-
cules are less weakened and therefore less elongated com-
pared to the trihalide and free BrCl (213.6(1) pm).?® The bond-
ing situation of higher polyinterhalides can be described as
donor/acceptor interaction between the central chloride ion,
the Lewis base, and the surrounding BrCl molecules, which
function as Lewis acids.

The higher the coordination number of the central chloride
the less electron density can be donated into each LUMO (o0%)
of each coordinating BrCl molecule. This leads to less weaken-
ing of the BrCl bond accompanied with shorter bond lengths,
see Figure 2. Quantum chemical calculations for the minima
structures in the gas phase of the polyinterhalide species (at
the B3LYP-D3(BJ)/def2-TZVPP and SCS-MP2/def2-TZVPP level of
theory) are in good agreement with the experimental data and
verify the described trend, see Figure 5.

Due to their strong Raman scattering, Raman spectroscopy
is highly instructive for further analysis of polyinterhalide com-
pounds. Therefore, low temperature Raman spectra of single
crystals of each polyinterhalide salt were recorded and com-
pared with quantum chemical calculations, see Figure 6. The
trend of decreasing bond weakening of the BrCl units leads to
a shift of the BrCl stretching frequencies to higher wavenum-
bers in the corresponding Raman spectra. Due to the almost
inversion-symmetrical structure of trihalides, only the symmet-
ric stretching vibration possesses significant Raman intensity.
In the spectrum of [NEt,,[CI(BrCl)],, two bands can be ob-
served at 285 and 271 cm™' respectively. These two bands can
be explained by two symmetric stretching vibrations of two
crystallographically independent [CI(BrCl)]™ anions, which differ

> 2601 - 270.0
cl 258.8 233.0 270.4 2275
246.3 227.8 222.9
241.7 / Br ) > 5
D, Coy Cs,

2246
220.5

221.4
218.4

221.0
217.9

290.4 291.7

276.7

288.7 2229 290.8
278.0 AN 219.2 > <
g
e [T~ — 2832
2845
Ty D, 0,

Figure 5. Optimized minima structures of [CI(BrCl),]~ (n=1-6). Calculated
bond lengths in pm at the B3LYP-D3(BJ)/def2-TZVPP level (SCS-MP2/def2-
TZVPP level in italics) are indicated.
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' experimental
I B3LYP-D3(BJ)
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[NEt,J[CI(BrCI),]

T T T
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Figure 6. Low temperature Raman spectra of single crystals of the polyinter-
halide salts (black) as well as calculated Raman spectra at the SCS-MP2/def2-
TZVPP (blue) and B3LYP-D3(BJ)/def2-TZVPP (red) level of theory. The band at
281 cm™" associated with [CI(BrCl)]™ is indicated by asterisks; the band for
the bridging Br, molecule is indicated by a dagger.

in bond lengths and angles (241.8(1), 235.7(1) pm, 174.8(1)°;
240.4(1), 239.1(1) pm, 179.1(1)°). These bands are most shifted
to lower wavenumbers in comparison to free BrCl (434 cm™")#2
due to the 3c—4e bond in the trihalide. Quantum chemical cal-
culations for the trihalide in D, symmetry at the SCS-MP2/
def2-TZVPP level of theory predict one band for the symmetri-
cal stretching vibration at 270 cm™" (A4,,), which agrees well
with the experimental results.

As described above, the bond weakening decreases with in-
creasing number of coordinating BrCl molecules. The corre-
sponding bands shift to higher wavenumbers and almost
reach the frequency of free BrCl. In case of the larger polyinter-
halide compounds two major bands in the Br-Cl stretching
region can be observed, the symmetric and asymmetric stretch
of the coordinating BrCl molecules.

In the spectra of the three and four times coordinated inter-
halogen compounds, an additional band at 281 cm™' is ob-
served, which can be assigned to a [CI(BrCl)]™ species, that re-
sults from residual mother liquor. The stretching frequency of

© 2020 The Authors. Published by Wiley-VCH GmbH
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the bridging Br, molecule in the solid state structure of the un-
decainterhalide 5 is observed at 290 cm™". In the Raman spec-
trum of the pentainterhalide 2, the intensities of the symmetric
and asymmetric stretching modes are inverted with respect to
the calculations. This can be explained by interactions in the
solid state, as shown by Raman spectra of compound 2 in a
DCM solution and in bulk, see Figure S42. All experimental
spectra are in good agreement with quantum-chemical calcu-
lations, see Figure 6.

Additionally, room-temperature ionic liquids (RT-ILs) contain-
ing 1-3 equiv of BrCl were prepared and analyzed by IR spec-
troscopy (Figure S12). The described trend of bond weakening
and shift of vibrational frequencies is also visible in the IR spec-
tra, however Raman spectroscopy is more suited to character-
ize the polyinterhalide species due to the superior signal to
noise ratio.

The usage of poly(inter)halide compounds in organic and in-
organic synthesis is growing over the last years.

The bromochlorinating agent [CI(BrCl)]”~ was already report-
ed in the 1980s.5%Y To demonstrate the reactivity of the poly-
interhalide ionic liquid, a variety of substrates including several
alkenes, Michael systems and an alkyne was reacted with
[NEt;Me][CI(BrCl),], see Scheme 4 (and Supporting Information,
chapters f and g).

[NEtzMe][CI(BrCl)]

Scheme 4. Interhalogenation of alkenes, Michael systems and alkynes using
the reactive ionic liquid based on BrCl (for a detailed substrate scope see
Table S4).

The reactions were performed in dichloromethane (DCM) at
—78°C to provide the bromochlorinated product within
60 min reaction time in yields between 71 and 91 %. The inter-
halogenation of several alkenes and Michael systems was ach-
ieved even at low temperatures in very short reaction times
and good yields. To investigate the long-term stability of these
reactive interhalogenation reagents, Raman spectra of two BrCl
based ionic liquids were measured continuously over a period
of one year, see Figures S36-37. The prepared ILs ([NMe,ICl+
4.5 equiv BrCl, [NPr,JClI+4.5 equiv BrCl) were stored under the
exclusion of light in sealed glass ampules. Both ILs are stable
against halogenation for at least one year, which proofs that
tetraalkylammonium cations ([NR,] ", R=Me, Et, Pr) are suitable
counter ions for these polyinterhalide reagents.

Conclusions

In summary, we have presented a novel in situ synthesis route
for BrCl based interhalides. The addition of a halogen bond ac-
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ceptor, for example, a chloride salt, results in an almost entire
shift of the equilibrium to the BrCl side (>99.99 %). This stabili-
zation of the reactive BrCl provides safer and easy-to-handle
polyinterhalide ILs for further applications such as interhaloge-
nation reactions of alkenes, alkynes and Michael systems in or-
ganic synthesis. Furthermore, we were able to synthesize via
this new route a complete set of the possible BrCl interhalides
with coordination numbers of one to six coordinating BrCl
molecules, showing that the average CI-Br distances of the
central chloride to the surrounding BrCl molecule correlate
well with the coordination number. Within this set, the hitherto
unknown V-shaped [CI(BrCl),]- and the distorted tetrahedral
[CI(BrCl),]~ anion were reported for the first time. All structures
were characterized by single-crystal X-ray diffraction, single-
crystal Raman spectroscopy as well as quantum chemical cal-
culations. Hence, our results not only complete the variety of
BrCl based interhalides, they also provide a new syntheses
route to stabilize the gaseous BrCl for promising synthetic ap-
plications.

Experimental Section

Materials, instruments, and methods: All preparative work was
carried out using standard Schlenk techniques. Chlorine (Linde,
purity 2.8) was passed through calcium chloride before use to
remove traces of water. Bromine (purity >99%) was distilled and
stored over activated molecular sieve. The [NR,ICI salts were ob-
tained from commercial sources, dried for two days at 80°C at re-
duced pressure and stored under inert conditions. Dichlorome-
thane was stored over activated 3 A molecular sieve. Raman spec-
tra were recorded on a Bruker (Karlsruhe, Germany) MultiRAM ||
equipped with a low-temperature Ge detector (1064 nm, 60 mW,
resolution of 4 cm™"). Spectra of single crystals were recorded at
—196 °C using the Bruker RamanScope lIl. ATR-IR spectra of the ILs
were recorded with a resolution of 4 cm™' on a Thermo Scientific
Nicolet iS50 FT-IR with DTGS-polyethylene detector for the FIR
range and for the halogenated alkene on a JASCO FT/IR-4100 spec-
trometer. NMR spectra were recorded at RT on a JEOL Eclipse +
500 spectrometer. Mass spectroscopy was performed on an Agilent
Technologies 6210 ESI-TOF spectrometer. X-ray diffraction data
were collected on a Bruker D8 Venture CMOS area detector
(Photon 100) diffractometer with MoKa. radiation, see Table S1-S2.

Deposition numbers 1965314, 1965315, 1965317, 1965318,
1971174, 1984581, and 1984909 contain the supplementary crystal-
lographic data for this paper. These data are provided free of
charge by the joint Cambridge Crystallographic Data Centre and
Fachinformationszentrum Karlsruhe Access Structures service.

Single crystals were coated with perfluoroether oil at low tempera-
ture (—40°C) and mounted on a 0.2 mm Micromount. The struc-
ture was solved with the ShelXT™¥ structure solution program
using intrinsic phasing and refined with the ShelXL“! refinement
package using least squares on weighted F2 values for all reflec-
tions using OLEX2."

On the one hand, structure optimizations of the polyinterhalide
anions were performed at DFT level using the RI-B3LYP hybrid
functional with Grimme's dispersion correction D3 and BJ-damping
together with the def2-TZVPP basis set."®1%! On the other hand,
further optimizations were performed at SCS-MP2 level using the
def2-TZVPP basis set.?*3% All calculations were carried out using
the TURBOMOLE V7.3 program.”? Minima on the potential energy

© 2020 The Authors. Published by Wiley-VCH GmbH
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surface were characterized by harmonic vibrational frequency anal-
yses. Thermochemistry was provided with zero-point vibrational
correction, AG values were calculated at 298.15 K and 1.0 bar.

[NEt,][CI(BrCl)]: Bromine (113 mg, 0.71 mmol, 0.5 equiv), chlorine

(50.1 mg, 0.71 mmol, 0.5 equiv) and dichloromethane (0.15 mL)
were condensed at —196°C onto [NEt]Cl (234 mg, 1.41 mmol,
1.0 equiv). Thawing to room temperature and slowly cooling to
—24°C resulted in the formation of crystals of [NEt,][CI(BrCl)].
Raman (1064 nm, 77 K, 150 mW): 3000(w), 2993(w), 2985(w),
2943(m), 1472(vw), 1457(vw), 1439(vw), 1299(vw), 1124(vw),
1001(vw), 917(vw), 734(vw), 674(w), 417(vw), 285(vs., v, Br-Cl),
271(vs., v, Br-Cl), 238(vw) cm ™.

[NEt,L[CI(BrCI),I[CI(BrCl)]: Bromine (225mg, 1.411, mmol,
0.85 equiv), chlorine (129 mg, 1.82 mmol, 1.1 equiv) and dichloro-
methane (0.20 mL) were condensed at —196°C onto [NEt,Cl
(325 mg, 1.66 mmol, 1.0 equiv). Thawing to room temperature and
slowly cooling to —24°C resulted in the formation of crystals of
[NEt,J[CI(BrCl),]. Raman (1064 nm, 77 K, 150 mW): % = 3013(vw),
2990(w), 2983(w), 2939(w), 1470(vw), 1457(vw), 1300(vw), 1123(vw),
998(vw), 890(vw), 673(vw), 468(vw), 416(w), 340(m, v, Br-Cl),
312(vs., v,s Br=Cl), 281(m, v, Br-Cl of [CI(BrCl)]"), 190(w), 158(w),
133(w) cm ™.

[NEt,][CI(BrCl);]: Bromine (363 mg, 2.27 mmol, 1.5 equiv), chlorine
(161 mg, 2.27 mmol, 1.5 equiv) and dichloromethane (0.15 mL)
were condensed at —196°C onto [NEt]Cl (251 mg, 1.51 mmol,
1.0 equiv). Thawing to room temperature and slowly cooling to
—24°C resulted in the formation of crystals of [NEt,][CI(BrCl),].
Raman (1064 nm, 77K, 150 mW): ¥ = 2992(vw), 2981(vw),
2952(vw), 2938(vw), 1456(vw), 1299(vw), 1120(vw), 1000(vw),
679(vw), 493(vw), 387(m, v, Br-Cl), 365(vs., v,, Br-Cl), 281(vs., v, Br-
Cl of [CI(BrCN]), 177(vw), 137(w) cm ™.

[NPr,][CI(BrCl),]: Bromine (406 mg, 2.54 mmol, 2.5 equiv), chlorine
(180 mg, 2.54 mmol, 2.5equiv) and dichloromethane (0.15 mL)
were condensed at —196°C onto [NPr,JCl (225 mg, 1.01 mmol,
1.0 equiv). Thawing to room temperature and slowly cooling to
—20°C resulted in the formation of crystals of [NPr,][CI(BrCl),].
Raman (1064 nm, 77K, 150 mW): © = 2980(vw), 2955(vw),
2939(vw), 2922(vw), 2897(vw), 1457(vw), 1448(vw), 1316(vw), 385(s,
v, Br-Cl), 369(vs., v,, Br-Cl), 282(w, v, Br-Cl of [CI(BrCl)]7), 170(vw,
sh), 153(w, sh), 142(m) cm™".

[NEt,][CI(BrCl)s]: Bromine (834 mg, 5.22 mmol, 5.0 equiv), chlorine
(370 mg, 5.22 mmol, 5.0 equiv) and dichloromethane (0.15 mL)
were condensed at —196°C onto [NEt,]JCl (173 mg, 1.04 mmol,
1.0 equiv). Thawing to room temperature and slowly cooling to
—40°C resulted in the formation of crystals of [NEt,][CI(BrCl)].
Raman (1064 nm, 77K, 150 mW): 7 = 2987(vw), 2949(vw),
2937(vw), 1456(vw), 1295(vw), 1117(vw), 673(vw), 506(vw), 399(s, v,
Br-Cl), 383(vs., v,, Br-Cl), 290(vs., v Br-Br), 154(vw), 138(vw) cm™".

[PNP][CI(BrCl)s]: Bromine (618 mg, 3.87 mmol, 7.5 equiv), chlorine
(274 mg, 3.87 mmol, 7.5equiv) and dichloromethane (0.15 mL)
were condensed at —196°C onto [PNPICI (296 mg, 0.52 mmol,
1.0 equiv). Thawing to room temperature and slowly cooling to
—40°C resulted in the formation of crystals of [PNP][CI(BrCl)].
Raman (1064 nm, 77 K, 150 mW): 7 = 3062(w), 2987(vw), 1590(vw),
1112(vw), 1028(vw) 1001(w) 702(vw), 668(vw), 617(vw), 406(m, v,
Br-Cl), 390(vs., v,, Br-Cl), 296(vw), 269(vw) cm".

Standard procedure of the interhalogenation: The substrate
(0.32 mmol, 1.0 equiv) was dissolved in dry DCM (3.2 mL) and
cooled to —78°C. The ionic liquid [NEt;Me][CI(BrCl),] was added
(60.4 mg, 0.16 mmol, 0.50 equiv) and the reaction mixture was
stirred at —78°C until thin layer chromatography showed conver-
sion of the substrate (alkenes: <1 min; alkyne and o,f3-unsaturated
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compounds: 30-60 min). Thereafter water (3.0 mL) was added and
the reaction mixture was warmed to RT. The aqueous phase was
extracted with DCM (3x5.0 mL), the combined organic phases
were dried over MgSO, and the solvent was removed under re-
duced pressure. The crude product was purified by column chro-
matography (SiO,, n-pentane/EtOAc). For a detailed assignment of
the "H and "®C NMR spectroscopic shifts see Supporting Informa-
tion (Table S4, Figures $S13-S30).

6-Bromo-7-chloro-2,2,3,3,10,10,11,11-octamethyl-4,9-dioxa-3,10-
disiladodecane (A): '"H NMR (500 MHz, RT, CDCl,): 6 =4.48 (ddd,
3)=9.2, 5.7, 1.9 Hz, 1H), 4.26 (ddd, ®*J=8.7, 5.8, 1.9 Hz, 1H), 3.98-
3.83 (m, 2H), 3.88-3.76 (m, 2H), 0.90 (s, 18H), 0.10-0.09 (m, 12H);
see Figure S13. *C{"H} NMR (126 MHz, RT, CDCl;): 0=65.2, 64.3,
59.4, 53.9, 25.9 (6x (), 18.4 (2x (), —5.2 (4x(C); see Figure S14. ATR-
IR: 7 = 2954, 2930, 2858, 1471, 1257, 1096, 839, 777 cm~". HR-MS
(ESI+): m/z caled for CygH;,BrClO,Si,+H™: 431.1199 [M+H]*;
found: 431.1192.

(2-Bromo-3-chloro-3-methylbutoxy)triisopropylsilane (B): '"H NMR
(500 MHz, RT, CDCl;): 6=4.36 (dd, J=11.2, 3.4 Hz, 1H), 4.18 (dd, J=
6.9, 3.5 Hz, 1H), 4.07 (dd, J=11.1, 6.8 Hz, 1H), 1.80 (s, 3H), 1.70 (s,
3H), 1.12-1.07 (m, 21H).; see Figure S15. *C{'H} NMR (126 MHz, RT,
CDCly): 6=70.6, 66.1, 65.7, 33.2, 29.0, 18.1, 12.1; see Figure S16.
ATR-IR: 7 = 2942, 2867, 2190, 1461, 1387, 1123, 1104, 882,
773cm™". HR-MS (ESI+): m/z caled for C,H;BrClOSi+Na™:
379.0830 [M+Na] *; found: 379.0829.

(4-Bromo-3-chloro-3-methylbutoxy)triisopropylsilane (C): '"H NMR
(500 MHz, RT, CDCl;): 6=3.99-3.88 (m, 2H), 3.78 (d, /=10.3 Hz,
1H), 3.67 (d, J/=10.3 Hz, 1H), 2.20-2.12 (m, 2H), 1.72 (s, 3H), 1.13-
1.02 (m, 21H); see Figure S17. *C{"H} NMR (126 MHz, RT, CDCl,):
0=702, 60.2, 43.7, 43.0, 29.8, 18.2, 12.1; see Figure S18. ATR-IR:
7=2943, 2891, 2867, 1737, 1463, 1379, 1217, 1105, 882, 738 cm ™.
HR-MS (ESI+): m/z caled for Ci,H;BrClOSi+Na*: 379.0830
[M+Na]*; found: 379.0840.

(2-Bromo/chloro-3-chloro/bromopropoxy)triisopropylsilane,  re-
gioisomeric ratio=1:1 (D): "H NMR (500 MHz, RT, CDCly): 6=4.18-
4.13 (m, 1H), 4.12-4.05 (m, 3H), 4.01-3.96 (m, 2H), 3.93 (g, J=
4.9 Hz, 1H), 3.88 (dd, J=11.2, 49 Hz, TH), 3.80 (dd, J=10.5, 6.8 Hz,
1H), 3.67 (dd, J=10.5, 48 Hz, 1H), 1.15-1.00 (m, 42H); see Fig-
ure $19. *C{'H} NMR (126 MHz, RT, CDCl,): 5 =64.8, 64.1, 60.2, 52.3,
45.0, 334, 18.1 (2xC), 12.1 (2xCQ); see Figure S20. ATR-IR: 7 =
2944, 2892, 2867, 1737, 1461, 1380, 1143, 1110, 1069, 1000, 881,
792cm™". HR-MS (ESI4): m/z caled for C,,H,BrClOSi+Na™:
351.0517 [M+Na]*; found: 351.0520.

2-Bromo-3-chloro-3-methylbutyl-3,5-dinitrobenzoate (E): '"H NMR
(500 MHz, RT, CDCly): 6=9.24 (t, J=2.1 Hz, 1H), 9.18 (d, J=2.1 Hz,
2H), 5.13 (dd, J=12.1, 3.2 Hz, TH), 4.81 (dd, J=12.1, 8.8 Hz, TH),
4.51 (dd, /=88, 3.1 Hz, 1H), 1.87 (s, 3H), 1.78 (s, 3H); see Fig-
ure S21. BC{'"H} NMR (126 MHz, RT, CDCl,): 6=162.2, 148.9, 133.4,
129.7, 122.8, 69.0, 68.1, 59.3, 33.2, 28.1; see Figure S22. ATR-IR: 7 =
3098, 2955, 2925, 1735, 1542, 1343, 1274, 1159, 921, 719 cm™". HR-
MS (ESI+): m/z calcd for Cy,H;,BrCIN,Os+Na*: 416.9459 [M+Nal*;
found: 416.9463.

3-Bromo-4-chloro-4-phenylbutan-2-one (F): '"H NMR (500 MHz, RT,
CDCly): 6=7.44-7.37 (m, 5H), 5.25 (d, J=11.2Hz, 1H), 469 (d, J=
11.2 Hz, 1H), 2.48 (s, 3H); see Figure 523. *C{'H} NMR (126 MHz, RT,
CDCly): 6=198.7, 137.4, 129.6, 128.9, 128.1, 59.9, 53.7, 27.0; see Fig-
ure S24. ATR-IR: 7 = 3066, 3032, 2970, 1722, 1455, 1362, 1218,
733 cm™". HR-MS (ESI+): m/z calcd for C,oH;BrCIO+ Na™: 282.9496
IM+Na]*; found: 282.9489; m/z caled for C,oH,BrCIO+K":
298.9236 [M+K]*; found: 289.9227.

Ethyl-2-bromo-3-chloro-3-phenylpropanocate  (G): 'H NMR
(500 MHz, RT, CDCly): 6=7.43-7.36 (m, 5H), 527 (d, J=11.3 Hz,
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1H), 462 (d, J=11.3Hz, 1H), 436 (q, J=7.2Hz, 2H), 1.37 (t, J=
7.1 Hz, 3H); see Figure S25. *C{'"H} NMR (126 MHz, RT, CDCl,): 6=
167.8, 137.2, 129.6, 128.9, 128.1, 62.7, 61.0, 47.7, 14.0; see Fig-
ure S26. ATR-IR: 7 = 3034, 2982, 2936, 1739, 1455, 1266, 1143,
1017, 869, 772 cm'. HR-MS (ESI+): m/z calcd for Cy,H,,BrCIO,+
Na*:312.9601 [M+Na] *; found: 312.9604.
2-Bromo-3-chloro-1,3-diphenylpropan-1-one  (H): 'H NMR
(500 MHz, RT, CDCly): 6=8.12-8.10 (m, 2H), 7.68-7.65 (m, TH),
7.57-7.53 (m, 4H), 7.46-7.40 (m, 3H), 5.61 (s, 2H); see Figure S27.
BC{'H} NMR (126 MHz, RT, CDCly): 6=191.3, 137.9, 134.6, 1343,
129.5, 129.1, 129.0, 128.9, 128.3, 59.9, 47.6; see Figure S28. ATR-IR:
7 = 3063, 3033, 1685, 1448, 1269, 1229, 976, 776, 731 cm™~'. HR-MS
(ESI+): m/z caled for C;sH,,BrClO+Na*: 344.9652 [M+Na]*; found:
344.9656; m/z calcd for C;sH;,BrClIO+K™: 360.9392 [M+K]*; found:
360.9394.
(E)-6-Bromo-7-chloro-2,2,3,3,10,10,11,11-octamethyl-4,9-dioxa-
3,10-disiladodec-6-ene (I): '"H NMR (500 MHz, RT, CDCl;): 6 =4.55-
4.50 (m, 4H), 0.92-0.91 (m, 18H), 0.12-0.10 (m, 12H); see Fig-
ure $29. "*C{"H} NMR (126 MHz, RT, CDCl,): 6=130.7, 122.4, 66.0,
64.7, 26.0, 18.5, —5.03; see Figure S30. ATR-IR: ¥ = 2953, 2930,
2886, 2858, 1738, 1471, 1363, 1254, 1111, 836, 777 cm '. HR-MS
(ESI+): m/z caled for CigH3,BrClO,Si,+Na*t: 451.0861 [M+Na]™;
found: 451.0869; m/z calcd for C,¢H;,BrClO,Si,+K": 467.0601
[M4K]™; found: 467.0616.
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2.4. Summary and Outlook

The novel polyinterhalide [NEtz:Me][CI(BrCl),] was successfully established as an atom-economical
interhalogenation reagent for a wide variety of unsaturated substrates. The very short reaction times
and good vyields reflect the high reactivity with simultaneous selectivity towards other functional

groups.

Figure 13: X-ray crystal structure of bromochlorinated (E)-chalcon.®

The regioselectivity of the reaction with asymmetric olefins (84) or 1,4-unsaturated systems (89) is a
result of the polarization of the two halogen atoms. Together with the trans-position of the two halides
confirmed by single crystal structure analysis (Figure 13), a reaction mechanism in analogy to the

electrophilic bromination of olefins can be postulated.
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Scheme 27: Explanation of the regioselectivity in the interhalogenation of unsymmetrical olefins (top) and

Michael systems (bottom).

The positively polarized bromine atom of the polyinterhalide forms a halonium ion with the double
bond of an olefin (84) or Michael system (89). By plotting the possible mesomeric boundary formulas,
the more stable carbenium ion and thus the most reactive site for the subsequent nucleophilic opening
of the halonium ion can be identified. For asymmetric olefins (84), the Markownikov rule applies and
the attack of the chloride will occur at the more highly substituted carbon of the halonium ion 85. For
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Michael systems (89), a-carbenium ions (92) are energetically less favorable than B-carbenium ions
(93) due to the electron-withdrawing effects of the carbonyl group. Here, the opening of the halonium

ion 90 occurs in the B-position to the carbonyl group (Scheme 27).

The liquid aggregate state and low vapor pressure of the reagent reduce potential risks from exposure,
simplify handling, and thus provide a reasonable alternative to pure BrCl. The atomic economy and
reactivity of [NEtsMe][CI(BrCl),] (A = 1.7) is increased compared to the literature known reagent
[NEts][CI(BrCl)] (A = 2.4) and the previously mentioned two-component systems (A = 2.5 to 3.8), making
it ecologically as well as economically superior. A further increase could be achieved by using the higher

coordinated polyinterhalides such as [NEt4][CI(BrCl)s] (A = 1.3).

A direct bromocyanidation would have enormous potential for organic chemistry. For this purpose,
the corresponding BrCN analogues, which were also recently developed in the Riedel group,”® can be
investigated as reagents. If the polarization and reactivity of these polypseudohalides correspond to
the polyinterhalides discussed earlier, bromo-cyanide addition to double bonds would be conceivable.
This reactivity with pure BrCN is known so far only for the much more reactive enamines’® (96) and

silyl enol ethers® (94) (Scheme 28).

OTMS BrCN TMSO CN : R\N,R R., .R
B(CsFe)s Br , BrCN Br_,
—_— ' xR —> R
CH,Cl, ; CH,CN  NC
i, 3 h : R2  rt,5min R2
94 95 ' 96 97

Scheme 28: Literature known reactivities of BrCN with unsaturated substrates.

By weakening the Br-CN bond in the polypseudohalide, its reactivity could be increased and
nonactivated alkenes (98) could also be accessible as substrates. The B-brominated nitrile 99 thus
generated is a valuable synthetic building block due to its numerous downstream transformation
possibilities. Base-induced elimination of HBr, for example, can generate o,B-unsaturated nitriles

(100).8Y These can subsequently be further reduced, esterified or hydrolyzed (101) (Scheme 29).
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Scheme 29: Bromocyanidation of olefins and possible follow up transformations.
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3. Studies on the Total Synthesis of Hypatulin A and B

3.1. Introduction

3.1.1. Natural Products and the Importance for Humanity

Biogenic natural products can be divided into two groups according to their origin.[8?

1. Primary Natural Products

All organisms have a primary or basic metabolism that is responsible for essential processes such as
growth or reproduction. The primary natural products produced for this purpose are, for example,
proteins, carbohydrates or lipids, which are responsible for energy production or the construction of
new cells. Despite the omnipresence of these molecules, the respective structures can vary greatly

between different organisms.

2. Secondary Natural Products

The processes of the secondary metabolism, on the other hand, unfold as a continuous response to
biotic and abiotic environmental influences and can thus achieve an evolutionary advantage. The
secondary metabolism is adaptive and extremely diverse. Thus, it may differ even among several
populations of one species. The biosynthesis of defensive secretions or sexual attractants are examples
of products emerging from the secondary metabolism. Secondary natural products can be found in the

substance classes of terpenes, steroids or alkaloids for example.

Plant metabolism has been used as a rich source of active substances since the dawn of civilization.
The use of herbal medicines has been known for 60000 years!® and the first documented uses of plant-
based pharmaceuticals date back almost 5000 years®¥. The importance of natural or nature-derived
medicines did not stop in modern times. A milestone in natural product research is the discovery and
first synthesis of the analgesic morphine from the opium poppy, whose importance as a cultivated
plant in Europe dates back to the Neolithic.®>! In 1804, morphine was isolated for the first time from
the opium poppy (Papaver somniferum) by the pharmacist's assistant Sertiirner.!® Robinson finally
succeeded in determining the structure in 1925.1% |t took further 27 years before Gates was able to
carry out the first total synthesis and confirm the structure proposal by Robinson.®” Furthermore,
acetylsalicylic acid, which has been on the WHO's list of essential medicines since 1977, is of enormous
importance to mankind as an analgesic, anti-inflammatory and antipyretic drug.!® The use of willow
bark and other plants has been known for thousands of years and is partially based on the
pharmacological properties of the salicylic acid and its derivatives.®® The first synthesis of

acetylsalicylic acid was achieved in 1897 at the former Farbenfabriken Friedr. Bayer & Co and was
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patented in 1899 under the name Aspirin®.!8! Penicillin is another prominent example which confirms
the enormous importance of natural substances for human history. The antibiotic effect of the fungus
Penicillium, described already 1874 by Billroth, initiated one of the most important developments in

medical history with the discovery of penicillin by Fleming in the following century.”
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Figure 14: Morphine, acetylsalicylic acid and penicillins as exemplary milestones in natural product research.

In ancient times, preparations from plant or, more rarely, animal materials were mostly used to treat
diseases. After it was recognized that defined active ingredients or active ingredient compositions
thereof were responsible for the pharmacological activity, the focus shifted to the isolation and later
also to the synthetic production of these compounds. Targeted synthetic access to an active ingredient
has several advantages over the use of whole plant or animal materials. For one, a more targeted
therapy can be achieved by eliminating mixing with useless or even toxic components of the plant or
animal. In terms of animal and environmental protection, it is also ethically questionable to exploit
enormous quantities of sometimes rare and protected species from the environment and to isolate
minute amounts of the active ingredient. Thus, organic synthesis displays an indispensable alternative

to provide large quantities of active ingredients.

The synthetic access of active ingredients, can be devided into semisyntheses and total syntheses.
Semisyntheses start from an already complex natural substance, which builds up the desired target
through further transformations. One of the most prominent examples is the semisynthesis of
paclitaxel, which is used to treat cancer. In this process, baccatin Ill, which is more readily available
from the European yew tree (Taxus baccata), is converted into paclitaxel in a few steps.® The total
synthesis of natural products, on the other hand, can be traced back to the simplest commercially
available chemicals. The advantage of total synthesis is the ability to generate numerous derivatives
that may have higher activity or lower toxicity. Total synthesis is often used to elucidate the structure
or structure-activity relationship of newly discovered natural products. Additionally, an academic and
industrial interest lies in the development of new efficient synthetic methods to access highly complex

structural motifs.
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Figure 15: Categorization of all approved drugs (1981-2019)®2 (NP = natural product).

As shown in Figure 15 more than two-thirds of all drugs approved since 1981 have their origin in natural
products either as a derivative or imitation of the original structure (presented in different shades of
green). Less than 25% of these drugs are not based on any known natural product structure and have
a purely synthetic origin (blue). Most of them are products of random screening or modification of
already known drugs.!”” Today, drug discovery focuses on circumventing resistance, combating novel
pathogens, or treating diseases more effectively. Far less than 10% of the world's biodiversity has been
tested for its biological activity to date.l®® Thus, nature as whole can still be seen as an almost

inexhaustible source of novel lead structures for the development of new active substances.

3.1.2. The Plant Genus Hypericum

With over 500 species, Hypericum is the largest plant genus within the plant family Hypericaceae. The
most famous representative is the St. John's wort (Hypericum perforatum) (Figure 16). The distribution
of this species, native to Europe, Africa and Western Asia, nowadays covers the entire American
continent, East Asia and Australia.® Since more than 2000 years St. John's wort enjoyed great
popularity as a medicinal plant against a variety of ailments.® Already during the Han Dynasty (206
B.C.t0 220 A.D.), various Hypericum species were used in Asia and Europe to treat depression, wounds,
burns, diarrhea, and animal bites or stings.® Pliny the Elder also mentions Hypericum in his
encyclopedia Naturalis historia from 77 A.D.®* Especially due to the increasing number of depressive
disorders, St. John's wort preparations have been experiencing a renaissance as medicinal products

since the 1990s.0°4
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Figure 16: Inflorescence of St. John’s wort (Hypericum perforatum)®>

In recent decades, numerous pharmacological studies have confirmed the antidepressant, antitumor,
antimicrobial, and anti-inflammatory effects of Hypericum species.®!St. John's wort is one of the best-

studied medicinal plants to date.!®®

3.1.3. Polyprenylated Acylphloroglucinols

HO
hypercalin A hyperforin hyperibon |
Figure 17: Polyprenylated acylphloroglucinols isolated from Hypericum.

In addition to mono- and sesquiterpenes (pinenes, a-humulene, germacrene D), flavonoids (quercitin,
biapigenin), naphthodianthrone derivatives (hypericin, pseudohypericin) and other compounds,
numerous representatives of the so-called polyprenylated acylphloroglucinols (PAPs) (Figure 17) could
be isolated and characterized from the genus Hypericum.®” Hypericum is considered to be the main
source of the more than 700 known PAPs."”! This category of natural products belongs to the class of
meroterpenes, which means they have a terpenoid structure supplemented by other structural
elements (mostly phenol derivatives) (Figure 18).°”! PAPs have innumerable different functions and
properties. Cyctotoxic activity against various cancer cell lines is already known for over 50
phloroglucinols.®”? Humolones and lupolones are amaroids that give hops their characteristic flavor

profile.’”? Other PAPs exhibit anti-inflammatory properties through inhibition of cyclooxygenases.?”
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Another subgroup is represented by the polycyclic polyprenylated polycyclic acylphloroglucinols
(PPAPs). Figure 18 shows the structural features of PPAPs based on hyperforin. The core (red) can be
traced back to 1,3,5-trihydroxybenzene (phloroglucinol) and is decorated with a varying number of
prenyl residues (green). One additional acyl group (blue), which can be highly variable, can also be
found in the molecule. For the hypatulin and hyperibon families these are benzoyl groups, whereas for
hyperforin, adhyperforin or hypercalin A, they are a wide variety of acyl groups with branched alkyl
chains. In addition, further formal isoprene units (orange) can be added, which enlarge the molecule

and increase its complexity.

hyperforin
Figure 18: Hyperforin as an example for the structural features of PPAPs.

In analogy to steroids,®® the basic structure of PPAPs can be altered by rearrangements or oxidations
to such an extent that identification becomes difficult. A descriptive example is hypatulon A, which

was isolated in 2018 and structurally revised in 2020.

structural
revision

hypatulon A hypatulon A
(Kong & Luo) (Yang & Grossman)

Scheme 30: Proposed structure by Kong and Luo (left) and the revised structure by Yang and Grossman (right)

for hypatulon A (the deviating connectivities and configurations are highlighted in red and blue).

Luo and Kong initially postulated a core structure consisting of two five-membered rings connected to
a homoadamantane center.”® The resulting 5/5/7/6/6-pentacyclic structure was subsequently
challenged by Yang and Grossman. By renewed NMR spectroscopic evaluation and DFT-based
calculations, the authors corrected the previously presented structural proposal and postulated a
5/6/6/5/6-pentacyclic core with divergent connectivity (Scheme 30).% Due to their often unique

structure and biological activity, numerous PPAPs have become the subject of total syntheses.
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Hyperforin occupies a central role among the active ingredients in St. John's wort, and most of the
pharmacological properties of the plant extracts are closely related to the properties of hyperforin. For
example, antibacterial activity against the gram-positive bacteria of the Staphylococcus aureus strain,
which have already formed resistance to penicillin or methicillin, has been documented.** Antitumor
properties have been demonstrated both in vitro and in vivo. Inhibition of cyclooxigenase-1 and 5-
lipoxygenase also reduces the formation of proinflammatory eicosanoids. In particular, its effect as a
natural antidepressant has been extensively studied. Thus, like synthetic antidepressants, hyperforin
increases the concentration of neurotransmitters in the synaptic cleft. In doing so, hyperforin activates
ion channels of the TRPC6 type. This leads to a reduction of the Na* gradient, which controls the
reuptake of neurotransmitters. St. John's wort, and hyperforin in particular, can thus make a

contribution to combating the growing numbers of people suffering from depression.[*°!
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Scheme 31: Biosynthesis of hyperforin according to Beerhues.!*%!

The intensively discussed biosynthesis of hyperforin was summarized by Beerhues in 2006 (Scheme
31).[1%U First, the polyketide synthase isobutyrophenone synthase (BUS) catalyzes the condensation of
three molecules of malonyl-CoA (102) and isobutyryl-CoA (103). The resulting
phloroisobutyrophenone (104) is subsequently functionalized twice with prenyl pyrophosphate (105)
by aromatic prenyltransferases (aPTases). Further alkylation of the aromatic core of 106 by geranyl
pyrophosphate (107) generates diketone 108. Activation of the double bond of the geranyl side chain
by prenyl pyrophosphate (105) initiates the subsequent ring closure and generates the bicyclic

hyperforin.
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Due to its exceptionally broad pharmacological spectrum, hyperforin has become the motivation of
numerous total syntheses since its isolation in 1975.12%? Pioneering work on the synthesis of the core
structure was published 2005 by the research group of Nicolaou.[**3!In this work, a general approach
to medium-sized bridged ring systems, as found in hyperforin, was presented. As a key step, an
anullation of cyclic ketones with methacrolein was presented. In another publication by Mehta and
Bera in 2009, both the bicyclic backbone and the four prenyl or homoprenyl residues could be
installed.*® One year later, Shibasaki and co-workers succeeded in the synthesis of ent-hyperforin in
52 steps.'%! The first enantioselective total synthesis of hyperforin was finally completed in 2013 by
the group of Shair. An enantiomerically enriched epoxide which was traced back to geraniol
determined further stereoselectivities in this 18-step synthesis.['%! In the following years, three
additional racemic syntheses were presented by the groups of Nakada (2013),1°”! Barriaqult (2014),1*°8]

and Maimone (2015)%,

3.1.4. Hypatulin A and B and other Polyprenylated Benzophenones

Another species of the Hypericum genus is the goldencup St. John's wort (Hypericum patulum). The
original distribution area is located in the central Chinese provinces of Guizhou and Sichuan.[**”
However, due to its use as a decorative garden plant, this species can now be found almost all over
the world.'*¥ In recent years, goldencup St. John's wort has also proven to be a rich source of

biologically active and structurally interesting compounds.

Figure 19: Hypericum patulum.!*'?!

In 2016, Tanaka and Kashiwada were able to isolate the two meroterpenes hypatulin A and B from the
dried leaves of Hypericum patulum. 1.48 kg of the starting material was extracted and purified by
column chromatography. After separation by HPLC technique, 36.9 mg of hypatulin A and 3.6 mg of

hypatulin B were obtained. From the determination of the molecular formula by HRESIMS and the
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constitution and relative stereoinformation by 2D NMR spectroscopy (COSY, HSQC, HMBC and NOESY),
the authors were able to deduce the structures of hypatulin A and B (Figure 20). The absolute

stereoinformation of hypatulin A was confirmed by ECD spectroscopy.**?!

Hypatulin A possesses an unique highly substituted tricyclic octahydro-1,5-methanpentalene core
(green). The three linear and flexible prenyl side chains form a strong contrast to the dense and rigid
core structure. Together with the four closely spaced quaternary stereocenters, hypatulin A
constitutes a challenging target molecule for total synthesis. In hypatulin B, a bicyclo[3.2.1]octane core
(green) can be found. Both substances belong to the diverse group of PAPs. Since the acyl group in this
case is a benzoyl group, the two hypatulins are assigned to the class of polyprenylated benzophenones

(PBPs).

~
HO 0
O~ "OMe
hypatulin A hypatulin B

Figure 20: Structural proposal for hypatulin A and B according to Tanaka and Kashiwada.!**3!

For hypatulin A, an antimicrobacterial effect against Bacillus subtilis could be demonstrated.[!*
Whether the isolated compounds, like their close relatives hyperforin or hypercalin C, possess other
interesting pharmacological properties has not been reported and could be the subject of future
research. In addition to the two previously mentioned hypatulins, other PBPs, some of them much
more complex, could be isolated from Hypericum patulum. In 2020, Tanaka and Kashiwada, who have
already identified hypatulin A and B, were able to isolate another member of the PBP family from
Hypericum patulum.** Hypatulin C has an octahydro-1H-1,5-methanoindene core decorated by four
prenyl residues. No biological activity is known at this time. In the same publication, the authors also
report the isolation and characterization of hypelodin B, which has been known since 2014.1%% |n the
2020 and 2014 publications, the authors propose a joint biosynthesis of hypatulin C, hypelodin A, and
hypelodin B (Scheme 32). The first steps are in analogy to the biosynthesis of hyperforin shown in
Scheme 31. Three equivalents of malonyl-CoA (102) and benzoyl-CoA (109) form benzophenone 110
by condensation. Dual prenylation followed by geranylation generates polyene 111. Downstream
prenylation of the geranyl side chain forms the common cyclization precursor 112. Addition of the
hydroxyl group to the internal double bond (blue) of the geranyl side chain generates hypelodin A.

Alternatively, compound 112 can form hypatulin C by a cyclization cascade (green), which can react to
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hypelodin B by a further cyclization process. Consideration of the biosyntheses illustrates the common
origin of the prenylated acylphloroglucinols and explains the diversity of this distinctly interesting class

of compounds.

O O

3 CoASJ\/U\OH

102

hypatulin C hypelodin B hypelodin A

Scheme 32: Proposed biosynthesis of the meroterpenes hypatulin C, hypelodin A and hypelodin B according to

Kashiwada.[114115]
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3.2. Scientific Goal

The unique structures of hypatulin A and B, the possible common synthetic strategy and the often
interesting and versatile pharmacological properties of related PBPs, make the enantioselective total
synthesis of the two meroterpenes a precious project. The retrosynthetic analysis of the two natural

products is shown in Scheme 33.
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Scheme 33: Retrosynthetic analysis of hypatulin A and hypatulin B.

It was theorized, that Hypatulin A can be accessed by an intramolecular substitution from hypatulin B.
The latter can be traced back to triketone 113 by triple olefin metathesis and methoxycarbonylation.
Installation of the last allyl group on enone 115 can be realized by a Hosomi-Sakurai reaction. The silyl
enol ether 114 formed in situ can subsequently set up the second ring system via an intramolecular
Mukaiyama aldol reaction. Enone 115 can itself also be synthesized from the two fragments 116 and
117 via a Mukaiyama aldol reaction followed by elimination. Silyl enol ether 117 can be obtained from
B-keto ester 118 via an enantioselective allylation process. The synthesis of the latter B-keto ester can
be accessed via an enantioselective Brown allylation and oxy-Cope rearrangement followed by

methoxycarbonylation from the iodinated enone 119.

As shown in Scheme 34, the common precursor 115 can also be prepared from diketone 120 by double

functionalization (allylation, methoxycarbonylation). This diketone 120 can be traced back to aldehyde
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116 and silyl enol ether 121 via intermolecular Mukaiyama aldol reaction. As before, silyl enol ether

121 can be available from the iodinated enone 119 via an enantioselective Brown allylation followed

by oxy-Cope rearrangement.

allylation, .
methoxycarbonylation Mukaiyama aldol,
O elimination
Kumada
o] / \ OTMS (e}
i o. O J |
N = ©>1 . —
0" 'H ~—— Brown, 119
116 oxy-Cope
7 120 7 121

Scheme 34: Alternative retrosynthetic analysis of the common precursor 115.
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3.3. Results

The studies on the total synthesis of hypatulin A and B were planned and carried out in collaboration
with Stefan Leisering. After initial retrosynthetic considerations and first successful experiments, two
different synthetic routes to enone 115 were pursued. In Leisering's approach (Scheme 34), the
intermolecular Mukaiyama-aldol coupling was carried out at an early stage of the synthesis. The
second allyl group and the methyl ester on the cyclopentanone scaffold should be installed
subsequently. For the synthetic approach detailed in this thesis (Scheme 33), the cyclopentanone
scaffold was first fully functionalized before silyl enol ether 117 and aldehyde 116 can generate the
common precursor 115. The execution of both synthetic pathways should reveal which is the most

effective route to enone 115.

Starting from the commercially available enone 119 (due to the high price, the substance was
synthesized via a Baylis-Hillman-type a-iodination from cyclopent-2-en-1-one!*?! on a large scale), the
first stereocenter was introduced by an organocatalytic enantioselective Brown allylation!**®! and
alcohol 122 was obtained in excellent yield (88%) and enantioselectivity (94%). Subsequent Kumada
reaction™*”! introduced the methyl group in almost quantitative yield. Unfortunately all attempts to
introduce the first allyl group by using 2-methylcyclopent-2-en-1-one as the substrate failed. The
iodide substituent on the halogenated enone 119 turned out to be crucial for the reactivity and
selectivity of the applied Brown allylation. B-Keto ester 118 was synthesized by a self-developed one-
pot reaction consisting of an oxy-Cope rearrangement!*®! and methoxycarbonylation, again in almost

quantitative yield (Scheme 35).

)
A~Bs

O

Q  (S)-3,3-dibromo- _ KH, 18-crown-6 o o
|\é BINOL o NiCl,dppp, MeMgBr THF, reflux, 60 min
‘BUOH, 22 °C, 24 h Et,0,22°C,6 h then OMe
119 88%, 94% ee 122 96% dimethyl carbonate 118

reflux, 10 min
97% /

Scheme 35: Introduction of the first stereocenter and follow up synthesis of f-keto ester 118.

Numerous attempts to introduce the second allyl group in a diastereoselective way via a direct C-
allylation failed, yielding only the epimer of compound 125a. An enantioselective version of the C-
allylation[**® could not efficiently counteract the substrate-induced diastereoselectivity as well. By
combining a Mitsunobu-like O-allylation™®! and subsequent diastereoselective oxy-Cope
rearrangement('?? of the B-keto ester 118, the synthesis of the twofold allylated cyclopentenone 125a

was achived in a satisfactory yield of 33% over two steps and a good diastereoselectivity of 10:1
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(Scheme 36). The moderate yield of the O-allylation is due to the competitive C-allylation, a problem

O * O'/,I/O
Y(':ljl/\(réj_ r/
O O NH

NH O

known in the literature.l**?

141
R I ¢ f
I, PPhg, DEAD Ni[BF 4],°6 H,O
OMe " THE toluene OMe CH,Cl,, 35 °C, 20 h
20°Ct022°C, 2h 93%, dr = 10:1
118 36% 124
/ /

Scheme 36: Stereoselective installation of the second allyl group.

The configuration of the newly generated quaternary stereocenter was confirmed first by ring closing
metathesis and later by single crystal structure analysis.!*?! Scheme 37 shows that only the desired
epimer of the B-keto ester 125a/b is able to undergo a ring closing metathesis due to the cis-position
of both allyl groups. The good yield of 68% for the metathesis product 126 suggests that the major

isomer of the two B-keto esters must be compound 125a.

i

Pr iPr
iy

iPr \r iPr

Clun,
Ru= (@)
cI”
: »—CFs
O NH
_< O O
Umicore M71 SIPr JL

> S TOMe 4
toluene, 110 °C, 5 h
68% (126)

/ 125a/b 126
dr=10:1

Scheme 37: Verification of the second stereocenter by ring closing metathesis.

In order to achieve near quantitative yields of silyl enol ether 117, the use of potassium hydride as a
base was essential. Other bases such as lithium diisopropylamide, potassium hexamethyldisilazide or
triethylamine failed to generate complete conversion. The subsequent Mukaiyama aldol reaction of

silyl enol ether 117 and literature known aldehyde 116 gave a mixture of ketone 127 and acetal 128 in

a good overall yield of 60% (Scheme 38).
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95% 60%

/ 117 (52% 127 single diastereomer)
(8% 128 single diastereomer)

Scheme 38: Mukaiyama aldol reaction of the two fragments 117 and 116.

Ketone 127 and acetal 128 were initially separated by column chromatography for characterization.
For the synthetic route, separation was not necessary, since both compounds led quantitatively to the

same enone 115 under acidic conditions (Scheme 39).

o}

7 I
““/( pTsOH+H,O = )

OMe acetone, reflux, 4 h
quant.

Scheme 39: Acid-catalyzed elimination of the two aldol products 127 und 128.

The diastereoselective introduction of the third allyl group proved to be challenging. Classic copper-
catalyzed conditions invariably afforded the 1,2-adduct.*?! Screening of a wide variety of Lewis acids
(titanium tetrachloride, boron trifluoride diethyl etherate, ferric(lll) chloride, iodine, indium,
indium(lll) chloride) finally led to the application and optimization of an indium(lll)-catalyzed Hosomi-
Sakurai reaction!*?? with a good yield of almost 60%. Subsequently, the addition of triethylamine to
the reaction mixture also made the two corresponding silyl enol ethers 130a and 130b accessible
(Scheme 40). The poor diastereoselectivity could not be improved even by intensive optimization
experiments. The column chromatographic separation and assignment of the two diastereomeric

species was carried out at a later stage of the synthesis.[*?!]
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63%, dr = 1:2 (130a:130b)

Scheme 40: Hosomi-Sakurai reaction of enone 115.

All attempts to build up the six-membered ring of the hypatulin scaffold under basic conditions via a
Dieckmann-type ring closure failed. Here, only the decarboxylation product 131 could be identified. It
was speculated that the keto group adjacent to the ester functionality enabled decarboxylation.
Therefore, reduction of the cyclopentanone scaffold converted the ketone to a secondary alcohol and
the aldol precursor 132 was obtained. Analysis of the reaction products after a subsequent
intramolecular aldol reaction indicated only the existence of the aldol condensation product 134

(Scheme 41).

0 T (o)
o
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129alb 129alb =
— ;O

(0]
131
B
OH =
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- H g base 133
HO =
132 /0

— = =~
HO'
134

Scheme 41: First attempts to build the bicyclic scaffold of hypatulin B.
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Leisering’s alternative synthetic route to enone 115 involved a late stage introduction of the allyl and
ester group. Initial experiments clarified that the order of functionalization was crucial for the
stereoselective arrangement of the two functional groups. It was also observed that the allylation
carried out first performed significantly worse than the subsequent methoxycarbonylation. A twofold
functionalization that could be carried out as a one-pot reaction seemed favourable at this point. This
reaction was carried out and optimized by me. The use of HMPA as an additive was essential here,
allowing the allylation to proceed much more efficiently and enone 115 to be obtained as a single

diastereomer with a satisfactory yield of 54% (Scheme 42).

o LDA, THF, -78 °C to 0 °C, 30 min
Br
| ", then HMPA, AN ,—78°Cto 0 °C, 30 min

then LDA, THF, -78 °C, 30 min
O

/ 120 then NC© "OMe, -78 °C, 10 min

54%, single diastereomer

Scheme 42: One-pot procedure for the twofold functionalization of enon 120.
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3.4. Summary and Outlook

In the previously discussed studies on the total synthesis of hypatulin A and B, three of five (hypatulin
B) or six (hypatulin A) stereocenters were correctly installed. Moreover, all functional groups, except
for the ester functionality in hypatulin B, were successfully introduced. As a result, a nine-step
synthesis of silyl enol ether 130a/b can be presented. Leisering could further show that after two more

steps the assembly of the carbocyclic backbone of hypatulin B can already be accomplished.!*2!]

(0]
X= ]| and O ©

7 1 ste ©/Xj i \ o 2 steps
\\\/( p’ HO i ‘.‘\/( —_—

(0] MSO
6 steps
| R
- OM oM — >
9 € 60% i © o
26% dr =101 ° single 63%

94% ee diastereomer

117 / 127/128 130a/b

Scheme 43: Summarized synthesis of silyl enol ether 130a/b.

A summarized presentation of the synthetic approach towards silyl enol ether 130 is shown in Scheme
43. Starting from commercially available enone 119, the stereoselective synthesis of silyl enol ether
117 succeeded in six steps with a total yield of 26%. Five steps proceeded in 288% yield. The
introduction of the first stereocenter by combining an organocatalytic Brown allylation with a one-pot
oxy-Cope rearrangement/methoxycarbonylation should be highlighted here. The second stereocenter
could also be introduced in a highly selective fashion by a combination of two reactions (Mitsunobu-
like O-allylation and diastereoselective oxy-Cope rearrangement). The subsequent intermolecular
Mukaiyama-aldol reaction succeeded in both the efficient coupling of the two fragments 116 and 117
and the correct installation of the third stereocenter. The introduction of the last allyl group could be

realized under Hosomi-Sakurai conditions with good yields but insufficient diastereoselectivity.

OTMS
S
= o]
DIBAL-H 1. BF4+OEt, =
OTMS —MM» 0
2. DMP
0 o

114

113

Scheme 44: Continued synthesis by Leisering.[*?!]

In the further process, Leisering succeeded in building up the carbocyclic backbone of hypatulin B via
an intramolecular Mukaiyama-aldol reaction (Scheme 44). Subsequent attempts to introduce the ester
functionality failed either due to the lack of reactivity or the wrong stereoselectivity of the reaction.*?%
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Scheme 45: Required transformations to arrive at the natural products hypatulin A and B.

In order to complete the synthesis of hypatulin B, a way should first be found to introduce the last allyl
group and the ester group of hypatulin B stereoselectively. A metathesis should convert the three
terminal alkenes into prenyl groups and complete the total synthesis of hypatulin B. Similar examples
of late-stage prenylations are numerous in the literature(t7.1%81231 gnd should work as expected here.
Finally, the conversion of hypatulin B to hypatulin A could be realized by an intramolecular nucleophilic

substitution (Scheme 45).

After successful completion of the synthesis, it would first be useful to verify the postulated structures
of the two meroterpenes by comparing the spectroscopic data and, if possible, by single crystal

structure analysis.

Since the family of polyprenylated acylphloroglucinols represents numerous candidates with highly
interesting pharmacological properties, these two new representatives should also be subjected to
extended pharmacological tests. The total synthesis approach can enable a wide variety of

derivatizations in the further course of the development.
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5. Appendix

5.1. Abbreviations

A Angstrom

Ac acetyl

An nukleophilic addition

ap antiperiplanar

ag. aqueous

Ar aryl

BINOL 1,1’-bi-2-naphthol

Bn benzyl

Boc tert-butyloxycarbonyl
2,2"-bpy 2,2'-bipyridine

BTEABr benzyltriethylammonium bromide
Crmax maximum concentration
cosy correlated spectroscopy (NMR)
d doublet, day

6 chemical shift

de diastereomeric excess

DEAD diethyl azodicarboxylate
DFT density functional theory
DIBAL-H diisobutylaluminium hydride
DIPEA diisopropylethylamine
4-DMAP 4-dimethylaminopyridine
DME 1,2-dimethoxyethane

DMF dimethylformamide

DMP Dess-Martin periodinane
DMSO dimethyl sulfoxide

dr diastereomeric ratio

dppp 1,3-bis(diphenylphosphino)propane
ECD electronic circular dichroism
ee enantiomeric excess

equiv. equivalents

er enantiomeric ratio

ESI electron spray ionization
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Et ethyl

EWG electron withdrawing group

EXSY exchange spectroscopy (NMR)

GC gas chromatography

h hour

HMBC heteronuclear multiple bond correlation
HMPA hexamethylphosphoramide

HMQC heteronuclear multiple-quantum correlation
HOMO highest occupied molecular orbital

HPLC high performance liquid chromatography
HR high resolution

HWE Horner-Wadsworth-Emmons(-reaction)
Hz Hertz

Pr isopropyl

IR infrared

J coupling constant

k reaction rate constant

KH potassium hydride

KIE kinetic isotope effect

LDA lithium diisopropylamide

LUMO lowest unoccupied molecular orbital

m multiplet

M molar mass

mCPBA meta-chloroperoxybenzoic acid

Me methyl

MesNCS 1-chloro-3,3,4,4-tetramethylpyrrolidine-2,5-dione
min minute

MOM methoxymethyl ether

MS mass spectrometry

mp melting point

NFSI N-fluorobenzenesulfonimide

NMI 1-methylimidazole

NMR nuclear magnetic resonance

NO,NXP 2-halo-5-nitroisoindoline-1,3-dione (X = Cl, Br, |)
NOE nuclear Overhauser effect
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NXS N-halosuccinimide (X = Cl, Br, 1)

NXP N-halophthalimide (X = Cl, Br, I)

p pentet

PAP polyprenylated acylphloroglucinols
PBP polyprenylated benzophenones

PCP pentachlorophenol

Ph phenyl

pKa negative decadic logarithm of the acid constant
PPAP polycyclic polyprenylated acylphloroglucinols
ppm parts per million

q quartet

rt room temperature

Rt retarding front or relate to front

s singulet

sc synclinal

SeAr electrophilic aromatic substitution
SDS stereodetermining step

Sn2 nucleophilic substitution of 2" kinetic order
SOMO single occupied molecular orbital

t triplet

‘Bu tert-butyl

TBAF tetrabutylammonium fluoride

TBDPS tert-butyldiphenylsilyl

TBS tert-butyldimethylsilyl

TCCA trichloroisocyanuric acid

TEMPO (2,2,6,6-tetramethylpiperidin-1-yl)oxyl
Tf triflyl

TFA trifluoroacetic acid

THF tetrahydrofuran

TLC thin layer chromatography

TLS turnover limiting step

TMS trimethylsilyl

uv ultraviolet

v wavenumber
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1. GENERAL INFORMATION

Anhydrous solvents were provided by purification with MBraun SPS-800 solvent system using solvents of HPLC grade purchased from
Fischer Scientific. Triethylamine was distilled from calcium hydride and stored under argon over KOH. Solvents for extraction,
crystallization and flash column chromatography were purchased in technical grade and distilled under reduced pressure prior to use.
Unless otherwise indicated, all starting materials and reagents were purchased from commercial distributors and used without further
purification.

Products were purified by flash column chromatography on silica gel 60 M (0.040-0.063 mm, 230-400 mesh, Macherey-Nagel). TLC-
analyses was performed on silica gel coated aluminum plates ALUGRAM® Xtra SIL G/UVas, purchased from Macherey-Nagel. Products
were detected by UV light at 254 nm and by using staining reagents based on KMnQO,, Anisaldeyde, Molybdophosphoric acid and
Ceriumsulfate.

"HNMR and "*CNMR spectral data were recorded on Bruker (AC 500, AVIIl 700) and JEOL (ECX 400, Eclipse 500) spectrometers.
The chemical shifts (3) are listed in parts per million (ppm) and are reported relative to the corresponding residual solvent signal (CDCls:
On =7.26 ppm, O¢c = 77.16 ppm, DMSOds: &4 = 2.50 ppm, &¢ = 39.52 ppm, CD30D: 64 = 3.31 ppm, &¢ = 49.00 ppm, CD3CN: o4 = 1.94
ppm, 6¢c = 118.26, DMFd7: 64 = 8.03 ppm, d¢c = 163.15 ppm). Integrals are in accordance with assignments; coupling constants (J) are
given in Hz. Multiplicity is indicated as follows: s (singlet), d (doublet), t (triplet), g (quartet), m (multiplet), dd (doublet of doublet), etc.
3CNMR spectra are 'H-broadband decoupled. For detailed peak assignments 2D spectra were measured (COSY, HMQC, HMBC). IR
spectra were measured with a Jasco spectrometer (FT/IR-4100) equipped with an ATR unit. High resolution mass spectra were
measured with an Agilent 6210 ESI-TOF (10 yL/min, 1.0 bar, 4 kV) instrument. Melting points were determined by digital melting point
apparatus (Stuart SMP30) and are uncorrected. Optical rotations values were determined with a Jasco P-2000 polarimeter at the
temperatures given. Diastereomeric ratios were determined by '"HNMR. Enantiomeric ratios were determined by chiral HPLC (Agilent

Series 1200 with DAD) or by GC (Agilent 7890B) on a chiral column. The specific conditions are given in each case.
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2. EXPERIMENTAL PROCEDURES AND COMPOUND CHARACTERIZATION
2.1. ORGANOCATALYSTS

All imidazolidinone derivatives were synthesized following a procedure described by Graham et al.["

1-Methylcyclohexane-1-carbaldehyde S1
o} O

KOBu, Mel
H H
CH,Cl,, 0°Cto 22 °C, 12 h

Aldehyde S1 was synthesized according to a literature-known procedure.?? KO'Bu (6.50 g, 57.9 mmol, 1.3 equiv) was added slowly to

an ice-cooled solution of cyclohexanecarbaldehyde (5.00 g, 44.6 mmol, 1.0 equiv) in anhydrous CHCl, (170 mL). Methyliodid (8.50
mL, 134 mmol, 3.0 equiv) was added dropwise and the reaction mixture was stirred at 0 °C for 30 min. After stirring at room temperature
over night the organic phase was washed with H>O (2 x 50 mL) and brine (50 mL), dried over Na,SO, and the solvent was removed
under reduced pressure. The crude product was purified by column chromatography (SiO2, pentane/EtOAc, 100:1) and aldehyde S1

(2.45 g, 19.3 mmol, 43%) was obtained as a colorless oil.

THNMR (CDCls, 400 MHz) & = 9.36 (s, 1H), 1.82 — 1.72 (m, 2 H), 1.55 — 1.14 (m, 8 H), 0.95 (s, 3H) ppm.

Spectroscopic data were in accordance with published data.[

Adamantane-1-carbaldehyde S2
HO O._H

DMSO, (COCI),, EtsN
CH,Cl,, -78 °C, 2 h

Aldehyde S2 was synthesized according to a literature-known procedure.®®! Oxalylchloride (6.70 mL, 76.8 mmol, 1.3 equiv) was added
dropwise to a solution of anhydrous DMSO (10.3 mL, 145 mmol, 2.5 equiv) in anhydrous CH>Cl, (150 mL) at —78 °C and stirred for 15
min at the same temperature. A solution of 1-adamantanemethanol (9.67 g, 58.0 mol, 1.0 equiv) in anhydrous CH,Cl, (75 mL) was
added dropwise and the reaction mixture was stirred for 60 min at —78 °C. The resulting mixture was then treated with anhydrous EtsN
(40.5 mL, 290 mmol, 5.0 equiv) and stirring was continued for 30 min at room temperature. Aqueous KH,PO4 (20 wt%, 25 mL) and
water (150 mL) were added subsequently and stirring was continued for additional 15 min at room temperature. The mixture was diluted
with Et,O (400 mL), the layers were separated and the organic layer was washed with ice-cooled aqueous KH2PO4 (10 w%, 3 x 150
mL), brine (100 mL) and dried over Na,SO,. The solvent was removed under reduced pressure and the crude product was purified by

column chromatography (CH>Cl,). Aldehyde S2 (8.60 g, 52.4 mmol, 90%) was obtained as a colorless solid.

THNMR (CDCls, 400 MHz) & = 9.31 (s, 1H), 2.06 (p, J = 3.0 Hz, 3H), 1.81 — 1.65 (m, 12H) ppm.

Spectroscopic data were in accordance with published data.!
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Methyl L-alaninate hydrochloride S3

o O
SOCI
\‘)kOH MeOH, -20 °C t0222 °C, 48 h‘ YJ\O/
NH2 ’ ’ NH2 *« HCI

Ester S3 was synthesized according to a literature-known procedure.® L-Alanine (10.0 g, 112 mmol, 1.0 equiv) was suspended in
methanol (100 mL) and cooled down to —20 °C. After thionylchloride (8.60 mL, 118 mmol, 1.1 equiv) was added dropwise, the reaction
mixture was stirred for 60 min at 0 °C and 48 h at room temperature. The solvent was removed under reduced pressure, the participating
solid was filtered off and washed with Et;O. After the product was dried under vacuum, ester S3 (15.7 g, quant.) was received as a

colorless solid.
THNMR (DMSO-dg, 400 MHz) & = 8.67 (s, 3H), 4.05 (q, J = 7.2 Hz, 1H), 3.73 (s, 3H), 1.42 (d, J = 7.2 Hz, 3H) ppm.

Spectroscopic data were in accordance with published data.®

Methyl L-valinate hydrochloride S4

(0] (0]
SOCI
)\HkOH : )Ymo/
MeOH, 0°C to reflux, 4 h

NH, NH, - HCI

Ester S4 was synthesized based on a literature-known procedure.®! L-Valine (2.00 g, 17.1 mmol, 1.0 equiv) was suspended in MeOH
(10 mL) and cooled down to 0 °C. SOCI; (2.50 mL, 34.1 mmol, 2.0 equiv) was added dropwise and the suspension was stirred for
10 min at 0°C before the ice-bath was removed and the reaction mixture was refluxed for 4 h. The solvent was removed under reduced
pressure and the residue was dissolved in minimal amount of MeOH. Et,O was added and the crude product was recrystallized in the
freezer overnight. The product was then filtered through a sintered funnel and washed with cold Et,O (10 mL) and dried under vacuum.

The procedure was repeated and ester S$4 (2.61 g, 15.5 mmol, 90%) was obtained as a colorless solid.

THNMR (CDCl3, 500 MHz): & =8.85 (s, 3H), 3.95 (d, J = 3.9 Hz, 1H), 3.81 (s, 3H), 2.46 (pd, J = 6.9, 4.4 Hz, 1H), 1.14 (t, J = 7.3 Hz,
6H) ppm.

Methyl L-isoleucinate hydrochloride S5

: O : 9
: socl :
MOH MeOH, 0°C t 2 flux, 3 h o”
NH, eor, B fo refiux, NH, - HCI

Ester S5 was synthesized based on a literature-known procedure.™ L-Isoleucin (2.00 g, 15.3 mmol, 1.0 equiv) was suspended in MeOH
(10 mL) and cooled down to 0 °C. SOCI; (2.20 mL, 30.5 mmol, 2.0 equiv) was slowly added and the solution was stirred for 10 min at
0 °C before the ice-bath was removed and the reaction mixture was refluxed for 4 h. The solvent was removed under reduced pressure
and the obtained solid was dissolved in a minimal amount of MeOH. Et,O was added and recrystallization was performed overnight in
the freezer. The crystalline solid was filtered off and the filtrate was concentrated again, treated with MeOH and Et,O and recrystallized

again. Ester 85 (2.50 g, 13.8 mmol, 90%) was obtained as colorless solid.

H-NMR (CDCls, 500 MHz): & = 8.79 (s, 3H), 4.09 — 4.00 (m, 1H), 3.80 (s, 3H), 2.27 — 2.11 (m, 1H), 1.55 (ddd, J = 13.1, 7.4, 5.6 Hz,
1H), 1.44 (ddd, J = 13.8, 8.9, 7.3 Hz, 1H), 1.10 (d, J = 7.0 Hz, 3H), 0.96 (t, J = 7.4 Hz, 3H) ppm.
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(S)-2-Amino-N-methylpropanamide hydrochloride S6

0 o)
YJ\O/ MeNH, \‘)J\N/
EtOH, 22 °C, 12 h
NH, * HCI NH, M Hel

Ester 83 (15.7 g, 113 mmol, 1.0 equiv) was added to a solution of methylamine in ethanol (33 wt%, 44.8 mL, 338 mmol, 3.0 equiv).
The reaction mixture was stirred for 12 h at room temperature. The solvent was removed under reduced pressure and toluene (20 mL)
was added to the white precipitate, stirred for 10 min and removed again. The procedure was repeated five times and the solid was
dried at 50 °C overnight, receiving amide S6 (14.8 g, 107 mmol, 95%, 10% MeNH2-HCI) as a colorless solid.

THNMR (CD30D, 400 MHz) & = 3.90 (q, J = 7.0 Hz, 1H), 2.79 (s, 3H), 1.48 (d, J = 7.0 Hz, 3H) ppm.

Spectroscopic data were in accordance with published data.

(S)-2-Amino-N,3-dimethylbutanamide hydrochloride S7

(0] (0]
MeNH
)\/U\O/ 2 )YU\N/
EtOH, 22 °C, 16 h H-HCI

NH, - HCI NH,

Ester $4 (2.57 g, 15.3 mmol, 1.0 equiv) was added to a solution of methylamine in ethanol (33 wt%, 5.70 mL, 46.0 mmol, 3.0 equiv).
The reaction mixture was stirred for 16 h at room temperature and then concentrated under reduced pressure. The solid was suspended
in toluene and concentrated again. The procedure was repeated four times and amide S7 (1.64 g, 9.84 mmol, 64%) was obtained as

a colorless solid.

THNMR (D,0, 500 MHz): & = 3.65 (d, J = 4.0 Hz, 1H), 2.58 (s, 3H), 2.04 — 1.86 (m, 1H), 1.53 — 1.36 (m, 1H), 1.32 — 1.17 (m, 1H), 0.99
(d, J = 7.0 Hz, 3H), 0.92 (t, J = 7.4 Hz, 3H) ppm.

(2S,3S)-2-Amino-N,3-dimethylpentanamide S8

: : 9
: - MeNH, \/\)LN/
NH, - HCI EtOH, 22 °C, 4d NH, H-HCI

Ester 85 (2.50 g, 13.8 mmol, 1.0 equiv) was added to a solution of methylamine in ethanol (33 wt%, 5.11 mL, 41.3 mmol, 3.0 equiv)
and the suspension was stirred for 4 d at room temperature. The reaction mixture was concentrated under reduced pressure, the solid
was suspended in toluene and concentrated again. The procedure was repeated four times and amide S8 (564 mg, 3.12 mmol, 23%)

was obtained as a colorless solid.

THNMR (D,0, 400 MHz): & = 3.35 (d, J = 6.4 Hz, 1H), 2.74 (s, 3H), 2.57 (s, 2H), 1.78 — 1.67 (m, 1H), 1.52 — 1.39 (m, 1H), 1.22 — 1.10
(m, 1H), 0.93 — 0.85 (m, 6H) ppm.
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(S)-N-Methyl-2-(((1-methylcyclohexyl)methylene)amino)propanamide S9

(j)\ Na,SO,, Et;N \)j\
7

CH,Cl, 22°C, 4 h I
NH2 « HCI 2

Triethylamine (5.00 mL, 36.1 mmol, 1.5 equiv) and aldehyde S1 (3.04 g, 24.1 mmol, 1.0 equiv) were added subsequently to a
suspension of amide 83 (5.00 g, 36.1 mmol, 1.5 equiv) and MgSO4 (2.30 g) in CHxCl, (11 mL). The reaction mixture was stirred for 4 h
at room temperature and then diluted with toluene (15 mL). The solids were filtered off and washed with toluene. The filtrate was
concentrated under reduced pressure and the solids were filtered off again. The solvent was completely removed under reduced

pressure and imin S9 (4.02 g, 19.1 mmol, 79%) was obtained as a colorless oil. The product was used without further purification.

THNMR (CDCls, 400 MHz) & = 7.45 (s, 1H), 3.69 (q, J = 7.0 Hz, 1H), 2.84 (d, J = 5.0 Hz, 3H), 1.75 — 1.39 (m, 10H), 1.32 (d, J = 7.1 Hz,
3H), 1.00 (s, 3H) ppm.

(28)-(2-Adamantan-1 -yImethylene)amino-N-methyIpropanamide S10

Nast4, Et3
CH,Cl, 22 °C, 4 h

NH2 « HCI H

Triethylamine (1.50 mL, 10.8 mmol, 2.7 equiv) and aldehyde S2 (0.649 g, 3.95 mmol, 1.0 equiv) were added subsequently to a
suspension of amide 83 (1.00 g, 7.22 mmol, 1.8 equiv) and MgSO4 (1.00 g) in CHCl> (5 mL). The reaction mixture was stirred for 4 h
at room temperature and then diluted with toluene (15 mL). The Solids were filtered off and washed with toluene. The filtrate was
concentrated under reduced pressure and the solids were filtered off again. The solvent was completely removed under reduced

pressure and imin S10 (889 mg, 3.58 mmol, 91%) was obtained as pale yellow oil. The product was used without further purification.

THNMR (CDCls, 400 MHz,) & = 7.35 (s, 1H), 3.64 (q, J = 7.0 Hz, 1H), 2.83 (d, J = 5.0 Hz, 3H), 2.04 (p, J = 3.6 Hz, 3H), 1.80 — 1.62 (m,
12H, H-7), 1.30 (d, J = 7.0 Hz, 3H) ppm.
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(S)-2-((2,2-Dimethylpropylidene)amino)-N,3-dimethylbutanamide S11
(0]

0 PR Q
t t)
)\/U\N/ Bu” “H, MgSO,, Et;N Bqu\_)J\N/
H-HCl H

NH, CH,Cl,, 0 °C to 22 °C, 16 h Py

Amide S4 (1.64 g, 9.84 mmol, 1.0 equiv) and MgSOQO4 (1.90 g) were suspended in CH,CI, (15 mL) at 0 °C. EtsN (1.64 mL, 11.8 mmol,

1.2 equiv) and pivaldehyde (1.18 mL, 10.8 mmol, 1.1 equiv) were added subsequently. The suspension was warmed to room

temperature and stirred for 11 h. Additional MgSO. (0.20 g) and pivaldehyde (1.18 mL, 10.8 mmol, 1.10 equiv) were added and stirring
was continued for 5 h. The reaction mixture was treated with Et,O to induce precipitation. The solids were filtered off and the filtrate
was concentrated under reduced pressure. Imine 811 (1.90 g, 9.58 mmol, 97%) was obtained as colorless oil and was used without
further purification.

THNMR (CDCls, 500 MHz): & = 7.41 (s, 1H), 6.70 (s, 1H), 3.36 (d, J = 3.9 Hz, 1H), 2.83 (d, J = 5.0 Hz, 3H), 2.38 — 2.04 (m, 1H), 1.08
(s, 9H), 0.81 (t, J = 6.9, 6.3 Hz, 6H) ppm.

(2S,3R)-2-((2,2-dimethylpropylidene)amino)-N,3-dimethylpentanamide S12

(@]
- 9 Jii 0
: B H t
\/\)J\N/ u , MgSQOy,, EtsN Bu\&N,,, N/
H-HCI CH,Cl,,0°Cto22°C,16 h H

NH,

Amide S5 (700 mg, 4.85 mmol, 1.0 equiv) and MgSOQO4 (0.90 g) were suspended in CH.Cl, (6 mL) at 0 °C. EtsN (0.81 mL, 5.82 mmol,
1.2 equiv) and pivaldehyde (0.58 mL, 5.34 mmol, 1.1 equiv) were added subsequently and the suspension was warmed to room
temperature for 11 h. Additional MgSO4 (0.50 g) and pivaldehyde (0.58 mL, 5.34 mmol, 1.1 equiv) were added and stirring was
continued for 5 h. Et,O was added to induce precipitation. The solids were filtered off and the filtrate was concentrated under reduced

pressure. Imine 812 (990 mg, 4.66 mmol, 96%) was obtained as colorless oil and was used without further purification.

THNMR (CDCls, 700 MHz): & = 7.42 (s, 1H), 6.70 (s, 1H), 3.43 (d, J = 4.0 Hz, 1H), 2.83 (d, J = 5.0 Hz, 3H), 1.98 — 1.92 (m, 1H), 1.52
—1.44 (m, 1H), 1.08 (s, 9H), 0.84 (t, J = 7.5 Hz, 3H), 0.80 (d, J = 6.9 Hz, 3H) ppm.

(2R,5S)-3,5-Dimethyl-2-(1-methylcyclohexyl)imidazolidin-4-one hydrochloride S13

o, /
U DI
N P
z \)J\” EtOH, 5 °C10 70 °C, 6 h N D

« HCI

Acetylchloride (1.50 mL, 21.0 mmol, 1.1 equiv) was added dropwise to anhydrous ethanol (10 mL) at 0 °C. Imin 89 (4.01 g, 19.1 mmol,
1.0 equiv) was added and the solution was stirred for 1 h at 0 °C, 1 h at 70 °C and finally 4 h at room temperature. The solids were
filtered off and washed with a small portion of cold ethanol. The filtrate was concentrated under reduced pressure and the precipitate
was filtered off again. After drying under vacuum hydrochloride S13 (2.62 g, 10.6 mmol, 56%, single diastereoisomer) was obtained as

a colorless solid. Trans-isomerism was confirmed by NOE-spectroscopy.

THNMR (CD3OD, 400 MHz) & = 4.76 (s, 1H), 4.26 (q, J = 7.1 Hz, 1H), 3.07 (s, 3H), 1.72 — 1.65 (m, 4H), 1.60 — 1.48 (m, 4H), 1.56 (d, J
= 7.1 Hz, 3H), 1.43 (td, J = 12.2, 3.9 Hz, 1H), 1.31 (td, J = 10.0, 8.4, 3.3 Hz, 1H), 1.11 (s, 3H) ppm.
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(2R,5S)-2-(Adamantan-1-yl)-3,5-dimethylimidazolidin-4-one S14

0 /
i oI
C
N - -
= \)J\” EtOH, 5 °C to 70 °C, 6 h N

H
* HCI

nn

Acetylchloride (0.34 mL, 3.95 mmol, 1.1 equiv) was added dropwise to anhydrous ethanol (5 mL) at 0 °C. Imin $10 (889 mg, 3.59
mmol, 1.0 equiv) was added and the solution was stirred for 1 hat 0 °C, 1 h at 70 °C and finally 4 h at room temperature. The precipitate
was filtered off and washed with a small portion of cold ethanol. The filtrate was concentrated under reduced pressure and the solids
were filtered off again. After drying under vacuum hydrochloride S14 was obtained as a colorless solid (d.r. 1:0.7, frans:cis).
Subsequently the product was stirred in EtOH for 5 h at 70 °C to shift the thermodynamic equilibrium to 10:1 ratio of trans:cis isomers
as indicated by TLC.I"! After removal of all solvents under reduced pressure hydrochloride S14 was obtained as a colorless solid (553

mg, 1.94 mmol, 54%, d.r. 10:1, trans:cis).

THNMR (CD50D, 500 MHz) & = 4.56 (s, 2H), 4.25 (g, J = 7.0 Hz, 1H), 4.11 (q, J = 7.2 Hz, 1H), 3.08 (s, 3H), 3.07 (s, 3H), 2.13 — 2.08
(m, 6H), 1.91 — 1.66 (m, 24H), 1.59 (d, J = 7.2 Hz, 3H), 1.55 (d, J = 7.1 Hz, 3H) ppm.

(2R,5S)-2-(tert-Butyl)-5-isopropyl-3-methylimidazolidin-4-one hydrochloride S$15

o) RN
AcCl
tBU\/N\-)J\N/ )'/tBu
H H EtOH, 0 °C to 75 °C, 30 min N
PN H-HCI

AcCl (0.72 mL, 10.0 mmol, 1.1 equiv) was added dropwise to anhydrous EtOH (5 mL) at 0 °C. The solution was stirred for 15 min and
a solution of imin 811 (1.80 g, 9.12 mmol, 1.0 equiv) in EtOH (1 mL) was added. The reaction mixture was stirred for 15 min at 0 °C
and 30 min at 75 °C. After cooing to room temperature, the solution was concentrated under reduced pressure and the mixture was
crystallized in the freezer overnight. After filtration hydrochloride S15 (1.00 g, 4.26 mmol, 47%, single diastereoisomer) was obtained

as a colorless solid.

THNMR (CD30D, 700 MHz): & 4.84 (s. 1H), 4.10 (d, J = 4.3 Hz, 1H), 3.06 (s, 3H), 2.38 —2.32 (m, 1H), 1.17 — 1.15 (s, 12H), 1.12 (d, J
=7.0 Hz, 3H) ppm.

(2R,5S)-5-((S)-sec-Butyl)-2-(tert-butyl)-3-methylimidazolidin-4-one hydrochloride S16

o) Q N
H AcCl
tBUVN N/ COH. 0 °C 1075 °C. 30 - /”a, ):/l‘Bu
H 0o s R, Smin H - HCI

AcCl (0.36 mL, 5.08 mmol, 1.1 equiv) was added dropwise to anhydrous EtOH (2 mL) at 0 °C. The solution was stirred for 15 min at
the same temperature and a solution of imin $12 (989 mg, 4.61 mmol, 1.0 equiv) in EtOH (1 mL) was added. The reaction mixture was
stirred for 15 min at 0 °C and 30 min at 75 °C. After cooling to room temperature, the solution was concentrated under reduced pressure
and the mixture was crystallized in the freezer overnight. After filtration hydrochloride $16 was obtained as a colorless solid (417 mg,

1.68 mmol, 36%, single diastereoisomer).

THNMR (CDsOD, 700 MHz): 5 4.84 (s, 1H), 4.15 (d, J = 3.7 Hz, 1H), 3.05 (s, 3H), 2.07 — 2.03 (m, 1H), 1.61 — 1.55 (m, 1H), 1.53 — 1.46
(m, 1H), 1.16 (s, 9H), 1.09 (d, J = 6.9 Hz, 3H), 1.00 (t, J = 7.4 Hz, 3H) ppm.
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(2R,5S)-3,5-Dimethyl-2-(1 -methylcyclohexyl)imidazolidin-4-one 12

] /
N
)_”// aq. NaHCO3 ) )
” 22°C, 15min
* HCI

Aqueous saturated NaHCOs-solution (2 mL) was added dropwise to hydrochloride $13 (210 mg, 851 ymol) and the reaction mixture
was stirred for 15 min at room temperature. The free base was extracted with CH,Cl; (3 x 50 mL), the combined organic phases were
washed with brine, dried over Na,SO, and the solvent was removed under reduced pressure. Imidazolidinone 12 (172 mg, 817 ymol,
96%, single diastereoisomer) was obtained as a colorless oil.

R¢ = 0.4 (EtOAC)
[@]3? = +17.9° (¢ = 0.80, CHCly)

THNMR (CDCls, 700 MHz) & = 4.07 (s, 1H), 3.59 (g, J = 6.8 Hz, 1H), 2.96 (s, 3H), 1.85 (s, 1H), 1.66 — 1.59 (m, 1H), 1.60 — 1.52 (m
2H), 1.48 — 1.35 (m, 5H), 1.28 (d, J = 6.8 Hz, 3H), 1.28 — 1.23 (m, 1H), 1.17 (m, 1H), 0.91 (s, 3H) ppm.

3CNMR (CDCls, 176 MHz) 5 = 177.2, 83.9, 54.4, 41.0, 34.2, 34.0, 32.2, 26.1, 21.7, 21.6, 18.8, 17.9 ppm.
IR (ATR): ¥ = 3313, 2967, 2920, 2857, 1683, 1396, 745 cm™".

HRMS (ESI, pos. mode): m/z calculated for C12H23N20 [M+H]*: 211.1805, found 211.1795; m/z calculated for C12H2,N,NaO [M+Na]*:
233.1624, found 233.1613.

(2R,5$)-2-(Adamantan-1 -yl)-3,5-dimethylimidazolidin-4-one 13

aqg. NaHCO3 j)

22 °C, 15 min
. HCI

Aqueous saturated NaHCOs-solution (5 mL) was added dropwise to hydrochloride S14 (553 mg, 1.94 mmol) and the reaction mixture
was stirred for 15 min at room temperature. The free base was extracted with CH,Cl; (3 x 80 mL), the combined organic phases were
washed with brine, dried over Na,SO4 and the solvent was removed under reduced pressure. The free base of compound $14 was
obtained as a white solid (459 mg, 1.85 mmol, 96%). After column chromatography (SiO,, Et,O), the trans-isomer 13 (169 mg, 680
pmol, 37%) was obtained as a colorless solid. Trans-isomerism was confirmed by NOE-spectroscopy.

mp =115-117 °C

Ri(trans) = 0.2 (Et;0) Rs(cis) = 0.1 (Et.O)

[@]2% = +21.7° (¢ = 0.80, CHCl3)

THNMR (CDCl3, 700 MHz) & = 3.84 (s, 1H), 3.55 (q, J = 6.9 Hz, 1H), 2.97 (s, 3H), 2.01 (p, J = 3.2 Hz, 3H), 1.75 — 1.53 (m, 12H), 1.28
(d, J=6.8 Hz, 3H) ppm.

3CNMR (CDCls, 176 MHz) & = 177.2, 83.7, 54.5, 40.3, 38.2, 37.1, 32.5, 28.2, 18.6 ppm.

10
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IR (ATR): ¥ = 3402, 3285, 2897, 2846, 2362, 1669, 766 cm™.

HRMS (ESI, pos. mode): m/z calculated for C1sH2sN20 [M+H]*: 249.1962, found 249.1967; m/z calculated for C4sH24N2NaO [M+Na]*:
271.1781, found 271.1766.

(2R,5S)-2-(tert-Butyl)-5-isopropyl-3-methylimidazolidin-4-one trifluoroacetate 11-TFA

0 / 0 /
N ag. NaHCO, N
—_—
"By then N)"tBu
H - HCI TFA, Et,0 H-TFA

Hydrochloride $15 (1.13 g, 5.67 mmol, 1.0 equiv) was treated with aqueous saturated NaHCOs-solution (5 mL). The mixture was
extracted with CH»Cl (3 x 15 mL) and the combined organic phases were concentrated under reduced pressure. The obtained oil was
dissolved in EtO (1 mL) and TFA (440 pL, 5.67 mmol, 1.0 equiv) was added dropwise. The mixture was crystallized in the freezer

overnight and imidazolidinone 11°TFA (1.61 g, 5.15 mmol, 91%, single diastereocisomer) was obtained as a colorless solid.

THNMR (CDCls, 700 MHz) & = 4.72 (d, J = 1.1 Hz, 1H), 4.00 (d, J = 4.4 Hz, 1H), 3.04 (d, J = 0.7 Hz, 3H), 2.28 (heptd, J = 6.9, 4.2 Hz,
1H), 1.13 = 1.11 (m, 12H), 1.06 (d, J = 7.0 Hz, 3H) ppm.

3CNMR (CDCls, 176 MHz) & =170.9, 82.8, 63.8, 37.8, 31.8, 31.1, 25.1, 18.1, 17.5 ppm.

(2R,5S)-5-((S)-sec-Butyl)-2-(tert-butyl)-3-methylimidazolidin-4-one trifluoroacetate 10-TFA
O ./
N aq. NaHCO4
—_—

N “"Bu then
H-HCl  TFA, EtO

Hydrochloride 816 (335 mg, 1.58 mmol, 1.0 equiv) was treated with aqueous saturated NaHCOgs-solution (2 mL). The mixture was
extracted with CH,Cl; (3 x 15 mL) and the combined organic phases were concentrated under reduced pressure. The obtained oil was
dissolved in Et,O (1 mL) and TFA (120 pL, 1.58 mmol, 1.0 equiv) was added dropwise. The mixture was crystallized in the freezer

overnight and imidazolidinone 10*TFA (457 mg, 1.46 mmol, 92%, single diastereocisomer) was obtained as a colorless solid.

THNMR (CDCls, 500 MHz) & = 4.72 (d, J = 1.0 Hz, 1H), 4.04 (d, J = 3.6 Hz, 1H), 3.03 (s, 3H), 2.07 — 1.88 (m, 1H), 1.57 — 1.50 (m, 1H),
1.46 — 1.39 (m, 1H), 1.12 (s, 9H), 1.06 (d, J = 6.9 Hz, 3H), 0.98 (t, J = 7.4 Hz, 3H) ppm.

3CNMR (CDCls, 126 MHz) & = 170.8, 82.8, 62.9, 38.1, 37.7, 31.7, 25.7, 25.1, 14.6, 12.0 ppm.

11
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2.2. CHLORINATING REAGENTS
The following N-chlorinations were performed based on a literature-known procedure. !

3,3,4,4-Tetramethylpyrrolidine-2,5-dione S17
(0]
H202 NaOH
NC CN . NH
EtOH, H,0, reflux, 3 h
(0]

Imid S17 was synthesized according to a literature-known procedure.® A solution of H;O; in water (30 w%, 11.8 mL, 106 mmol,

2.9 equiv) was added to a solution of 2,2,3,3-tetramethylsuccinonitrile (5.00 g, 36.7 mmol, 1.0 equiv) in ethanol (25 mL) at 0 °C and
stirred for 3 h under reflux. The reaction mixture was cooled to room temperature and quenched with hydrochloric acid (1 M). The
product was extracted with toluene (3 x 100 mL), dried over Na,SO, and the solvent was removed under reduced pressure. Imid S17
(1.65 g, 10.6 mmol, 29%) was obtained as a colorless solid and was used without further purification.

THNMR (CDCls, 400 MHz) & = 8.57 (s, 1H), 1.18 (s, 12H) ppm.

Spectroscopic data were in accordance with published data.l%!

1-Chloro-3,3,4,4-tetramethylpyrrolidine-2,5-dione 20

0] 0]
TCCA, AcOH
B ———— N—CI
H,0,22°C,1h
(0] o}

Trichloroisocyanuric acid (725 mg, 3.12 mmol, 0.33 equiv) was added to a suspension of imide $17 (1.47 g, 9.45 mmol, 1.0 equiv),
acetic acid (3.20 mL, 56.0 mmol, 5.9 equiv) and water (20 mL) and the reaction mixture was stirred for 1 h at room temperature. The
product was extracted with CHCI3 (3 x 50 mL), the combined organic phases were dried over Na,SO, and the solvent was removed
under reduced pressure. Compound 20 (1.63 g, 8.62 mmol, 91%) was obtained as a colorless solid and was used without further
purification.

mp: 82 -84 °C

Rf = 0.8 (pentane:EtOAc = 5:1)

"HNMR (CDCl3, 400 MHz) & = 1.24 (s, 12H) ppm.

3CNMR (CDCl3, 126 MHz) & = 177.7, 48.0, 21.8 ppm.

IR (ATR): ¥ = 2978, 1743, 1722, 1396, 1382 cm™.

HRMS (ESI, pos. mode): m/z calculated for CgH13CINO, [M+H]*: 190.0630, found 190.0626.

12



WILEY-VCH

1-Chloro-5-nitroisoindoline-1,3-dione 19

OaN TCCA ON
NH ——— N-Cl
H,0,22°C, 1h
0 0

Trichloroisocyanuric acid (121 mg, 521 ymol, 0.33 equiv) was added to a suspension of 4-nitrophthalimide (300 mg, 1.56 mmol,
1.0 equiv) in water (10 mL) and the reaction mixture was stirred for 1 h at room temperature. The solid was filtered off and dried at
50 °C over night. Compound 19 (339 mg, 1.50 mmol, 96%) was obtained as a colorless solid and was used without further purification.

THNMR (CDsCN, 500 MHz) & = 8.63 (dd, J = 8.2, 2.0 Hz, 1H), 8.60 (dd, J = 2.0, 0.6 Hz, 1H), 8.10 (dd, J = 8.2, 0.7 Hz, 1H) ppm.

Spectroscopic data were in accordance with published data.[")

5-Fluoroisoindoline-1,3-dione S18

o) o)
F H)J\NHZ F
o ————— _
120°C,25h N—H
o) o)

Formamide (15.0 mL, 377 mmol, 12.5 equiv) was added to 5-Fluoroisobenzofuran-1,3-dione (5.00 g, 30.0 mmol, 1.0 equiv) at room
temperature and the suspension was stirred for 2.5 h at 120 °C (caution: CO evolution!). After cooling to room temperature, the reaction
mixture was poured into water (120 mL). The solids were filtered off, washed with water and dried at 50 °C overnight. Imid $18 (3.10 g,

18.8 mmol, 63%) was obtained as a colorless solid and was used without further purification.

THNMR (DMFd;, 500 MHz) & = 11.43 (s, 1H), 7.98 — 7.95 (m, 1H), 7.75 — 7.66 (m, 2H) ppm.

Spectroscopic data were in accordance with published data.®

2-Chloro-5-fluoroisoindoline-1,3-dione 17

F TCCA F

NH H,0,22°C,1h N=Cl

)
Trichloroisocyanuric acid (1.44 g, 6.19 mmol, 0.33 equiv) was added to a suspension of imide $18 (3.10 g, 18.7 mmol, 1.00 equiv) in
water (200 mL) and the reaction mixture was stirred for 1 h at room temperature. The solids were filtered off and purified by

recrystallization (CHCI3, reflux). Compound 17 (3.00 g, 15.0 mmol, 80%) was obtained as a colorless solid.

mp: 155 -156 °C

THNMR (CDCls, 500 MHz) & = 7.92 (dd, J = 8.3, 4.5 Hz, 1H), 7.59 (dd, J = 6.8, 2.3 Hz, 1H), 7.45 (td, J = 8.6, 2.3 Hz, 1H) ppm.

13CNMR (CDCls, 126 MHz) & = 166.7 (d, J = 259.6 Hz), 162.4, 162.2 (d, J = 2.9 Hz), 133.9 (d, J = 9.7 Hz), 127.0 (d, J = 3.2 Hz),
126.7 (d, J = 9.7 Hz), 121.9 (d, J = 23.8 Hz), 112.1 (d, J = 25.3 Hz) ppm.

13
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IR (ATR): ¥ = 3079, 1785, 1729, 1481, 1224, 1168 cm™.
HRMS (ESI, pos. mode): m/z calculated for CsHzCIFNNaO, [M+Na]*: 221.9728, found 221.9732.

4,5,6,7-Tetrachloroisoindoline-1,3-dione S19

Cl 0 )OJ\ Cl 10
cl H” O NH, Cl
° 120 °C, 2.5 h NH
cl e cl
c O ¢ ©

Formamide (8.70 mL, 219 mmol, 12.5 equiv) was added to 4,5,6,7-Tetrachloroisobenzofuran-1,3-dione (5.00 g, 17.5 mmol, 1.0 equiv)
at room temperature and the suspension was stirred for 2.5 h at 120 °C (caution: CO evolution!). After cooling to room temperature the
reaction mixture was poured into water (120 mL). The solids were filtered off, washed with water and dried at 50 °C over night. Imid
$19 (4.71 g, 16.5 mmol, 94%) was obtained as a colorless solid and was used without further purification.

THNMR (DMFd7, 500 MHz) & = 11.93 (s, 1H) ppm.

3CNMR (DMFd7, 126 MHz) & = 164.8, 138.8, 129.7, 128.8 ppm.

HRMS (ESI, pos. mode): m/z calculated for CgH,ClsNO, [M+H]*: 283,8834, found 283,8841

Anal. Calcd. for CsHCI4NO: (284.90): C 33.73, H 0.35, N 4.92; found: C 33.75, H 0.36, N 4.98.

2,4,5,6,7-Pentachloroisoindoline-1,3-dione 18

Cl 0 Cl o)
Cl TCCA Cl
NH —————————— N—CI
H,0, 22 °C, 1 h
cl 2 Cl
Cl o Cl (0]

Trichloroisocyanuric acid (869 mg, 3.74 mmol, 0.33 equiv) was added to a suspension of imide $19 (3.00 g, 10.5 mmol, 1.0 equiv) in
water (110 mL) and the reaction mixture was stirred for 1 h at room temperature. The solids were filtered off, dried and compound 18
(3.02 g, 9.46 mmol, 90%) was obtained as a colorless solid.

3CNMR (DMFdy7, 126 MHz) & = 160.0, 139.5, 129.1, 128.5 ppm.

IR (ATR): ¥ = 1746, 1038 cm"".

HRMS (ESI, pos. mode): m/z calculated for CsHCIsNO, [M+H]*: 317.8445 found 317.8453.

Anal. Calcd. for CsCIsNO, (319.34): C 30.03, H 0.00, N 4.39; found: C 30.23, H 0.00, N 4.44.

14
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2.3. OFF-CYCLE INTERMEDIATES

1-((1R,2S)-1-((2R,5S)-2-(tert-Butyl)-3,5-dimethyl-4-oxoimidazolidin-1-yl)-2-chloro-3-phenylpropyl)pyrrolidine-2,5-dione 5
o)
o N
N )
j: »iBu N~ Bu
Q N o
H-TFA ,NCS
H N -
J\/\© CHACN, —30 °C, 1 h & H

Catalyst 2°TFA (4.24 g, 14.9 mmol, 20 mol%) and N-chlorosuccinimide (11.9 g, 89.4 mmol, 1.2 equiv) were added subsequently to a

solution of hydrocinnamic aldehyde (10.0 g, 74.5 mmol, 1.0 equiv) in CH3CN (250 mL) at —30 °C. After stirring for 1 h, silica was added
to the reaction mixture, the solvent was removed under reduced pressure and the crude product was purified by column
chromatography (SiO2, pentane/EtOAc, 5:1 to 1:10). Parasitic intermediate 5 (2.84 g, 6.76 mmol, 9%) was obtained as a white solid.
Rf = 0.4 (pentane:EtOAc = 1:5)

THNMR (CDCl;, 700 MHz) & = 7.36 — 7.25 (m, 5H), 5.02 (d, J = 10.7, 1H), 4.98 (s, 1H), 4.97 (td, J = 10.4, 2.2 Hz, 1H), 3.96 (q, J =
7.5 Hz, 1H), 3.92 — 3.86 (m, 2H), 2.88 (s, 3H), 2.80 (dd, J = 14.9, 10.3 Hz, 1H), 2.76 — 2.58 (m, 4H), 1.45 (d, J = 7.4 Hz, 3H), 1.10 (s,
9H) ppm.

3CNMR (CDCl;, 176 MHz) & = 179.5, 176.7, 175.6, 137.1, 129.4, 128.5, 127.1, 84.8, 71.5, 60.5, 58.3, 38.6, 31.8, 28.1, 28.0, 11.6 ppm.

IR (ATR): ¥ = 3031, 2957, 2871, 1778, 1708, 1455, 1432, 1396, 1375, 1252, 1201, 816, 751, 701 cm™.

HRMS (ESI, pos. mode): m/z calculated for C22H3oCINsNaO3s [M+Na]*: 442.1868, found 442.1880.

The following three off-cycle intermediates 6, 7 and 8 were synthesized according to the procedure described above.
1-((1R,2S)-1-((2R,5S)-2-(tert-Butyl)-3,5-dimethyl-4-oxoimidazolidin-1-yl)-2-chlorooctyl)pyrrolidine-2,5-dione 6
SN
el L
'/tBu
0} N). "By o N
)J\/\/\/\ H-TFA ,NCS &)\/\/\/\

H N

CH3CN,-30°C,3h |

O

(0]
Yield: 120 mg, 330 ymol, 18%

Rf = 0.4 (pentane:EtOAc = 1:6)
THNMR (CDCl3, 700 MHz) & =4.97 (s, 1H), 4.90 (d, J = 10.7 Hz, 1H), 4.59 (td, J = 10.4, 1.7 Hz, 1H), 3.89 (q, J = 7.5 Hz, 1H), 2.84
(s, 3H), 2.74 — 2.54 (m, 4H), 2.41 (tdd, J = 11.4, 4.7, 2.1 Hz, 1H), 1.72 — 1.63 (m, 1H), 1.62 — 1.51 (m, 1H), 1.39 (d, J = 7.5 Hz, 3H),

1.38 — 1.25 (m, 7H), 0.99, (s, 9H), 0.88 (t, J = 7.0 Hz, 3H) ppm.

3CNMR (CDCl3, 176 MHz) & = 179.5, 176.8, 175.7, 84.7, 71.6, 61.0, 58.1, 38.5, 36.3, 31.8, 31.8, 29.1, 28.1, 28.0, 27.8, 26.6, 22.7,
14.2, 11.5 ppm.
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IR: ¥ = 2950, 2870, 1780, 1710, 1680, 1480, 1440, 1400, 1370, 1340, 1260, 1170, 1150, 790 cm™".

HRMS (ESI, pos. mode): m/z calculated for C17H2sCIN3O3 [M+H]*: 414. 2577, found: 414.2524; m/z calculated for C17H27CIN3sNaO;
[M+Na]*: 436.2409, found: 436.2343.

1-((1R,2S)-1-((2R,5S)-2-(tert-butyl)-3,5-dimethyl-4-oxoimidazolidin-1-yl)-2-chloropentyl)pyrrolidine-2,5-dione 7

(6] / (6]
P Dt
Dogy gy
9 N-TFA  NCS o N
HJ\/\/ CH4CN 307°C 18 h &)\/\/
3 3 T ’ N

of

(¢}
Yield: 72.1 mg, 194 mmol, 10%
Rf = 0.4 (pentane:EtOAc = 1:6)
THNMR (CDCl3, 500 MHz) & = 4.96 (s, 1H), 4.90 (d, J = 10.7 Hz, 1H), 4.60 (td, J = 10.4, 1.9 Hz, 1H), 3.89 (q, J = 7.4 Hz, 1H), 2.84 (s,
3H), 2.74 — 2.54 (m, 4H), 2.39 (dd, J = 3.9, 1.7 Hz, 3H), 1.80 — 1.65 (m, 1H), 1.62 — 1.51 (m, 1H), 1.46 — 1.41 (m, 1H), 1.39(d, J=7.5
Hz, 3H), 0.99 (s, 9H), 0.95 (t, J = 7.4 Hz, 3H) ppm.
3CNMR (CDCl3, 176 MHz) & = 179.5, 176.8, 175.7, 84.7, 71.6, 60.6, 58.1, 38.5, 38.2, 31.7, 28.1, 28.0, 27.7, 20.0, 13.8, 11.4 ppm.

IR: ¥ = 2960, 2930, 2870, 1780, 1710, 1460, 1440, 1400, 1370, 1350, 1280, 1250, 1200, 1150, 820 cm™".

HRMS (ESI, pos. mode): m/z calculated for C1gHz0CIN3O3 [M+H]*: 372.2049, found: 372.2066.

2-((1R,2S)-1-((2R,5S)-2-(tert-butyl)-3,5-dimethyl-4-oxoimidazolidin-1-yl)-2-chloro-3-phenylpropyl)isoindoline-1,3-dione 8

o) / 0 / ; o} / Structure of intermediate
j’} j’} j'} 8 after reductive work-up
o N~ /Bu N~ /Bu N~ Bu with NaBH, (imide was

)J\/\ H-TFA ,NCP 0 )\/\ HO )\/\ reductively opened). A
H Ph  CH;CN, -30°C, 18 h Ph Ph crystal structure was

N HN

obtained from this
o 0 compound.

QIII
an

Yield: 99.0 mg, 234 ymol, 16%

R¢ = 0.7 (pentane:EtOAc = 1:6)

THNMR (CDCl;, 700 MHz) & = 7.89 — 7.81 (m, 2H), 7.81 — 7.73 (m, 2H), 7.36 — 7.25 (m, 4H), 7.36 — 7.25 (m, 4H), 5.19 (d, J = 10.7 Hz,
1H), 5.09 (td, J = 10.7, 2.3 Hz, 1H), 4.88 (s, 1H), 4.04 — 3.95 (m, 2H), 2.84 (dd, J = 14.7, 10.7 Hz, 1H), 2.67 (d, J = 0.7 Hz, 3H), 1.55
(d, J=7.4 Hz, 3H), 1.13 (s, 9H) ppm.

BCNMR (CDCly, 176 MHz) & = 175.03, 170.4, 168.3, 137.4, 134.7, 134.6, 131.4, 130.8, 129.3, 128.4, 126.8, 123.9, 123.5, 84.7,

70.9, 61.7, 58.4, 41.9, 38.5, 31.5, 27.5, 11.4 ppm.
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IR: ¥ = 2950, 2870, 1780, 1710, 1680, 1480, 1470, 1400, 1370, 1340, 1260, 1170, 1150, 1060, 720 cm™".

HRMS (ESI, pos. mode): m/z calculated for CzsH30CIN3O3 [M+H]*: 468.2049 found: 468.2020; m/z calculated for CzsH29CIN3NaO3
[M+Na]*: 490.1868, found: 490.1853.

1-((1R,2S,6S)-1-((2R,5S)-2-(tert-Butyl)-3,5-dimethyl-4-oxoimidazolidin-1-yl)-2,6-dichloro-7-hydroxyheptyl) pyrrolidine-2,5-
dione 9

2,2"-bpy, NMI, TEMPO, [Cu(CH;CN),]OTf
CH4CN, 22°C, 3 h

(0]
o / then jN/
N P
)\: >Bu N~ 'Bu
N (]
N N H-TFA, NCS, CH3CN, -30 °C, 18 h
HO OH N7 OH
then =

NaBH,, EtOH, 0 °C, 30 min 0

1,7-Heptanediol (5.00 g, 37.8 mmol, 1.0 equiv) was dissolved in CH3CN (380 mL). [Cu(CH3CN)]OTf (1.07 g, 2.84 mmol, 7.5 mol%),
2,2’-bpy (443 mg, 2.84 mmol, 7.5 mol%), TEMPO (443 mg, 2.84 mmol, 7.5 mol%) and NMI (450 pL, 5.67 mmol, 15 mol%) were added
subsequently at room temperature and stirring was continued for 3 h under oxygen atmosphere. Catalyst 2:TFA (4.32 g, 15.1 mmol,
40 mol%), N-chlorosuccinimide (12.6 g, 94.5 mmol, 2.5 equiv) and CH3;CN (380 mL) were added and the reaction mixture was stirred
for 18 h at =30 °C. NaBH4 (7.15 g, 189 mmol, 5.0 equiv) and EtOH (380 mL) were added and stirring was continued for 30 min at 0 °C.
The reaction mixture was quenched with aqueous saturated NH,4Cl-solution, concentrated under reduced pressure and the aqueous
phase was extracted with EtOAc (3 x 200 mL). After removal of all solvents under reduced pressure, the crude product was purified by

column chromatography (SiO-, pentane:Et,0 = 1:5). Intermediate 9 (587 mg, 1.30 mmol, 3%) was obtained as a colorless solid.

Rr = 0.4 (EtOAc)

mp: 116 °C

THNMR (CDCls, 500 MHz) & = 4.98 (s, 1H), 4.91 (d, J = 10.7 Hz, 1H), 4.60 — 4.67 (m, 1H), 4.06 — 3.99 (m, 1H), 3.90 (q, J = 7.4 Hz,
1H), 3.79 (dd, J = 12.0, 4.0 Hz, 1H), 3.69 (dd, J = 12.0, 4.0 Hz, 1H), 2.86 (s, 3H), 2.76 — 2.58 (m, 4H), 2.48 — 2.40 (m, 1H), 1.89 — 1.73

(m, 3H), 1.72 — 1.60 (m, 2H), 1.40 (d, J = 7.5 Hz, 3H), 1.00 (s, 9H) ppm.

3CNMR (CDCls, 125 MHz) & = 179.4, 176.6, 175.5, 84.5, 71.3, 66.9, 64.5, 60.2, 57.9, 38.4, 35.6, 33.9, 31.6, 28.0, 27.9, 27.6, 23.6,
11.3 ppm.

IR: & = 3388, 2945, 1709, 1672, 1338, 1144, 1033, 776, 680, 627, 581 cm™.

HRMS (ESI, pos. mode): m/z calculated for CzoH33CloN304 [M+H]*: 450.1921 found: 450.1921; m/z calculated for CyoH32Cl2N3sNaO4
[M+Na]*: 472.1740, found: 472.1736.
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2.4. SYNTHESIS OF SUBSTRATES
The following aerobic oxidations were performed according to a literature-know procedure.®

Decanedial S20
[Cu(CH5CN)JOT, 2,2"-bpy, 0
HO/\/\/\/\/\/OH 4-acetamido-TEMPO, 4-DMAP, O, J\/\/\/\/\”/H
CH4CN, 22°C, 1.5h H
o)

Decane-1,10-diol (2.00 g, 11.5 mmol, 1.0 equiv) was dissolved in CH3CN (30 mL). [Cu(CH3sCN)]OTf (433 mg, 1.15 mmol, 10 mol%),
2,2’-bpy (180 mg, 1.15 mmol, 10 mol%), 4-acetamido-TEMPO (245 mg, 1.15 mmol, 10 mol%) and 4-DMAP (281 mg, 2.30 mmol,
20 mol%) were added subsequently at room temperature and stirring was continued for 1.5 h under oxygen atmosphere. The reaction

mixture was quenched with water and the aqueous phase was extracted with EtOAc (3 x 50 mL). The combined organic phases were
dried over Na,SO4 and the solvent was removed under reduced pressure. The crude product was purified by column chromatography
(SiO2, pentane/EtOAc 8:1) yielding dialdehyde S$20 (1.51 g, 8.86 mmol, 77%) as a colorless solid.

THNMR (CDCls, 400 MHz) & = 9.76 (t, J = 1.7 Hz, 2H), 2.42 (td, J = 7.3, 1.8 Hz, 4H), 1.62 (p, J = 7.2 Hz, 4H), 1.35 — 1.28 (m, 8H) ppm.

Spectroscopic data were in accordance with published data.['%

5-Bromopentanal S21
O

(0]
)J\/\/\ DIBAL-H (1m in hexane) J]\/\/\
EtO Br H Br

CH,Cl, -78 °C, 3 h

Aldehyde $21 was synthesized according to literature-known procedure.l' DIBAL-H (1 M in hexane, 11.0 mL, 11.0 mmol, 1.1 equiv)
was added dropwise to a —78°C cooled solution of ethyl-5-bromopentanoate (2.09 g, 10.0 mmol, 1.0 equiv) in anhydrous CH,Cl,
(20 mL) under argon-atmosphere and the reaction mixture was stirred for 3 h at the same temperature. The reaction was quenched
with Et,O and brine, the phases were separated and the aqueous phase was extracted with Et,O (3 x 20 mL). The combined organic
phases were dried over Na;SO,4 and the solvent was removed under reduced pressure. After purification by column chromatography
(SiO2, pentane/Et;0 20:1), aldehyde S21 (1.24 g, 7.51 mmol, 75%) was obtained as a colorless oil.

THNMR (CDCl;, 400 MHz) & 9.78 (t, J = 1.5 Hz, 1H), 3.41 (t, J = 6.5 Hz, 2H), 2.49 (td, J = 7.1, 1.5 Hz, 2H), 1.94 — 1.85 (m, 2H), 1.84 —
1.75 (m, 2H) ppm.

10-((tert-Butyldiphenylsilyl)oxy)decan-1-ol S22

TBDPSCI, Et3N, 4-DMAP
CH,Cl,, 22 °C, 20 h

OH

Alcohol S22 was synthesized according to a literature-known procedure.l'? 1,10-Decanediol (3.00 g, 17.2 mmol, 1.0 equiv), EtzN
(1.20 mL, 8.61 mmol, 0.5 equiv) and 4-DMAP (69.6 mg, 570 pmol, 3 mol%) were dissolved in CH>Cl, (250 mL). TBDPSCI (1.47 mL,
5.68 mmol, 0.3 equiv) was added dropwise and stirring was continued for 20 h at room temperature. The reaction mixture was
concentrated under reduced pressure, diluted with hexane and the solids were filtered off. The crude product was purified by column

chromatography (SiO,, pentane/EtOAc 10:1 to 5:1) and alcohol $22 (1.25 g, 3.02 mmol, 53%) was obtained as a colorless oil.
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THNMR (CDCl;, 400 MHz) & 7.70 — 7.63 (m, 4H), 7.45 — 7.32 (m, 6H), 3.69 — 3.60 (m, 4H), 1.62 — 1.50 (m, 4H), 1.39 — 1.22 (m, 13H),
1.05 (s, 9H) ppm.

Spectroscopic data were in accordance with published data.['?

10-((tert-Butyldiphenylsilyl)oxy)decanal S23
[Cu(CH3CN)4]OTf, 2,2 -bpy, 0

HO/\/\/\/\/\/OTBDPS 4-acetamido-TEMPO, 4-DMAP, O, H)J\/\/\/\/\/OTBDPS
CH3CN, 22 °C, 2.5h

Alcohol S22 (1.24 g, 3.01 mmol, 1.0 equiv) was dissolved in CH3CN (30 mL). [Cu(CH3CN)4]JOTf (56.5 mg, 150 ymol, 5 mol%), 2,2 -bpy
(23.0 mg, 150 pmol, 5 mol%), 4-acetamido-TEMPO (32.0 mg, 150 pmol, 5 mol%) and 4-DMAP (37.0 mg, 300 pymol, 10 mol%) were
added subsequently at room temperature and stirring was continued for 2.5 h under oxygen atmosphere. The reaction mixture was
quenched with water and the aqueous phase was extracted with Et,O (3 x 50 mL). The combined organic phases were dried over
Na,SO., the solvent was removed under reduced pressure and the crude product was purified by column chromatography (SiOa,
pentane/Et,O 20:1). Aldehyde $23 (1.10 g, 2.67 mmol, 89%) was obtained as a colorless oil.

THNMR (CDCls, 400 MHz) & = 9.76 (t, J = 1.7 Hz, 1H), 7.70 — 7.64 (m, 4H), 7.45 — 7.34 (m, 6H), 3.65 (t, J = 6.5 Hz, 3H), 2.41 (td, J =
7.3,1.9 Hz, 2H), 1.72 — 1.46 (m, 4H), 1.43 — 1.19 (m, 10H), 1.05 (s, 9H) ppm.

Spectroscopic data were in accordance with published data.['®!

10-Hydroxydecylacetate S24

AcCl, SiO,
cyclohexane, reflux, 3 h

HO/\/\/\/\/\/OH HO/\/\/\/\/\/OAC

Alcohol S24 was synthesized according to a literature-known procedure.[' 1,10-Decanediol (3.00 g, 17.2 mmol, 1.0 equiv) was
dissolved in Et,O (100 mL), silica (50 g) was added and the solvent was removed again under reduced pressure. Cyclohexane (80 mL)
and AcClI (3.07 mL, 43.0 mmol, 2.5 equiv) were added and the reaction mixture was stirred for 3 h under reflux and then cooled to room
temperature. The solvent was removed under reduced pressure and the silica-adsorbent was washed with EtOAc. After removal of all
solvents under reduced pressure, the crude product was purified by column chromatography (SiO,, pentane/EtOAc 20:1 to 3:1). The
alcohol $24 (701 mg, 3.24 mmol, 19%) was obtained as a white solid. Undesired diprotected alcohol (2.32 g, 8.98 mmol, 52%) was

obtained as a colorless oil.

THNMR (CDCls, 400 MHz) & = 4.05 (t, J = 6.8 Hz, 2H), 3.64 (t, J = 6.6 Hz, 2H), 2.04 (s, 3H), 1.66 — 1.51 (m, 4H), 1.40 — 1.25 (m, 13H)

Spectroscopic data were in accordance with published data.['!
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10-Oxodecylacetate S25
[CUu(CH3CN),]JOTf, 2,2 -bpy, o

TEMPO, 4-DMAP, O, L ~_OA
HO/\/\/\/\/\/OAC H OAc

CH3CN, 22°C, 1h

Alcohol 824 (700 mg, 3.22 mmol, 1.0 equiv) was dissolved in CH3CN (15 mL). Cu(CH3sCN),OTf (60.7 mg, 161 pmol, 5 mol%), 2,2-bpy
(25.1 mg, 161 pmol, 5 mol%), TEMPO (25.2 mg, 161 umol, 5 mol%) and 4-DMAP (39.3 mg, 322 pymol, 10 mol%) were added
subsequently at room temperature and stirring was continued for 1 h under oxygen atmosphere. The reaction mixture was quenched
with water and the aqueous phase was extracted with EtOAc (3 x 50 mL). The combined organic phases were dried over Na,SOq, the
solvent was removed under reduced pressure and the crude product was purified by column chromatography (SiO», pentane/EtOAc
20:1 to 15:1) yielding aldehyde $25 (557 mg, 2.60 mmol, 81%) as a colorless oil.

THNMR (CDCl3, 400 MHz) 5 = 9.76 (t, J = 1.8 Hz, 1H), 4.05 (t, J = 6.8 Hz, 2H), 2.42 (td, J = 7.3, 1.8 Hz, 2H), 2.04 (s, 3H), 1.72 — 1.51
(m, 4H), 1.40 — 1.24 (m, 10H) ppm.

Spectroscopic data were in accordance with published data. !

10-(Methoxymethoxy)decan-1-ol S26

MOMCI, DIPEA

AN NN _-OH
HO CH,Cl,, 0 °C to 22 °C, 14 h

HO/\/\/\/\/\/OMOM

Alcohol $26 was synthesized according to literature-known procedure.l'” DIPEA (8.78 mL, 51.6 mmol, 3.0 equiv) and MOMCI (1.31 mL,
17.2 mmol, 1.0 equiv) were added subsequently to an ice-cold solution of 1,10-decanediol (3.00 g, 17.2 mmol, 1.0 equiv) in CH.Cl,
(100 mL). The reaction mixture was stirred for 14 h at room temperature and finally poured into aqueous HCI (0.5 M). The phases were
separated and the aqueous phase was extracted with EtOAc (3 x 100 mL). The combined organic phases were washed with brine and
dried over Na;SO,. The solvent was removed under reduced pressure and the crude product was purified by column chromatography
(SiO2, pentane/EtOAc 20:1 to 2:1) yielding alcohol $26 (1.62 g, 7.44 mmol, 43%) as a colorless oil.

THNMR (CDCl3, 400 MHz) & = 4.62 (s, 2H), 3.63 (t, J = 6.7 Hz, 2H), 3.51 (t, J = 6.6 Hz, 2H), 3.36 (s, 3H), 1.64 — 1.50 (m, 4H), 1.42 —
1.22 (m, 13H) ppm.

Spectroscopic data were in accordance with published data.['”]

10-(Methoxymethoxy)decanal S27
[Cu(CH3CN)4]OTf, 2,2"-bpy, o

TEMPO, 4-DMAP, O, J]\/\/\/\/\/ MOM
Ho/\/\/\/\/\/OMOM H OMO

CH4CN, 22°C, 1h

Alcohol $26 (1.62 g, 7.42 mmol, 1.0 equiv) was dissolved in CH3CN (20 mL). [Cu(CH3CN)4]JOTf (140 mg, 371 umol, 5 mol%), 2,2"-bpy
(57.9 mg, 371 ymol, 5 mol%), TEMPO (58.0 mg, 371 umol, 5 mol%) and 4-DMAP (90.1 mg, 742 ymol, 10 mol%) were added
subsequently at room temperature and stirring was continued for 1 h under oxygen atmosphere. The reaction mixture was quenched
with water and the aqueous phase was extracted with EtOAc (3 x 50 mL). The combined organic phases were dried over Na;SOs,
solvent was removed under reduced pressure and the crude product was purified by column chromatography (SiO,, pentane/EtOAc
20:1 to 15:1) yielding aldehyde $27 (1.32 g, 6.12 mmol, 83%) as a colorless oil.

Rf = 0.4 (pentane:EtOAc = 1:5)
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THNMR (CDCls, 500 MHz) 5 = 9.74 (t, J = 1.8 Hz, 1H), 4.60 (s, 2H), 3.50 (t, J = 6.6 Hz, 2H), 3.34 (s, 3H), 2.40 (td, J = 7.4, 1.8 Hz, 2H),
1.64 — 1.52 (m, 4H), 1.39 — 1.23 (m, 10H) ppm.

3CNMR (CDCl;, 126 MHz) & = 203.0, 96.5, 68.0, 55.2, 44.0, 29.8, 29.5 (2C), 29.4, 29.3, 26.3, 22.2 ppm.
IR (ATR): ¥ = 2926, 2855, 1725, 1464, 1146, 1110, 721 cm™.

HRMS (ESI, pos. mode): m/z calculated for C12H24NaO3 [M+Na]*: 239.1617, found 239.1625.

tert-Butyl-(6-hydroxyhexyl)carbamate S28
Boc,O

HO\/\/\/\
CH,Cl, 0 °C to 22 °C, 15 h NHBoc

HO\/\/\/\
NH,

Alcohol S28 was synthesized according to literature-known procedure.'® Boc,0O (4.10 g, 18.8 mmol, 1.1 equiv) was added to an ice-
cold solution of 6-aminohexan-1-ol (2.00 g, 17.1 mmol, 1.0 equiv) in CH2Cl, (17 mL) and the reaction mixture was stirred for 15 h at
room temperature. After the solvent was removed under reduced pressure, the crude product was dissolved in EtOAc. The organic
phase was washed with saturated aqueous citric acid, NaHCOgs-solution and brine. The organic phase was dried over Na;SO4 and the
solvent was removed under reduced pressure. The protected amine S$28 (3.72 g, 17.1 mmol, quant.) was obtained as a yellowish oil
and was used without further purification.

THNMR (CDCls, 400 MHz) 5 = 4.51 (s, 1H), 3.63 (t, J = 6.5 Hz, 2H), 3.11 (t, J = 7.0 Hz, 2H), 1.61 — 1.54 (m, 2H), 1.52 (s, 1H), 1.51 — 1.45
(m, 2H), 1.44 (s, 9H), 1.42 — 1.29 (m, 4H) ppm.

Spectroscopic data were in accordance with published data.['®!

tert-Butyl(6-oxohexyl)carbamate S29
[Cu(CH3CN),]OTf, 2,2 -bpy,

HO 4-acetamido-TEMPO, 4-DMAP, O, Q
\/\/\/\NHBOC > )J\/\/\/NHBOC
CH4;CN, 22°C,3.5h H

Alcohol $28 (3.93 g, 18.1 mmol, 1.0 equiv) was dissolved in CH3CN (100 mL). [Cu(CH3CN),]JOTf (341 mg, 905 pmol, 5 mol%), 2,2 -bpy
(141 mg, 905 pmol, 5 mol%), 4-acetamido-TEMPO (193 mg, 905 pmol, 5 mol%) and 4-DMAP (221 mg, 1.81 mmol, 10 mol%) were
added subsequently at room temperature and stirring was continued for 3.5 h under oxygen atmosphere. The reaction mixture was
quenched with water and the aqueous phase was extracted with DCM (3 x 50 mL). The combined organic phases were dried over
Na,SO., the solvent was removed under reduced pressure and the crude product was purified by column chromatography (SiO2,
pentane/EtOAc 5:1), yielding aldehyde $29 (1.30 g, 6.04 mmol, 33%) as a colorless oil.

THNMR (CDCls, 400 MHz) 5 = 9.76 (t, J = 1.7 Hz, 1H), 4.53 (s, 1H), 3.11 (q, J = 6.7 Hz, 2H), 2.44 (td, J = 7.3, 1.7 Hz, 2H), 1.65 (p,
J=7.4Hz, 2H), 1.54 — 1.45 (m, 2H), 1.44 (s, 8H), 1.40 — 1.30 (m, 2H) ppm.

Spectroscopic data were in accordance with published data.['®!
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4-Bromobutanal S30
(0] o]

DIBAL-H
Br
EtOJ\/\/ CH,Cl, —78°C, 4.5 h HJ\/\/Br

Aldehyde S$30 was synthesized according to a literature-known procedure.!"® DIBAL-H (1 M in hexane, 110 mL, 110 mmol, 1.1 equiv)

was added dropwise to a —78 °C cooled solution of ethyl 4-bromobutanoate (19.5 g, 100 mmol, 1.0 equiv) in CH>Cl, (180 mL) over 2 h.
The solution was stirred for additional 2.5 h at the same temperature and then quenched with aqueous HCI (10 wt%). The aqueous
phase was extracted with CH2Cl, (3 x 100 mL) and the combined organic phases were washed with saturated aqueous
NaHCOgs-solution and brine. The organic phase was dried over MgSQs, the solvent was removed under reduced pressure and the

crude product S30 was used without further purification.
THNMR (CDCl3, 400 MHz) & = 9.82 (t, J = 0.8 Hz, 1H), 3.46 (t, J = 6.4 Hz, 2H), 2.68 (t, J = 7.0 Hz, 2H), 2.18 (p, J = 6.6 Hz, 2H) ppm.

Spectroscopic data were in accordance with published data.['%]

2-(3-Bromopropyl)-1,3-dioxolane S31
O

OH

HO™ """ p-TsOH -H,0 <\
Br B
HJ\/\/ PhH, 120 °C, 3 h OB

Acetal $31 was synthesized according to a literature-known procedure.?® The crude aldehyde S30 was dissolved in benzene (100 mL),

ethylene glycol (22.6 mL, 400 mmol, 4.0 equiv) and p-TsOH*H,0 (1.17 g, 6.15 mmol, 6 mol%) were added at room temperature and
the reaction mixture was stirred for 3 h at 120 °C using a Dean-Stark-trap to remove water. The reaction mixture was cooled to room
temperature, washed with saturated aqueous NaHCO3-solution and brine and the organic phase was dried over MgSO4. The solvent
was removed under reduced pressure and the crude product was purified by distillation (4 mbar, 90 °C). Acetal $31 (16.5 g, 84.6 mmol,

85% over two steps) was obtained as a colorless oil.

THNMR (CDCl3, 400 MHz) & = 4.90 (t, J = 4.5 Hz, 1H), 4.02 — 3.80 (m, 4H), 3.46 (t, J = 6.8 Hz, 2H), 2.07 — 1.93 (m, 2H), 1.88 — 1.78
(m, 2H) ppm.

Spectroscopic data were in accordance with published data.?"!
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2-(Hex-5-en-1-yl)-1,3-dioxolane S32
Mg,
(0] o (0]
( THF, 60 °C, 2 h <\
O)\/\/ Br then > O)\/\/\/
Li,CuCly AcO™ >
-20°C,3.5h

A solution of acetal 8§32 (28.4 g, 146 mmol, 1.5 equiv) in anhydrous THF (150 mL) was added to a mixture of manganese cuttings
(5.46 g, 225 mmol, 2.3 equiv), one iodine-crystal and THF (50 mL) under argon atmosphere at room temperature. The mixture was
stirred for 2 h at 60 °C. The Grignard-reagent was cooled to 0 °C and diluted with anhydrous THF (100 mL). Li,CuCls (0.1 M in THF,
40 mL, 4.00 mmol, 0.04 equiv) was added to a solution of allyl acetate (10.0 g, 99.9 mmol, 1.0 equiv) in anhydrous THF (500 mL) and
the mixture was cooled to —20 °C. The Grignard-reagent was added dropwise over 2 h and stirring was continued for 30 min at the
same temperature and additional 1 h at room temperature. The reaction mixture was quenched with saturated aqueous NH4Cl-solution
and extracted with Et,O (2 x 200 mL). The combined organic phases were dried over MgSOy, the solvent was removed under reduced
pressure and the crude product was purified by column chromatography (SiO2, pentane/Et,O 1:0 to 20:1) yielding alkene S32 (13.7 g,

87.7 mmol, 88%) as a colorless oil.

THNMR (CDCls, 400 MHz) & = 5.80 (ddt, J = 16.9, 10.1, 6.7 Hz, 1H), 5.04 — 4.96 (m, 1H), 4.96 — 4.91 (m, 1H), 4.84 (t, J = 4.8 Hz,
1H), 4.01 — 3.80 (m, 4H), 2.15 — 1.97 (m, 2H), 1.71 — 1.60 (m, 2H), 1.50 — 1.38 (m, 4H) ppm.

Spectroscopic data were in accordance with published data.?"]

Hept-6-enal S33
O

S Hol 1
o = THF, H,0, 90 °C, 4 h H Z

Aqueous HCI (3 M, 66.8 mL, 192 mmol, 6.0 equiv) was added to solution of acetal $32 (5.00 g, 32.0 mmol, 1.0 equiv) in THF (115 mL)

and water (75 mL). The reaction mixture was stirred for 4 h at 90 °C and then cooled to room temperature. The aqueous phase was

extracted with pentane (3 x 150 mL), the combined organic phases were washed with saturated aqueous NaHCO3-solution and dried
over MgSOQ.. The solvent was removed under reduced pressure and the crude product was purified by column chromatography (SiO,,
pentane/Et,0 1:0 to 18:1) yielding aldehyde S33 (2.28 g, 20.3 mmol, 64%) as a colorless oil.

THNMR (CDCls, 400 MHz) & = 9.77 (t, J = 1.8 Hz, 1H), 5.79 (ddt, J = 16.9, 10.1, 6.7 Hz, 1H), 5.05 — 4.98 (m, 1H), 4.98 — 4.94 (m,
1H), 2.44 (td, J = 7.3, 1.8 Hz, 2H), 2.08 (q, J = 7.2 Hz, 2H), 1.72 — 1.59 (m, 2H), 1.52 — 1.39 (m, 2H) ppm.

Spectroscopic data were in accordance with published data.??
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(S)-3,7-Dimethyloct-6-enal S34
[Cu(CH3CN),]OTf, 2,2 -bpy,
M 4-acetamido-TEMPO, 4-DMAP, O, j\/'\/\)\
HO Z CH4CN, 22°C, 1h H Z
(S)-Citronellol (10.0 g, 64.0 mmol, 1.0 equiv) was dissolved in CH3CN (400 mL). [Cu(CH3CN)4]OTf (1.21 g, 3.20 mmol, 5 mol%),

2,2’-bpy (500 mg, 3.20 mmol, 5 mol%), 4-acetamido-TEMPO (683 mg, 3.20 mmol, 5 mol%) and 4-DMAP (782 mg, 6.40 mmol, 10 mol%)
were added subsequently at room temperature and stirring was continued for 1 h under oxygen atmosphere. The reaction mixture was

quenched with water and the aqueous phase was extracted with EtOAc (3 x 100 mL). The combined organic phases were dried over
Na,SO4, the solvent was removed under reduced pressure and the crude product was purified by column chromatography (SiO.,
pentane/EtOAc 60:1) yielding aldehyde S34 (8.33 g, 54.0 mmol, 84%) as a colorless oil.

THNMR (CDCls, 400 MHz) & = 9.75 (t, J = 2.4 Hz, 1H), 5.1 — 5.05 (m, 1H), 2.40 (ddd, J = 16.0, 5.6, 2.0 Hz, 1H), 2.23 (ddd, J = 16.1,
8.0, 2.7 Hz, 1H), 2.14 — 1.90 (m, 3H), 1.68 (s, 3H), 1.60 (s, 3H), 1.41 — 1.20 (m, 2H), 0.97 (d, J = 6.7 Hz, 3H) ppm.

Spectroscopic data were in accordance with published data.[?®!

Hex-4-yn-1-ol S35

t)
HO\/\/\ KOBu HO/\/\
X DMSO, 22°C, 15h

Alcohol $35 was synthesized according to literature-known procedure.?* KO'Bu (5.03 g, 44.8 mmol, 2.0 equiv) was added to a solution

of hex-5-yn-1-ol (2.20 g, 22.4 mmol, 1.0 equiv) in anhydrous DMSO (65 mL) and the reaction mixture was stirred for 12 h at room
temperature. After addition of aqueous HCI (2 M, 20 mL), the aqueous phase was extracted with Et,O (5 x 30 mL), dried over Na;SO4
and the solvent was removed under reduced pressure. The crude product was purified by column chromatography (SiO2, pentane/Et,O

3:1) yielding alcohol S35 (1.84 g, 18.7 mmol, 84%) as a colorless oil.

THNMR (CDCls, 400 MHz) & = 3.74 (id, J = 6.1, 0.9 Hz, 2H), 2.28 — 2.20 (m, 2H), 1.76 (td, J = 2.6, 0.9 Hz, 3H), 1.75 — 1.68 (m, 2H),
1.67 (s, 1H) ppm.

Spectroscopic data were in accordance with published data.?*!

Hex-4-ynal S36
(0]

HO “ (COCI), DMSO, Et;N .y
A X
CH,Cl,, -78 °Ct0 22 °C, 2.5 h

Aldehyde S36 was synthesized according to literature-known procedure.?? Anhydrous DMSO (2.90 mL, 41.1 mmol, 2.2 equiv) was

dissolved in anhydrous DCM (330 mL) under argon atmosphere and cooled down to —78 °C. (COCI)z (1.80 mL, 20.6 mmol, 1.1 equiv)
was added dropwise and stirring was continued for 20 min. A solution of alcohol S35 (1.84 g, 18.7 mmol, 1.0 equiv) in anhydrous DCM
(18 ml) was added and stirring was continued for 30 min. After the addition of anhydrous EtsN (12.7 mL, 91.6 mmol, 4.9 equiv) and
stirring for 2 h at room temperature, the reaction was quenched with water. The aqueous phase was extracted with CH,Cl, (3 x 80 mL)
and the combined organic phases were dried over Na,SO4. The solvent was removed under reduced pressure and after column

chromatography (SiO, pentane/Et,O 20:1) aldehyde S36 (889 mg, 9.25 mmol, 50%) was obtained as colorless oil.
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THNMR (CDCl;, 400 MHz) & = 9.78 (td, J = 1.4, 0.5 Hz, 1H), 2.66 — 2.57 (m, 2H), 2.48 — 2.41 (m, 2H), 1.75 (td, J = 2.6, 0.5 Hz, 3H)
ppm.

Spectroscopic data were in accordance with published data.[?*!

2.5. SUBSTRATE SCOPE
The following procedure was applied for all a-chlorination experiments. The subsequent reduction to B-chloro-alcohols was applied due
to more comfortable purification, stable stereoinformation and higher boiling points compared to a-chloro-aldehydes. The catalyst was

used as a free base, due to the fact that it was not possible to synthesize the TFA-salt.?%

a-Chlorination with Subsequent Reduction

catalyst 13 (5 mol%), NO,NCP 19 (1.2 equiv), Q N/ O,N
o TFA (5 mol%), AcOH (10 mol%) j) N—Cl
CH4CN, ~30 °C, 48 h R N
R HO™ >
HJ\/ then C::I H e}
NaBH,, EtOH, 0 °C, 30 min catalyst 13 NO,NCP 19

Catalyst 13 (4.67 mg, 18.8 ymol, 5 mol%), TFA (1.40 pL, 18.8 ymol, 5 mol%), AcOH (2.20 uL, 37.6 pmol, 10 mol%) and Cl*-source 19
(103 mg, 456 pmol, 1.2 equiv) were added subsequently to a —30 °C cooled solution of corresponding aldehyde (376 pmol, 1.0 equiv)
in CH3CN (1.5 mL) and the reaction mixture was stirred for 48 h at the same temperature. NaBH4 (35.6 mg, 940 pmol, 2.5 equiv) and
EtOH (0.5 mL) were added and stirring was continued for 30 min at 0 °C. The reaction was quenched with aqueous saturated NH4ClI-
solution and the aqueous phase was extracted with CH,Cl, (3 x 5 mL). The combined organic phases were dried over Na,SOq, the

solvent was removed under reduced pressure and the crude product was purified by column chromatography.

Entry Product Yield [%]®! ee [%]
HO N NN
1 a o 78 97
A OH
olb] Ho Y 63 -
3 HO/\éI/\/\Br 77 98
e e e
4 HO - OTBDPS 74 96
5 HO/\é‘/\/\/\/\/OAC 87 9%
6 Ho/\él/\/\/\/\/omom 87 9
HO/\/\/\/NHBOC
7 Cl 57 96
HO™ Y
g e 75 o5
HOW
9 ¢] 79 97
10 Ho ™y 73 o

11 TN 74 98

[a] isolated yields. [b] 10 mol% of catalyst and TFA, 20 mol%
of AcOH, 2.4 equiv of NO,NCP; dr = 95:5. [c] 97% ee for the
starting material (S)-citronellal; Upscaling 5.00 g, 32.4 mmol
(S)-citronellal, Rondomatic 400®, cryostat; dr = 97:3.
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a-Chlorination of (S)-Citronellal with Subsequent Reduction
catalyst 13 (5 mol%), NO,NCP 19 (24 x 0.05 equiv),
j)\/'\/\)\ TFA (5 mol%), AcOH (10 mol%)
CH5CN, =30 °C, 48 h /\/'\/\)\
H = S HO™ ™ &
then =
NaBH,, EtOH, 0 °C, 30 min cl

Catalyst 13 (402 mg, 162 pymol, 5 mol%), TFA (125 pL, 162 pmol, 5 mol%) and AcOH (186 pL, 324 ymol, 10 mol%) were added
subsequently to a =30 °C (cryostat) cooled solution of (S)-citronellal (5.00 g, 32.4 mmol, 1.0 equiv, 97% ee) in CH3CN (130 mL). CI*-
source 19 (8.81 g, 38.9 mmol, 1.2 equiv) was distributed equally (24 x 367 mg, 24 x 5 mol%) to the white reservoirs of the fish-feeding
device Rondomatic 400%. The timer was adjusted so that every 2 hours one reservoir adds the Cl*-source to the reaction mixture. After
48 h stirring at =30 °C, NaBH, (3.07 g, 81.0 mmol, 2.5 equiv) and EtOH (45 mL) were added and stirring was continued for 30 min at 0
°C. The reaction was quenched with aqueous saturated NH4ClI-solution and the aqueous phase was extracted with CHxCl, (3 x 150
mL). The combined organic phases were dried over Na,SO4 and the solvent was removed under reduced pressure. After purification
by column chromatography (SiO,, pentane/Et,O 10:1), alcohol S46 (4.51 g, 23.7 mmol, 73%, 97% ee, d.r. 97:3) was obtained as a
colorless oil.

cryostat
timer

Rondomatic 400®
Cl*-source

reaction mixture
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Substrate Scope

(S)-2-Chlorooctan-1-ol S37
C

Spectroscopic data were in accordance with published data.[?®!

(2S,9S)-2,9-Dichlorodecane-1,10-diol S38
C
HO S S SO
Cl
R¢ = 0.3 (pentane/EtOAc 2:1)
[a]3® =-23.6° (¢ = 1.00, CHCl3)
THNMR (CDCls, 400 MHz) & = 4.02 (dddd, J = 8.5, 6.8, 5.0, 3.8 Hz, 2H), 3.79 (ddd, J = 12.0, 3.8, 0.8 Hz, 2H), 3.67 (ddd, J = 12.0, 7.1,
0.8 Hz, 2H), 1.93 (s, 2H), 1.84 — 1.63 (m, 4H), 1.61 — 1.48 (m, 2H), 1.47 — 1.38 (m, 2H), 1.38 — 1.27 (m, 4H) ppm.
3CNMR (CDCls, 126 MHz) & = 67.2, 65.4, 34.3, 29.0, 26.3 ppm.
IR (ATR): ¥ = 3353, 1459, 1047, 730, 679 cm™.
HRMS (ESI, pos. mode): m/z calculated for C19H20Cl,NaO, [M+Na]*: 265.0692, found 265.0703.

(S)-5-Bromo-2-chloropentan-1-ol S39
HO™ > " gr
Cl
Rf = 0.3 (pentane/Et,0 3:1)
[a]3° = —24.9° (c = 1.00, CHCI5)
THNMR (CDCls, 500 MHz) & = 4.07 — 3.97 (m, 1H), 3.80 (dd, J = 12.0, 4.0 Hz, 1H), 3.70 (dd, J = 12.0, 6.7 Hz, 1H), 3.44 (t, J = 6.4 Hz,
2H), 2.19 -2.10 (m, 1H), 2.05 — 1.95 (m, 3H), 1.89 — 1.79 (m, 1H) ppm.
3CNMR (CDCls, 126 MHz) & = 67.1, 64.0, 32.9, 32.8, 29.5 ppm.
IR (ATR): ¥ = 3366, 1453, 766, 733, 680, 661 cm™'.
HRMS (ESI, pos. mode): m/z calculated for CsH1,BrCINaO [M+Na]*: 222.9492, found 222.9496.

(S)-10-((tert-Butyldiphenylsilyl)oxy)-2-chlorodecan-1-ol S40
HO™ " OTBDPS

Cl
Rf = 0.3 (pentane/EtOAc 10:1)
[@]%® = —9.7° (c = 1.00, CHCl5)
THNMR (CDCls, 500 MHz) & = 7.71 — 7.65 (m, 4H), 7.45 — 7.36 (m, 6H), 4.03 (dddd, J = 8.6, 7.0, 5.0, 3.7 Hz, 1H), 3.79 (dd, J = 12.0,
3.7 Hz, 1H), 3.69 — 3.64 (m, 3H), 1.99 (s, 1H), 1.81 — 1.66 (m, 2H), 1.61 — 1.48 (m, 3H), 1.46 — 1.28 (m, 9H), 1.06 (s, 9H) ppm.
3CNMR (CDCls, 126 MHz) & = 135.7, 134.3, 129.6, 127.7, 67.2, 65.6, 64.1, 34.4, 32.7, 29.5, 29.4, 29.2, 27.0, 26.5, 25.9, 19.4 ppm.
IR (ATR): ¥ = 3399, 3015, 2929, 2856, 1463, 1110, 823, 754, 701 cm™".
HRMS (ESI, pos. mode): m/z calculated for C6H3sCINaO,Si [M+Na]*: 469.2292, found 469.2290.
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(S)-9-Chloro-10-hydroxydecylacetate S41
HO S S S OAC
C
Rf = 0.3 (pentane/EtOAc 5:1)
[a]%® = -18.7° (c = 1.00, CHCI3)
THNMR (CDCls, 500 MHz) & = 4.05 (t, J = 6.8 Hz, 2H), 4.03 — 3.99 (m, 1H), 3.78 (dd, J = 12.0, 3.8 Hz, 1H), 3.66 (dd, J = 12.0, 7.1 Hz,
1H), 2.04 (s, 3H), 1.80 — 1.66 (m, 2H), 1.66 — 1.56 (m, 2H), 1.57 — 1.48 (m, 1H), 1.46 — 1.38 (m, 1H), 1.37 — 1.26 (m, 8H) ppm.
3CNMR (CDCls, 126 MHz) & = 171.4, 67.2, 65.5, 64.7, 34.4, 29.4, 29.2, 29.1, 28.7, 26.4, 26.0, 21.2 ppm.
IR (ATR): ¥ = 3437, 2927, 2856, 1737, 1719, 1038, 725, 676 cm™.
HRMS (ESI, pos. mode): m/z calculated for C12H23CINaO3; [M+Na]*: 273.1192, found 273.1205.

(S)-2-Chloro-10-(methoxymethoxy)decan-1-ol S42
HO/\Y/\x/“\/“\/“\/OMOM
Cl
Rf = 0.3 (pentane/EtOAc 5:1)
[a]3° = —18.8° (¢ = 1.00, CHCl5)
THNMR (CDCl;, 500 MHz) & = 4.62 (s, 2H), 4.02 (dddd, J=8.7, 7.1, 5.0, 3.7 Hz, 1H), 3.78 (dd, J = 12.0, 3.6 Hz, 1H), 3.66 (dd, J = 12.0,
7.1 Hz, 1H), 3.51 (t, J = 6.6 Hz, 2H), 3.36 (s, 3H), 2.03 (s, 1H), 1.82 — 1.65 (m, 2H), 1.63 — 1.54 (m, 2H), 1.55 — 1.47 (m, 1H), 1.46 —
1.23 (m, 9H) ppm.
3CNMR (CDCl3, 126 MHz) & = 96.6, 68.0, 67.2, 65.6, 55.3, 34.4, 29.9, 29.5, 29.4, 29.2, 26.5, 26.3 ppm.
IR (ATR): ¥ = 3424, 1465, 1146, 1110, 1041, 725, 674 cm™".
HRMS (ESI, pos. mode): m/z calculated for C1,H25CINaO; [M+Na]*: 275.1392, found 275.1398.

tert-Butyl-(S)-(5-chloro-6-hydroxyhexyl)carbamate S43
HO/\;/\/\/ NHBoc
Cl
Rf = 0.3 (pentane/Et,0 1:2)
[a]%® = —15.3° (c = 1.00, CHCI3)
THNMR (CDCl3, 400 MHz) & = 4.56 (s, 1H), 4.09 — 3.96 (m, 1H), 3.77 (dd, J = 12.0, 4.2 Hz, 1H), 3.67 (dd, J = 12.0, 6.7 Hz, 1H), 3.14
(q, J=6.1 Hz, 2H), 1.87 — 1.69 (m, 2H), 1.62 — 1.47 (m, 3H), 1.44 (s, 9H) ppm.
3CNMR (CDCl3, 126 MHz) & = 156.3, 79.4, 66.7, 64.6, 40.2, 33.7, 29.7, 28.5, 23.3 ppm.
IR (ATR): ¥ = 3341, 2934, 1769, 1684, 1455, 731, 682 cm™".
HRMS (ESI, pos. mode): m/z calculated for C11H23CINO; [M+H]*: 252.1373, found 2521364; m/z calculated for C41H22CINNaO3; [M+Na]*:
274.1192, found 274.1194.

(S)-2-Chloro-3-phenylpropan-1-ol S44
HO

Cl

Spectroscopic data were in accordance with published data.?!
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(S)-2-Chlorohept-6-en-1-ol S45
Cl
R¢ = 0.5 (pentane/EtOAc 5:1)
[a]3° = —25.4° (¢ = 1.00, CHCI5)
THNMR (CDCl;, 400 MHz) & = 5.78 (ddt, J = 17.0, 10.1, 6.6 Hz, 1H), 5.02 (dd, J = 17.3, 1.7 Hz, 1H), 4.97 (dd, J = 10.2, 1.1 Hz, 1H),
4.07 - 3.96 (m, 1H), 3.78 (dd, J = 12.0, 3.8 Hz, 1H), 3.66 (dd, J = 12.0, 7.0 Hz, 1H), 2.17 (s, 1H), 2.08 (dddd, J=12.3, 7.6, 6.2, 1.2 Hz,
2H), 1.88 — 1.58 (m, 3H), 1.58 — 1.43 (m, 1H) ppm.
3CNMR (CDCls, 126 MHz) & = 138.1, 115.3, 67.1, 65.2, 33.7, 33.2, 25.6 ppm.
IR (ATR): ¥ = 3356, 3078, 1641, 1458, 993, 733, 678 cm™.
HRMS (ESI, pos. mode): m/z calculated for C;H13CINaO3 [M+Na]*: 171.0592, found 171.0596.

(2S,3S)-2-Chloro-3,7-dimethyloct-6-en-1-ol S46

HO/\/k/\)\

cl

Spectroscopic data were in accordance with published data.?”]

(S)-2-Chlorohex-4-yn-1-ol S47

HO™ Y ™

Cl
Rf = 0.4 (pentane/Et,0 2:1)
[a]3® = +8.2° (¢ = 1.00, CHCl3)
THNMR (CDCls, 500 MHz) & = 4.12 — 4.01 (m, 1H), 3.90 (dd, J = 12.1, 4.1 Hz, 1H), 3.80 (dd, J = 12.0, 6.1 Hz, 1H), 2.66 (q, J = 2.2 Hz,
1H), 2.65 (q, J = 2.5, 2.1 Hz, 1H), 2.12 (s, 1H), 1.78 (t, J = 2.6 Hz, 3H) ppm.
3CNMR (CDCls, 126 MHz) & = 78.9, 74.0, 65.7, 61.3, 24.9, 3.5 ppm.
IR (ATR): ¥ = 3365, 2952, 2921, 2851, 1457, 814, 673 cm™".
HRMS (ESI, pos. mode): m/z calculated for CgH1,CIO [M+H]*: 133.0373, found 133.0370.
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3. Mechanistic Studies
3.1. GCMS Kinetic Experiments

Catalysts

Catalyst 2,12 or 13 (570 ymol, 10 mol%), TFA (42.0 pL, 570 ymol, 10 mol%) and N-chlorosuccinimide (1.00 g, 7.34 mmol, 1.2 equiv)
were added subsequently to a =30 °C cooled solution of hydrocinnamic aldehyde (765 mg, 5.70 mmol, 1.0 equiv) in CH3CN (23 mL)
and the reaction mixture was stirred at the same temperature. Samples (1 mL) were taken from the reaction mixture after defined points

of time and purified by a short silica-pad (pentane/EtOAc 5:1). GCMS-measurements indicated the conversion.

o] catalyst 2,12 or 13 (10 mol%), 9]

H TFA (10 mol%), NCS (1.2 equiv) H
CH3CN, -30 °C &
100 . '} *
A
- .
80 . A
x . 4
S~
§ 60 u
g *
z SE
S 40 m
[
u
20 fx
A
0
0 50 100 150 200 250 300
time /h
oL / O ./ O 7/
N)"//é N)"'/ N)"Il
H H H
& catalyst 2 A catalyst 12 M catalyst 13
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Chlorinating reagents |

Catalyst 2 (142 mg, 570 uymol, 10 mol%), TFA (42.0 pL, 570 uymol, 10 mol%) and chlorinating reagents NCS 3, MesNCS 20,
N-chlorophthalimide or NO,NCP 19 (7.34 mmol, 1.2 equiv) were added subsequently to a —30 °C cooled solution of hydrocinnamic
aldehyde (765 mg, 5.70 mmol, 1.0 equiv) in CH3CN (23 mL) and the reaction mixture was stirred at the same temperature. Samples
(1 mL) were taken from the reaction mixture after defined points of time and purified by a short silica-pad (pentane/EtOAc 5:1). GCMS-
measurements indicated the conversion.

o catalyst 2 (10 mol%), TFA (10 mol%) o
H Cl-source 3, 19, 20 or NCP (1.2 equiv) H
CH4CN, —30 °C &
100 N % <
X *
80 .
X
N * A
= 60 % . .
% X e * A
= *
(0] X&
E 40 X A
o * A
? A
20 f
0
0 10 20 30 40 50
time/h
o] 0 0 0
O,N
N—ClI N—ClI N-Cl N—ClI
0 o) o] o]
®NCS3  mMe,NCS 20 ANCP xNO,NCP 19

* for MesNCS: Overlap of a-chloroaldehyde-signal and Me4sNCS-signal at the first measurement points
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Additives

Catalyst 2 (71.0 mg, 285 umol, 5 mol%), A: AcOH (51.0 pL, 855 pmol, 15 mol%) or B: TFA (63.0 uL, 855 pmol, 15 mol%) or C: TFA
(21.0 pL, 285 pmol, 5 mol%) and AcOH (34.0 pL, 570 pmol, 10 mol%) and chlorinating reagent 19 (1.66 g, 7.34 mmol, 1.2 equiv) were
added subsequently to a =30 °C cooled solution of hydrocinnamic aldehyde (765 mg, 5.70 mmol, 1.0 equiv) in CH3CN (23 mL) and the
reaction mixture was stirred at the same temperature. Samples (1 mL) were taken from the reaction mixture after defined points of time
and purified by a silica-pad (pentane/EtOAc 5:1). GCMS-measurements indicated the conversion.

catalyst 2 (5 mol%),

o) AorBorC, o)
NO,NCP 19 (1.20 equiv)
H H H
CH3CN, -30 °C al
100
] [ |
u
80 u P *
*

=] ‘
S 60
5
2 1
2 *
c 40
38 on

’-

20 #
L 2
0 MAAA A A A A A
0 10 20 30 40 50 60
time / h

B TFA (0.05 equiv), AcOH (0.10 equiv) @TFA (0.15 equiv) AAcOH (0.15 equiv)
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Catalyst 13 (71.0 mg, 285 ymol, 5 mol%), TFA (21.0 pL, 285 pmol, 5 mol%) and chlorinating reagent 17, 18 or 19 (7.34 mmol, 1.2 equiv)
were added subsequently to a =30 °C cooled solution of hydrocinnamic aldehyde (765 mg, 5.70 mmol, 1.0 equiv) in CH3CN (23 mL)

and the reaction mixture was stirred at the same temperature. Samples (1 mL) were taken from the reaction mixture after defined points

of time and purified by a short silica-pad (pentane/EtOAc 5:1). GCMS-measurements indicated the conversion.

catalyst 13 (5 mol%),
TFA (5 mol%),

Cl-source 17, 18 or 19 (1.2 equiv)

o}
H
100
80
X 60
~
C
k]
5]
z
o 40
o | |
A
20 ; *
o
A
0 | |
0

CH4CN, -30 °C

20

[ 1 4

0]

N—CI

0]

®FNCP 17

(0]
cl
A
A
| ]
A | ]
| ]
* *
<
40 60
reaction time / h
cl O,N
N—CI N—CI
Cl
Cl (e} (e}
ACI,NCP 18 = NO,NCP 19
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3.2. 'THNMR-Kinetic Experiments
Parasitic Intermediates

Catalyst 2°TFA (5.70 mg, 20.0 pmol, 20 mol%) was added to a solution of hydrocinnamic aldehyde (13.4 mg, 100 umol, 1.0 equiv) in
MeCN-ds (1 mL) and the solution was stirred for 5 min. Chlorinating reagent 3, 19 or 20 (120 umol, 1.2 equiv) was added subsequently
and '"HNMR-spectra were recorded every five minutes. Integration of proton-signals for starting material, product, free catalyst and

parasitic intermediate was calculated with MeCN-ds-signal as reference (I = 1).

Oy ./
b
o) catalyst 2-TFA (20 mol%), o N Mgy

Cl*-source 3, 19 or 20 (1.2 equiv)

H MeCN-ds, RT = Y
eLN-0s, cl cl
100 100 -
80 & .. 80
= ! =TT = Lo
E LT E ' pemmmm T 0
= 60 S s aldehyde 0 g 603 L
o ' =2 \ e
=z N chloroaldehyde ® Vo N—ClI
@ 40 "I‘ intermediate N—Cl a§ 40 1Y
LR} 1\,
§ 1 ‘,‘ ............. catalyst S K \\ O 20
0 o 3 RPN T
20 r 20 K ---------------
t S~ t
e e ——s i
. o I
0 2 4 6 8 10 0 2 4 6 8 10
t/h t/h
100
80 4 /7
7
b= !
£ ; o
T 60 O.N
2 i 2
= N—ClI
& 40
2
§ 4 0 19
LR}
S R —
By e
0 S
0 2 4 6 8 10
t/h
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Decomposition / Racemization

O 7
talyst 2-TFA (30 mol%) jN
catalys . mo y ,
° 1) N) /tBU

(0] NCS 3 (1.2 equiv),
CH43CN, 22 °C, 45 min

H » HO 4 + N v
then Y C:)I
NaBH,, EtOH, 0 °C, 30 min o)
83% ee
A ‘ B
Hom (e} (e}
12 h: 37% ee H ClI b C
66 h: 2% ee
66 h: H/D ~ 1:3

Catalyst 2°TFA (4.24 g, 14.9 mmol, 30 mol%) and NCS (11.9 g, 89.4 mmol, 1.2 equiv) were added subsequently to a solution of
hydrocinnamic aldehyde (10.0 g, 74.5 mmol, 1.0 equiv) in CH3CN (250 mL) and the reaction mixture was stirred for 45 min at room
temperature. After cooling to 0 °C, NaBH,4 (7.05 g, 186 mmol, 2.5 equiv) and EtOH (80 mL) were added and stirring was continued for
30 min at the same temperature. The reaction was quenched with saturated aqueous NH4Cl-solution and the aqueous phase was
extracted with EtOAc (3 x 100 mL). The combined organic phases were dried over Na,SO4, the solvent was removed under reduced
pressure and the crude product was purified by column chromatography (SiO, pentane/EtOAc 5:1 to 1:10) yielding parasitic
intermediate 5 as a colorless solid (2.84 g, 6.76 mmol, 9%) and B-chloroalcohol S44 as a colorless oil (83% ee).

A: Parasitic intermediate 5 (2.41 g, 5.73 mmol, 1.0 equiv) was dissolved in CH3CN (70 mL). Water (0.21 mL, 11.5 mmol, 2.0 equiv) and
TFA (0.88 mL, 11.5 mmol, 2.0 equiv) were added and the reaction mixture was stirred for 12 h (or 66 h) at room temperature. After
cooling to 0 °C, NaBH, (1.08 g, 28.7 mmol, 5.0 equiv) and EtOH (15 mL) were added and stirring was continued for 30 min at the same
temperature. The reaction was quenched with saturated aqueous NH4Cl-solution and the aqueous phase was extracted with EtOAc (3
x 50 mL). The combined organic phases were dried over Na>,SO4, the solvent was removed under reduced pressure and the crude
product was purified by column chromatography (SiO,, pentane/EtOAc 5:1) yielding B-chloroalcohol S44 as a colorless oil (12 h: 37%
ee; 66 h: 2% ee).

B: Parasitic intermediate 5 (210 mg, 500 umol, 1.0 equiv) was dissolved in CD3CN (6 mL). D,O (18.1 uL, 1.00 mmol, 2.0 equiv) and
TFAd4 (77.0 L, 1.00 mmol, 2.0 equiv) were added and the reaction mixture was stirred at room temperature. "HNMR-spectra were
recorded after defined points of time to follow the decomposition and deuteration process. '*C-NMR was recorded after 66 h reaction

time and follow up reduction with NaBH,4 in EtOH and purification by column chromatography (SiO2, pentane/EtOAc 5:1).
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4. '"HNMR AND *CNMR SPECTRA
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5. HPLC /GC SPECTRA

2-Chlorooctan-1-ol
GC: Column: Hydrodex 3-6TBDAC; isotherm 110°C; flow 1,1ml; split 50:1; 2ul; FID 200°C

pPA H O/\g/\/\/\

27.5 &
25 @
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40 425 45 47.5 50 525 55 57.5 min

Peak RetTime Type Width Area Height Area
# [min] [min] [PA*s] [pA] %

1 46.016 MM 0.3961 17.86141 7.51646e-1 1.27621
2 48.494 MM 1.1142 1381.70081 20.66835 98.72379

63



WILEY-VCH

2,9-Dichlorodecane-1,10-diol
[measured for the di-(3-nitrobenzoate)-derivative]
HPLC: 0,8 ml/min, 20 % ethanol/hexane, 36 bar, Chiralpak IC

Cl
A *
" < & 5 g .
10 % (brb | © é’ cbc.b
o @ [ 2" o) 43'5
0 o & 5 &5
10 NS
-20
-30 I
1 L
-40 I
| T T T T ' T T T T I T T T T I T T T T I T T T T I T T T T
50 55 60 65 70 75 min
o) (o
OoN O/\;/\/\/\/\/O NO,
Cl o]
mAU 1 § o
60 ) 3
] AW
o @
20 o;""b
© ©
0 =&
&
20 e T .
)
T T T T l T T T T I T T T T ] T T T T I T T T T I T T T T
50 55 60 65 70 75 min
Peak RetTime Type Width Area Height Area
= [min] [min] [mMAU*s] [mAU] %

1 65.161 MM 1:6801 ©93:54321 683933 4.7437
2 73.908 MM 2.3574 1.39268e4 98.46339 95.2563

64



5-Bromo-2-chloropentan-1-ol

GC: Hydrodex-B-6TBDAc, 170°C 1,1 mI/min He ; FID300°, Split 50:1

PAT HO >y e

70 cl

WILEY-VCH

7.6 7.8 8 8.2

20 o

10 e !

8.8 min

Peak RetTime Type Width

Area

# [min] [min] [PA*s]

1 7.958 MM 0.0818

2 8.247 MM 0,31977 B21.63721
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Height
[PA]

4.17760 8.50743e-1

0.66755

52.39968 99.33245
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10-((tert-Butyldiphenylsilyl)oxy)-2-chlorodecan-1-ol
[measured for the di-(3-nitrobenzoate)-derivative]
HPLC: 0,8 ml/min, 2 % ethyl acetate/hexane, 28 bar, Chiralpak 1A

mAU o = 3
304 o OTBDPS g o
L i
20 ° c Py )
3 | Iy
. Pt
15 : [ ‘[ “.
ol | B
5 ,'! :..': !i |
0 % . »-»/ g t i
£ 3 2 | : T ) : i s ) \ |
5 10 15 20 min
mAU 0 I !
175 | O,N 0 S~ OTBDPS §. :
15 B M
12.5 !
10 f
7.5+ | l| 60_'.&
51 8 &
2.5 L e
B el e s o e s W Bl e
ey
5 10 15 min
Peak RetTime Type Width Area Height Area
# [min] [min} [mAU*s ] [mAU] %
e | =i | PR | == | -m——— - |

1 15.992 BB 0.5122 ©666.73358 20.24400 98.0010
2 17.488 MM 0.4768 13.59995 4,75433e-1 1.9990
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9-Chloro-10-hydroxydecylacetate

GC: Hydrodex-3-6TBDAc, 160°C 1,1 ml/min He ; FID200°,

WILEY-VCH

Split 50:1; 2ul

%§
m§
15

w§

70 72 76 78 min

3
7

Peak RetTime Type
= [min]

71.536 MM
72.668 MM

70 72 74 76 78 min

Width Area

[PA*s]

Height Area

(PA]

0..5212 56.76500
1.5169 3187.74097

1..81531 31.74957
35.02524 98.25043
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2-Chloro-10-(methoxymethoxy)decan-1-ol
GC: Hydrodex-R-6 TBDAc, 155°C, 1,1 ml/min, He, FID200°, Split 50:1, 2ul

pA ] OMOM
h HOW 9
100 o0

65 70 75 80 85 min

Peak RetTime Type Width Area Height Area
= [min] [min] [pA*s] [PA] %

1 56.126 MM 0.4422 54.47081 2.09319 1.,89038
2 56.981 MM 0.9768 2827.00879 48 .23423 98.10962
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tert-Butyl(5-chloro-6-hydroxyhexyl)carbamate
GC: Hydrodex-R-6TBDAc, 180°C 1,1 ml/min He, FID300°, Split 50:1

pA ] /\g/\/\/NHBoc A
PRERLE S

WILEY-VCH

o
- 34.640
%,

20

10 - X

| Imin

30 32 34 36

Peak RetTime Type Width Area
= [min] [min] [pA*s]

Height

min

1 33.548 MM
2 34.640 MM

0.3988 32.44061 1.35589 1.98103
0.6910 1605.11829 38.71623 98.01897
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2-Chloro-3-phenylpropan-1-ol

HPLC: 5% ethanol/hexane, Chiralpak IA, 0,8 ml/min, 29 bar

WILEY-VCH

mAU 3 Ho g $ g o
25 m . év?’ g ; ?9":;'\
20 Vse vs?’
15 \ ‘
10
5
. 4 8 & 8 i i l U I B : /| a4 E i | —
13 14 16 17 18 19 min
mAU HO . ‘Z’ ,\fb‘b
25 c A
20 -
15 N
10 o
5 g Q;\bp‘
0 gv&ro-
15 155 16 165 7 175 18 185 min
Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU] %
e[ e e e i [z |
1 16.239 MM 0.2825 8.74411 5.15958e-1 1.0665
2 17.487 MM 0.3897 :811.13605 34.69317 98.9335
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WILEY-VCH

2-Chlorohept-6-en-1-ol
GC: Hydrodex-R-6TBDAc,100°C, 1,1 ml/min He, FID300°, Split 50:1, 2ul

pA ] H OW o
] o
35 —: Cl % ‘ bg\ Q,‘b
] < 2 -
30 &< T P
a N, h Q&
25 o, '{;Vs
] " [
20 v"‘/ M'vk
4 N, v,
: ““-\ “\‘\!
151 h S
1 \.\ \“\_
10 S -
E | 1 | - —_—
5+
0 ] T T T I T T T T I T T T I T T T [ T T T I T T T I T T T T | T T T
60 65 70 75 80 85 90 95 min
PA NN
2254 1O % Kok
Cl n N
™ N
20 N~ 5
5 <2
175 %¢
15 " N
S "
1 o /\ \\
25 § . rf?"\ 4
10 | 2
753 e — ' — -
5
25
0 I T T T T I T T T T l T T T T I T T T T I T T T T I T T T T [ T T T T I T T T T
60 65 70 75 80 85 90 95 min
Peak RetTime Type Width Area Height Area
= [min] [min] [PA*s] [(pA] %

1 72.265 MM 0.8663 25.17089 4.84287e-1 1.63792
2 79.735 MM 2+080% 1511:59119 9.76456 98.36208
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2-Chloro-3,7-dimethyloct-6-en-1-ol
GC: Hydrodex-R-TBDA, isotherm 180°C, 0,6 ml/min He, FID200°, Split 50:1, 2l

WILEY-VCH

A o~
PR 9y ~ S & A
. o S & 3 &
25 Cl e Q'P‘b A &q’
i i\ o %
20
15
i 6§9
] 8 o
10 N 2
] N
g iy f
57
O Il I l I I I T T ] T T T T I T T T T
20 21 22 23 24 25 26 27 min
o /\/'\/\)\ 3 $
100] yo s 3 &
80 ﬁ
60- \
&4 N &
2 (o)) N |
! 2 & 5 |9 \
20 i . &
. RS e
: | Y — el —
0 1 | T l T |
20 22 24 26 28 32 34 min
Peak RetTime Type Width Area Height Area
= [min] [min] [pA*s] %

e B e B | ==—mmm - e | —==mm- |
1 23.973 MM 0.2614 63.91455

2 26.467 MM 0.1815 42.11958

3 26.944 MM 0.7951 3784.96606
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4.07456 1.64263
3.86717 1.08249
79.33694 97.27489



2-Chlorohex-4-yn-1-ol

WILEY-VCH

GC: Hydrodex-R-6TBDAc, Tempgrad 50-180°C mit 5°C/min, 1,1 ml/min, He, FID300°, Split 50:1

PA ]
300

HO/\{\
cl

2mé \a

18.686

200
150

100

19

-19.195
(>

20 Imin

Peak RetTime Type
= [min]

1 18.794 MM
Z 19:195 MM

Width Area

0.0491 43.82376
0.1111 2396.24756

73

20

min

Height
[pA] S

14.88727 1.79600
359.33508 98.20400



6. CRYSTALLOGRAPHIC DATA

Intermediate 5:

ORTEP-structure with 20% probability level:

Crystal system
Space group
Cella [A]

Cell b [A]

Cell c [A]

Cell a [

Cell B[]

Celly [°]

Volume [A3)]

z

Temperature [K]
AbsCorr
Absorption coefficient [mm-"]
Nref

R (reflections)
wWR2 (reflections)

GooF

monoclinic
P21
10.0695(2)
8.8228(2)
12.1525(2)
90

93.107

90

1078.06(4)

100
Multi-Scan
0.205
4406
0.0288
0.0647

1.045

74
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Intermediate 6:

ORTEP-structure with 20% probability level:

Crystal system
Space group
Cella [A]

Cell b [A]

Cell c [A]

Cell a [

Cell B[]

Cell vy []

Volume [A3)]

z

Temperature [K]
AbsCorr
Absorption coefficient [mm™]
Nref

R (reflections)
wR2 (reflections)

GooF

monoclinic

P21
10.1613(5)
8.8290(3)
13.3188(6)
90
108.294
20

1134.49(9)

100
Multi-Scan
0.194
4621
0.0303
0.0675

1.067

75
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Intermediate 7:

ORTEP-structure with 20% probability level:

Crystal system
Space group
Cella [A]

Cell b [A]

Cell c [A]

Cella [

Cell B[]

Cell vy []

Volume [A3)]

z

Temperature [K]
AbsCorr
Absorption coefficient [mm™]
Nref

R (reflections)
wR2 (reflections)

GooF

monoclinic
P21
9.8217(2)
8.9668(1)
11.1680(2)
90
107.207
90

939.54(3)

100
Multi-Scan
0.226
3845
0.0263
0.0616

1.044

76
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Intermediate 8:

ORTEP-structure with 20% probability level:

Crystal system monoclinic
Space group P21
Cella [A] 10.6107(2)
Cell b [A] 28.3703(6)
Cell c[A] 12.8872(3)
Cella[’] 90

Cell B[] 91.688
Celly [] 90

Volume [A3] 3877.73(14)
z 6
Temperature [K] 100
AbsCorr Multi-Scan
Absorption coefficient [mm-"] 0.179

Nref 15923

R (reflections) 0.0357
wR2 (reflections) 0.0739
GooF 1.028

77



WILEY-VCH

Intermediate 9:

ORTEP-structure with 20% probability level:

Crystal system orthorhombic
Space group P 212424
Cell a [A] 10.0393(9)
Cell b [A] 12.5148(9)
Cell ¢ [A] 18.3306(13)
Cell a [] 90

Cell B[] 90

Celly[] 90

Volume [A3)] 2303.1(3)

z 4
Temperature [K] 173(2)
AbsCorr ?
Absorption coefficient [mm-'] 0.312

Nref 4532

R (reflections) 0.0443
wWR2 (reflections) 0.1209
GooF 1.000
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Catalyst 13:

ORTEP-structure with 20% probability level:

Crystal system
Space group

Cell a [A]

Cell b [A]

Cell c [A]

Cell a [

Cell B[]

Cell y []

Volume [A3)]

z

Temperature [K]
AbsCorr
Absorption coefficient [mm™]
Nref

R (reflections)
wR2 (reflections)

GooF

trigonal

P3;21
6.7315(2)
6.7315(2)
52.4761(14)
90

90

120
2059.28(13)
6

100
Multi-Scan
0.631

2972
0.0363
0.0886

1.136

79
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1. GENERAL INFORMATION

Anhydrous solvents were provided by purification with MBraun SPS-800 solvent system using solvents
of HPLC grade purchased from Fischer Scientific. Solvents for extraction, crystallization and flash
column chromatography were purchased in technical grade and distilled under reduced pressure prior
to use. Unless otherwise indicated, all starting materials and reagents were purchased from commercial
distributors and used without further purification. Products were purified by flash column
chromatography on silica gel 60 M (0.040-0.063 mm, 230-400 mesh, Macherey-Nagel). TLC-analysis
was performed on silica gel coated aluminum plates ALUGRAM® Xtra SIL G/UVzs4 purchased from
Macherey-Nagel. Products were detected by UV light at 254 nm and by using staining reagents based
on KMnOQ4, anisaldehyde, molybdophosphoric acid and cerium sulfate. "H-NMR and '3C-NMR spectral
data were recorded on Bruker (AC 500, AVIII 700) and JEOL (ECX 400, Eclipse 500, ECZ 600)
spectrometers. The chemical shifts (d) are listed in parts per million (ppm) and are reported relative to
the corresponding residual solvent signal (CDCls: 61 = 7.26 ppm, 8¢ = 77.16 ppm, CD2Cl2: &1 = 5.32
ppm, dc = 53.84 ppm, DMSOds: 61 = 2.50 ppm, 8¢ = 39.52 ppm, CD30OD: &1 = 3.31 ppm, dc = 49.00
ppm, CD3CN: &1 = 1.94 ppm, &¢c = 118.26, DMFd7: &1 = 8.03 ppm, 6¢c = 163.15 ppm, CsDs: o1 = 7.16
ppm, 8¢ = 128.06 ppm). Integrals are in accordance with assignments; coupling constants (J) are given
in Hz. Multiplicity is indicated as follows: s (singlet), d (doublet), t (triplet), q (quartet), m (multiplet), dd
(doublet of doublet), etc. SCNMR spectra are 'H-broadband decoupled. For detailed peak assignments
2D spectra were measured (COSY, HMQC, HMBC). IR spectra were measured with a Jasco
spectrometer (FT/IR-4100) equipped with an ATR unit. High resolution mass spectra were measured
with an Agilent 6210 ESI-TOF (10 pL/min, 1.0 bar, 4 kV) instrument. Melting points were determined by
digital melting point apparatus (Stuart SMP30) and are uncorrected. Optical rotations values were
determined with a Jasco P-2000 polarimeter at the temperatures given. Diastereomeric ratios were
determined by "THNMR. Enantiomeric ratios were determined by chiral HPLC (Agilent Series 1200 with
DAD) or by GC (Agilent 7890B) on a chiral column. The specific conditions are given in each case.

NMR Methods for NOE and J-Coupling Analysis

NMR spectra for 'H-'H NOE and J-coupling analysis were recorded on a Bruker AVIII 600 MHz
spectrometer equipped with a 5 mm triple-resonance broadband inverse probe ('H/3'P-BB-2H) with z-
gradient (0.494 T-m-'maximum gradient strength). Sample temperature was regulated between 190 K
and 300 K using a liquid nitrogen evaporator. Experiments were recorded and analyzed with TopSpin
3.5pl7. Assignment spectra at 190 K were recorded using the standard library sequences for HSQC,'
HMBC?2and EASY-ROESY3. Selective 1D NOE measurements supplemented with a Thrippleton-Keeler
filter* to suppress unwanted zero-quantum contributions of J-coupled nuclei were performed using the
standard library selnogpzs sequence with a spectral width of 12 ppm and 65536 complex points with 32
scans. Sufficient relaxation was ensured by setting the recovery delay to 15 s, which is larger than 5*T1
for every signal as determined by an inversion recovery experiment. The carrier frequency offset was
set to 4.7 ppm and the selective pulse offset to the respective signal. The RSnob® shape was used for
the selective pulse with bandwidths of 15, 25 or 50 Hz, depending on the required selectivity. A mixing

time series of 8 independent time points was acquired between 50 and 400 ms in 50 ms steps for each
1



selected resonance. Spectra were processed by zero-filling once and apodization with exponential
broadening with 0.1 Hz. Manual phase correction and automatic baseline correction were applied for
each spectrum before integrating the series using the intser command. Additionally, a 2D gradient-
selected F1-PSYCHE-EASY-ROESY® was acquired with spectral widths of 12 ppm in both dimensions
and 4096 and 512 complex points, respectively, with 8 scans. The recovery delay was not sufficient for
full relaxation to equilibrium. PSYCHE?” homonuclear decoupling in the indirect dimension was applied
with a 30 ms element consisting of two low power chirp pulses with 25° flip angle, 10 kHz sweep width
and 15 ms durations each. The pair of spin-locks were set to a tilt angle of 45° and an RF field of
6500 Hz. Gradient strengths were set to the values given in the original publication. The spectrum was
processed by zero-filling once in the indirect dimension and applying a 90° shifted squared sine bell
apodization. While the quantification may show larger deviations due to the insufficient recovery delay,
volume integrals were nevertheless collected for all diagonal peaks, where they were sufficiently
resolved by the PSYCHE homodecoupling, and all associated cross-peaks. Integrals were normalized
using the PANIC® approach: within each spectrum, the cross-peak integrals were divided by the integrals
of the selected peak for the 1D spectra or the corresponding diagonal peak at the same chemical shift
in F1 for the 2D spectrum. The normalized peak integrals are subjected to a linear fit versus the mixing
time. The slope of this fit gives the cross-relaxation rate for NOE cross-peaks or the exchange rate for
cross-peaks generated by chemical exchange. The fit usually shows (very) high correlation coefficients
(Pearson R > 0.9), with only two exceptions: in some spectra the very last mixing time data point
(400 ms) apparently no longer fulfilled the initial rate approximation and had to be excluded from the
fitting process to achieve a sufficiently high correlation coefficient. Secondly, for the NOE from the
neighboring nuclei 1’ and 2’ in the aminal part, the fit showed larger deviations resulting in lower apparent
cross-relaxation rates, presumably due to insufficient suppression of J-coupling contributions and/or
strong-coupling effects between these two nuclei.? The individual cross-relaxation rates ;3 were
converted to NOE derived distances r;¢ by internal calibration with the cross-relaxation rate of the
diastereotopic proton pair H5a/b (denoted “ref ” , setto 1.76 A) using equation (1). For methyl groups,

the three internuclear distances to individual protons were averaged using “r~3 averaging” as described
in equation (2).'%"" Conformational averaging for different conformers was performed using “r—¢
averaging” using equation (3),'° where p; are the individual conformer populations of the M total
conformations. Uncertainties were estimated by Gaussian error propagation.!’ In cases where both
protons could be selected individually by the selective pulse, the NOE derived distances were averaged
and the larger value between the deviations of the individual NOE distances to the average distance or
the individual estimated uncertainties are used as an error estimate for the NOE distance. While in some
cases the error from Gaussian error propagation is as low as 0.01 A, we assume a reasonable estimate
to be at least 0.1 A in 1D NOE spectra and 0.4 A in the semiquantitative PSYCHE-EASY ROESY

spectra.

-1/6
Tis = rref(aref/alS) (1)
-1/3
Methyl 3 1 _3
Tisave = ( i=13 % rIS,i) 2
-1/6
M -6
TlS,ave = (Zi:l pi X rlS,i) (3)



J-coupling constants were determined either by lineshape analysis in the 1D spectrum or by a 2D (non-
pure-shift) version of the PSYCHEDELIC'? experiment with spectral widths of 7211 Hz and 50 Hz over
16384 and 128 complex points with 16 scans. As for the 1D sel. NOE, the carrier frequency offset was
set to 4.7 ppm and the selective pulse offset to the respective signal. The RSnob shape was used for
the selective pulse with bandwidths of 15, 25 or 50 Hz, depending on the required selectivity. Spectra
were processed by zero-filling to 512 points and apodization with exponential broadening with 1 Hz.
Manual phase correction was applied before tilting the spectrum with a shear transformation (45°).
Coupling constants were extracted from the peak maxima along the column with the highest sensitivity

of the multiplet.

Computational NMR Methods

The NMR chemical shifts for syn-11, iminium ion derived from syn-11, anti(C1’)-11, anti(C2’)-11, and
syn-14 were calculated using the GIAO method with PCM(chloroform)-mPW1PW91/6-311+G(2d,p)//
B3LYP-D3(BJ)/6-31G+(d,p)'® at 219.15 K using Gaussian16'* Revision C.01. Conformational searching
was performed using Grimme’s CREST tool in XTB, using version 2.9 (syn-11; anti(C1’)-11; anti(C2)-
11; syn-14) and version 2.10.2 (iminium ion derived from syn-11) with the gfn-ff method and chloroform
as the solvent (force constant of 1.0).'516 Conformers generated from CREST were optimized with
B3LYP-D3(BJ)/3-21 and then any conformers within 5 kcal mol* from the lowest free energy conformer
were reoptimized with B3LYP-D3(BJ)/6-31G+(d,p). If more than 100 conformers were generated from
CREST, only the conformers within 5 kcal mol' from the conformer search were used for DFT
optimization. Any conformers within 3 kcal mol! of the lowest energy conformer at this level of theory
were reoptimized with the same level of theory at the lower. Unique conformers from this third
optimization were used for the NMR calculations. The scaling factors used to convert the isotropics from
the NMR calculations to chemical shifts were a slope = -1.0719, intercept = 31.8733 for 'H shifts and
slope = -1.0420, intercept = 186.3567 for 13C shifts.’”:'® The NMR chemical shifts were calculated by
averaging the conformer chemical shifts with weights, or percentages, for each conformer determined
by minimizing the deviation between the experimental and theoretical shifts using the excel solver
function. The barrier of rotation between syn-14 ap and exo-sc was calculated with optimizing using
modredundant and the PCM(chloroform-B3LYP/3-21G (219.15 K) level of theory using Gaussian16,
Revision C.01 for the 11, 2, 33, 56 atom dihedral angle with 36 steps of 10°. The j-coupling values (Hz)
were calculated using the fermi contact (FC) values from reoptimizing relevant conformers from the
NMR calculations with B3LYP/6-31G(d) and then calculating coupling using B3LYP/6-31G(d,p) nmr=
(FCOnly,Atoms=H,MixedH). The FC values were scaled to j-coupling constants (Hz) values were scaled
by 0.9155 as recommended on CHESHIRE."'® The NMR calculations for 18b were performed using
the GIAO method with PCM(acetonitrile)-mPW1PW91/6-311+G(2d,p) from the lowest energy conformer
from the mechanistic calculations (Section #) using Gaussian16, Revision C.01. The scaling factors
used were slope= -1.0681 and intercept=31.7773 for 'H shifts and slope= -1.0502 and
intercept=186.9263 for '3C shifts.'”'® The NBO calculations'® were performed with B3LYP-D3(BJ)/6-
31G+(d,p) with the keywords: pop=(full,nbo) int=finegrid, iop(3/32=2), scf=tight, temperature=219.15
with Gaussian16, Revision A.03. Molecular images were generated using CylView.2° The optimized



geometries for 11 and 14 are deposited in i0Chem-BD (doi:10.19061/iochem-bd-6-83;
http://dx.doi.org/10.19061/iochem-bd-6-83).2"



2. CHLORINATIONS WITH MACMILLAN-TYPE CATALYSTS

2.1. Aminals Derived from 1%, 2"d and 3" Generation MacMillan Catalysts

Motivated by the isolation and X-ray crystal structure analysis of several aminals derived from the 3%
generation MacMillan catalyst 3c,2? we aimed at extending the structure determination to the 1st and 2nd
generation MacMillan catalysts 3a and 3b. The 'H-NMR spectra of the isolated and crystallographically
characterized aminals were compared to the NMR spectra recorded during the reactions and our stereo-

chemical assignments were compared to those reported in the literature.2324

Aminals Derived from Isovaleraldehyde, NCS and the 15t Generation MacMillan Catalyst ent-3a
(NMR Experiment)

O%N/ @) N/ O o ,
B N)f or B N)T N—ClI ‘ L
A. HTFA B H BN
ent-3a ent:3a > 06 _
CDCl3, 22 °C, 30 min N
10 20 O

The TFA-salt of catalyst ent-3a (6.64 mg, 20.0 umol, 20 mol%) or catalyst ent-3a as the free base
(4.36 mg, 20.0 pumol, 20 mol% or 21.8 mg, 100 umol, 100 mol%) and NCS (16.0 mg, 120 umol,
1.2 equiv) were added successively to an NMR-tube containing a solution of isovaleraldehyde (10.8 pL,
100 pmol, 1.0 equiv) in CDCIsz (0.70 mL) at 22 °C. 'H-NMR spectra were recorded after 30 min. The
ratio of aminal diastereoisomers is 20:1 for the TFA-salt of the catalyst and 2:1 for the free base. The
diastereomeric ratios and the "H-NMR spectrum for the reaction with the free base of the catalyst is in
agreement with the literature.?®



20 mol% TFA-salt of catalyst ent-3a 20 mol% TFA-salt of catalyst ent-3a (zoom)

|
20 mol% catalyst ent-3a as a free base 20 mol% catalyst ent-3a as a free base (zoom)
100 mol% catalyst ent-3a as free base 100 mol% catalyst ent-3a as free base (zoom)
B LJMJA_JJ&

Figure SlI-1. "H-NMR spectra of the a-chlorination reaction (isovaleraldehyde, NCS, catalyst ent-3a or
ent-3a*TFA) after 30 min.



1-((1S,2R)-1-((R)-5-benzyl-2,2,3-trimethyl-4-oxoimidazolidin-1-yl)-2-chloro-3-methylbutyl)-
pyrrolidine-2,5-dione (syn-20)

(@) / O
N Q N/
w )", N—CI
Bn' N % Bn\\‘i‘)f
o) H-TFA - N™
| ent-3a , > ClI
CHCI3, 22 °C, 60 min N
(0]
10 syn-20

The TFA-salt of catalyst ent-3a (0.770 g, 2.32 mmol, 20 mol%) and NCS (1.55 g, 11.6 mmol, 1.0 equiv)
were added successively to a solution of isovaleraldehyde (1.25 mL, 11.6 mmol, 1.0 equiv) in CHCIs (46
mL). The reaction was stirred for 60 min and quenched with aqueous saturated NaHCOs (50 mL). The
layers were separated and the aqueous phase was extracted with CH2Cl2 (3x50 mL). The combined
organic phases were dried over NaSOy4, the solvent was removed under reduced pressure and the crude
product was purified by column chromatography (SiO2, pentane/EtoO/EtOAc, 1:1:1 to 0:1:1 to 0:0:1).
Aminal syn-20 was obtained as a colorless solid (0.664 g, 1.58 mmol, 68%). The absolute configuration

was determined by X-ray crystal structure analysis.

The 'H-NMR-spectrum of the major species is consistent with that reported literature, which was
tentatively assigned the syn-coniguration.2325

mp = 107 °C

[a]® = —40.8° (c = 1.00, dichloromethane)

H-NMR (CDCls, 600 MHz) & = 7.26 — 7.13 (m, 5H), 5.29 (d, J = 11.0 Hz, 1H), 4.96 (d, J = 11.2 Hz, 1H),
417 (dd, J=7.0, 3.0 Hz, 1H), 3.46 (dd, J = 14.8, 2.9 Hz, 1H), 3.06 (dd, J = 14.8, 7.1 Hz, 1H), 2.78 —
2.71 (m, 7H), 2.34 (hept, J = 6.1 Hz, 1H), 1.26 (s, 3H), 1.10 (s, 3H), 0.95 (d, J = 6.8 Hz, 3H), 0.91 (d, J

= 6.5 Hz, 3H) ppm.

3C-NMR (CDCls3, 151 MHz) & = 179.4, 177.6, 170.8, 137.7, 129.8, 128.1, 126.4, 79.9, 67.9, 67.3, 60.7,
39.7, 28.6, 28.4, 27.8, 27.1, 25.4, 23.1, 21.4, 15.1 ppm.

IR (ATR): ¥ = 2969, 2930, 1773, 1704, 1364, 1291, 1173, 911, 818, 728 cm"'.
HRMS (ESI, pos. mode): m/z calculated for C22Hs1CIN3Os [M+H]*: 420.2049, found 420.2044; m/z

calculated for C22H30CIN3NaOs [M+Na]+*: 442.1868, found 442.1865; m/z calculated for C22H30CIKN3O3
[M+K]+: 458.1608, found 458.1598.



1-((S)-1-((R)-5-benzyl-2,2,3-trimethyl-4-oxoimidazolidin-1-yl)-2,2-dichloro-3-methylbutyl)-
pyrrolidine-2,5-dione (24a)
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Catalyst ent-3a (2.23 g, 10.2 mmol, 100 mol%) and NCS (1.64 g, 12.3 mmol, 1.2 equiv) were added
successively to a solution of isovaleraldehyde (1.10 mL, 10.2 mmol, 1.0 equiv) in CHCIs (20 mL) and
the reaction was stirred for 30 min at 22 °C. The solvent was removed under reduced pressure and the
crude product was purified by column chromatography (SiO2, EtOAc). Aminal syn-20 was obtained as
a colorless solid (1.94 g, 4.62 mmol, 45%). The 'H-NMR spectrum of a mixed fraction showed the
existence of the diastereomeric aminal minor-20. After a second chromatographic separation attempt
(SiO2, Et20 then EtOAc), aminal minor-20 was not detectable anymore. Gratifyingly, a previously
unknown dichloroaminal 24a (96.0 mg, 0.211 mmol, 2%) could be obtained as a colorless solid. The

absolute configuration was confirmed by X-ray crystal structure analysis.

The "H-NMR-spectrum of aminal syn-20 is in accordance with the previous experiment.

Aminal 24a:

mp =116 °C

[a]3° = —53.9° (¢ = 0.85, dichloromethane)

TH-NMR (CDCls, 600 MHz) & = 7.31 — 7.15 (m, 5H), 6.01 (s, 1H), 5.74 (dd, J = 8.0, 2.7 Hz, 1H), 3.54 —
3.45 (m, 1H), 3.05 (dd, J = 14.4, 7.9 Hz, 1H), 2.96 (dt, J = 13.2, 6.4 Hz, 1H), 2.87 — 2.70 (m, 4H), 2.70

(s, 3H), 1.34 (d, J = 6.6 Hz, 3H), 1.31 (s, 3H), 1.22 (d, J = 6.3 Hz, 3H), 1.02 (s, 3H) ppm.

3C-NMR (CDCls, 151 MHz) 5=178.1, 176.8, 172.1, 138.3, 129.7, 128.2, 126.5, 101.0, 80.6, 73.5, 62.2,
41.3, 39.5, 28.6, 28.2, 28.1, 25.4, 24.7, 19.2, 18.7 ppm.

IR (ATR): ¥ = 3058, 2978, 1777, 1710, 1431, 1398, 1309, 1266, 1181, 1141, 947, 818, 768, 732 cm'.
HRMS (ESI, pos. mode): m/z calculated for C22H30Cl2N3Os [M+H]+: 454.1659, found 454.1666; m/z

calculated for C22H20CI2N3sNaOs [M+Na]+: 476.1478, found 476.1489; m/z calculated for C22H29CI2KN303
[M+K]+: 492.1218, found 492.1231.



Assignment of Aminal Diastereoisomers Derived from the 1! Generation MacMillan Catalyst
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Figure SI-2. 'H-NMR spectrum of the reaction with 100 mol% ent-3a after 30 min (according to
Blackmond et al.?325 (top). 'H-NMR spectrum of the reaction with 100 mol% ent-3a*TFA after 30 min

(middle). Crystal structure and 'H-NMR spectrum of the isolated aminal syn-20 (bottom).

In their publication “Explaining Anomalies in Enamine Catalysis: “Downstream Species” as a New
Paradigm for Stereocontrol”? the authors correlated species described as “major” and “minor” for the
1st generation MacMillan catalyst to the major and minor product enantiomer. According to their model,
the major diastereoisomer of the corresponding aminal was suggested to possess the anti-configuration
whereas the minor diastereoisomer was suggested to possess the syn-configuration. We were able to
isolate and characterize the major species by X-ray analysis and determined it to possess the syn-
configuration. Moreover, the authors correlated the enantiomeric ratio of the product (a-chloroaldehyde)
to the diastereomeric ratio of the aminals.?® The e.r.-value of the a-chloroaldehyde (40:60) was cited
from the original MacMillan publication?® and the d.r.-value (33:67) of the aminal refers to experiments
done by the authors?®. These two values however are not directly comparable, since MacMillan and co-
workers used the TFA-salt and Blackmond and co-workers used the free base of the catalyst to generate
a 33:67 ratio of diastereomers. The different diastereomeric ratios of the aminals are a consequence of
the presence or absence of TFA as apparent in the 'TH-HNMR spectra shown above. Therefore, a
correlation between enantiomeric ratio of the product and diastereomeric ratio of the aminal incorrectly

compares two different situations.



Aminals Derived from Isovaleraldehyde, NCS and the 2"¢ Generation MacMillan Catalyst ent-3b
(NMR Experiment)
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The TFA-salt of catalyst ent-3b (7.20 mg, 20.0 umol, 20 mol%) and NCS (13.3 mg, 100 pmol, 1.0 equiv)
were added successively to an NMR-tube containing a solution of isovaleraldehyde (10.8 pL, 100 umol,
1.0 equiv) in CDClIs or CD3CN (0.70 mL) at 22 °C. 'H-NMR spectra were recorded after 60 min. The
diastereomeric ratio is approximately 9:1:4 in CDClz and 3:2 in CD3CN. The 'H-NMR spectrum (CDCls)
is in accordance with that the literature.2425

CDCls: CDCl3 (zoom):

CD3CN: CD3sCN (zoom):
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Figure SI-3. 'H-NMR spectra of the a-chlorination reaction (isovaleraldehyde, NCS, catalyst ent-
3b+TFA) in different solvents after 60 min.
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1-((1S,2R)-1-((2R,5 R)-5-benzyl-2-(tert-butyl)-3-methyl-4-oxoimidazolidin-1-yl)-2-chloro-3-methyl-
butyl)pyrrolidine-2,5-dione ((1S,2R)-syn-21),
1-((1S,25)-1-((2R,5R)-5-benzyl-2-(tert-butyl)-3-methyl-4-oxoimidazolidin-1-yl)-2-chloro-3-methyl-
butyl)pyrrolidine-2,5-dione ((1S,2S)-anti-21),
1-((1R,2S)-1-((2R,5 R)-5-benzyl-2-(tert-butyl)-3-methyl-4-oxoimidazolidin-1-yl)-2-chloro-3-methyl-
butyl)pyrrolidine-2,5-dione ((1R,2S)-syn-21)
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| ent-3b > Cl + Cl, + Cl,
CHCls, 22 °C, 60 min
10
(1S, 2R )-syn-21 (1S 28) -anti-21 (1R 28) syn-21

The TFA-salt of catalyst ent-3b (1.26 g, 3.48 mmol, 20 mol%) and NCS (2.33 g, 17.4 mmol, 1.0 equiv)
were added successively to a solution of isovaleraldehyde (1.88 mL, 17.4 mmol, 1.0 equiv) in CHCIs (70
mL). The reaction was stirred for 60 min and quenched with aqueous saturated NaHCO3 (50 mL). The
aqueous phase was extracted with dichloromethane (3x50 mL), the combined organic phases were
dried over NaSQs, the solvent was removed under reduced pressure and the crude product was purified
by column chromatography (SiO2, pentane/Et2O/EtOAc, 1:1:1 to 0:1:1 to 0:0:1). Pure aminal (1S,2R)-
syn-21 was obtained as a colorless solid (0.807 g, 1.80 mmol, 52%). Separation of another fraction from
the column chromatography by chiral HPLC enabled further separation of aminal (1S,2R)-syn-21 (0.339
g, 0.757 mmol, 22%), (1S,2S)-anti-21 (93.0 mg, 0.208 mmol, 6%) and (1R,2S)-syn-21 (0.271 g,
0.605 mmol, 17%). The absolute configuration of the three aminals was confirmed by X-ray crystal
structure analysis.

Aminal (15,2R)-syn-21:

The spectroscopic data (H- and '3C-NMR) are in accordance with the major aminal from the
literature.?425

mp =104 °C

[a]3 = -32.1° (¢ = 1.00, dichloromethane)

'H-NMR (CDCls, 600 MHz) & = 7.37 — 7.31 (m, 4H), 7.24 - 7.20 (m, 1H), 5.08 (d, J = 11.1 Hz, 1H), 4.81
(t, 1H), 4.48 (dd, J = 11.2, 1.0 Hz, 1H), 4.24 (s, 1H), 3.12 (dd, J = 14.9, 6.5 Hz, 1H), 2.88 (s, 3H), 2.85
(dd, J = 14.6, 6.9 Hz, 1H), 2.75 — 2.65 (m, 4H), 2.36 (h, J = 7.2, 6.6 Hz, 1H), 1.04 (s, 9H), 0.88 (d, J =

6.5 Hz, 3H), 0.61 (d, J = 6.7 Hz, 3H) ppm.

3C-NMR (CDCls, 151 MHz) & = 179.6, 179.2, 173.9, 138.6, 129.3, 128.8, 126.8, 88.5, 76.7, 65.4, 61.8,
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41.1,37.0,31.7,29.1,28.2, 27.9, 26.9, 21.2, 15.8 ppm.

IR (ATR): ¥ = 2959, 2924, 2871, 1774, 1702, 1456, 1328, 1172, 1136, 820, 751 cm™'.

HRMS (ESI, pos. mode): m/z calculated for C24H35CIN3Os [M+H]*: 448.2362, found 448.2373; m/z
calculated for C24H34CIN3NaOs [M+Na]*: 470.2181, found 470.2188; m/z calculated for C24H34CIKN3O3
[M+K]*: 486.1921, found 486.1930.

Aminal (15,2S)-anti-21:

The spectroscopic data (H- and '3C-NMR) are in accordance with the minor aminal from the

literature.?425

mp = 86 °C

[a]3? = —6.5° (c = 0.40, dichloromethane)

TH-NMR (CDCls, 500 MHz) & = 7.43 — 7.40 (m, 2H), 7.33 — 7.29 (m, 2H), 7.23 - 7.19 (m, 1H), 5.23 (d, J
— 10.8 Hz, 1H), 4.59 (dd, J = 7.2, 4.6 Hz, 1H), 4.49 (dd, J = 10.8, 2.0 Hz, 1H), 4.11 (s, 1H), 3.23 (dd, J
=14.5, 4.5 Hz, 1H), 3.12 (dd, J = 14.4, 7.3 Hz, 1H), 2.88 (s, 3H), 2.78 — 2.53 (m, 4H), 1.61 — 1.49 (m,

1H), 1.08 (s, 9H), 0.89 (d, J = 6.6 Hz, 3H), 0.76 (d, J = 6.6 Hz, 3H) ppm.

3C-NMR (CDCl3, 151 MHz) & = 179.6, 178.9, 174.1, 139.4, 129.6, 128.4, 126.4, 86.2, 75.4, 66.2, 61.7,
41.2, 38.2, 31.9, 29.8, 28.6, 28.0, 26.3, 21.3, 14.6 ppm.

IR (ATR): ¥ = 2964, 2925, 2874, 1772, 1701, 1455, 1364, 1317, 1153, 819, 753, 720 cm™".

HRMS (ESI, pos. mode): m/z calculated for C24H35CINsOs [M+H]*: 448.2362, found 448.2352; m/z
calculated for C24H34CIN3sNaOs [M+Na]+*: 470.2181, found 470.2163; m/z calculated for C24H34CIKN3O3
[M+K]*: 486.1921, found 486.1904.

Aminal (1R,2S)-syn-21:

mp = 136 °C

[a]3® = —13.1° (¢ = 1.00, dichloromethane)

TH-NMR (CDCls, 600 MHz) & = 7.35 — 7.31 (m, 4H), 7.24 — 7.19 (m, 1H), 5.17 (s, 7H), 4.50 (s, 1H), 4.50
(dd, J=18.0 Hz, 11.4 Hz, 1H), 3.87 (dd, J= 11.2, 2.9 Hz, 1H), 3.20 (dd, J = 13.9, 3.3 Hz, 1H), 2.90 (s,
3H), 2.81 (dd, J = 13.8, 11.6 Hz, 1H), 2.78 — 2.53 (m, 4H), 2.10 (h, J= 11.8, 6.5, 6.1 Hz, 1H), 1.04 (s,

9H), 0.88 (d, J = 6.8 Hz, 3H), 0.16 (s, 3H) ppm.
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3C-NMR (CDCls, 151 MHz) 5 = 179.7, 178.6, 173.9, 138.3, 129.6, 129.1, 127.0, 85.9, 77.4, 67.4, 65.6,
38.6, 37.2, 32.2, 29.7, 28.3, 28.1, 28.0, 20.8, 14.8 ppm.

IR (ATR): ¥ = 2964, 2927, 2827, 1776, 1704, 1456, 1329, 1216, 1175, 1091, 908, 750, 735 cm-'.
HRMS (ESI, pos. mode): m/z calculated for C24H35CIN3Os [M+H]*: 448.2362, found 448.2362; m/z

calculated for C24H34CIN3NaOs [M+Na]*: 470.2181, found 470.2172; m/z calculated for C24H34CIKN303
[M+K]+: 486.1921, found 486.1911.
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Assignment of Aminal Diastereoisomers Derived from the 2" Generation MacMillan Catalyst
(Isovaleraldehyde as the Substrate)
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Figure SlI-4. 'H-NMR spectrum of the reaction with 20 mol% ent-3b-TFA after 60 min (according to

Blackmond et al.?425 (top). Crystal structures and 'H-NMR spectra of the isolated diastereomeric aminals
1 (below).

In their publication “Rationalization of an Unusual Solvent-Induced Inversion of Enantiomeric Excess in
Organocatalytic Selenylation of Aldehydes”?425 the authors discussed two aminal diastereomers for the
2nd generation MacMillan catalyst but overlooked a third aminal diastereomer (1R,2S)-syn-21) indicated

by the green arrows. Their rationale is based on the existence of only two out of four possible aminal
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species. Isolation and subsequent X-ray crystal structure analysis reveals syn-configuration for the
major aminal (1S5,2R)-syn-21 and anti-configuration for minor aminal (1S5,25)-anti-21. The third,
previously overlooked aminal (1R,2S)-syn-21 also has the syn-configuration. It is actually present in
higher concentration than the species which was named “minor”.
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Figure SI-5. '"H-NMR spectrum of the reaction with 20 mol% ent-3b*TFA after 60 min with integrated
signals (blue: major aminal (1S,2R)-syn-21; red: minor aminal (15,25)-anti-21; green: previously
overlooked aminal (1R,2S)-syn-21 (according to Blackmond et al.2425
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Since the quality of the crystallographic data for aminal (1S,2R)-syn-21 was not optimal and to confirm
the previous results and conclusions, the same experiments and isolation procedures were repeated

using hydrocinnamic aldehyde instead of isovaleraldehyde.

Aminals Derived from Hydrocinnamic Aldehyde, NCS and the 2" Generation MacMillan Catalyst
ent-3b (NMR experiment)
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The TFA-salt of catalyst ent-3b (7.20 mg, 20.0 umol, 20 mol%) and NCS (13.3 mg, 100 umol, 1.0 equiv)
were added successively to an NMR-tube containing a solution of hydrocinnamic aldehyde (13.4 pL,
100 pmol, 1.0 equiv) in CDCI3 (0.70 mL) at 22 °C. The 'H-NMR spectrum was recorded after 60 min.
The diastereomeric ratio is approximately 5:1:3.

CDCls: CDCls (zoom):
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Figure SI-6. 'TH-NMR spectra of the a-chlorination reaction (hydrocinnamic aldehyde, NCS, catalyst ent-
3bTFA) after 60 min.
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1-((1S,2R)-1-((2R,5 R)-5-benzyl-2-(tert-butyl)-3-methyl-4-oxoimidazolidin-1-yl)-2-chloro-3-phenyl-
propyl)pyrrolidine-2,5-dione ((1S,2R)-syn-25),
1-((1S,25)-1-((2R,5R)-5-benzyl-2-(tert-butyl)-3-methyl-4-oxoimidazolidin-1-yl)-2-chloro-3-phenyl-
propyl)pyrrolidine-2,5-dione ((1S,2S)-anti-25) ,
1-((1R,2S)-1-((2R,5 R)-5-benzyl-2-(tert-butyl)-3-methyl-4-oxoimidazolidin-1-yl)-2-chloro-3-phenyl-
propyl)pyrrolidine-2,5-dione ((1R,2S)-syn-25)

N 7/
)
Bn'*' "By 2') ) 2—)
N W " W " ) "0t
IO H ;LFA Bn BU Bn' BU Bn' B
H ent-3b > Cl " CI/, + Cl,
CHCl3, 22 °C, 60 min
Bn

(1S, 2R )-syn-25 (1S,2S) ant/ 25  (1R:2S)- syn -25

The TFA-salt of catalyst ent-3b (0.837 g, 2.32 mmol, 20 mol%) and NCS (1.55 g, 11.6 mmol, 1.0 equiv)
were added successively to a solution of hydrocinnamic aldehyde (1.54 mL, 11.6 mmol, 1.0 equiv) in
CHCIs (46 mL). The reaction was stirred for 60 min and quenched with aqueous saturated NaHCOs3
(50 mL). The aqueous phase was extracted with dichloromethane (3x50 mL), the combined organic
phases were dried over NaSQOs, the solvent was removed under reduced pressure and the crude product
was purified by column chromatography (SiOz, pentane/Et2O/EtOAc, 1:1:1 to 0:1:1 to 0:0:1). Aminal
(15,2R)-syn-25 was obtained as a colorless solid (0.381 g, 0.768 mmol, 33%). Separation of another
fraction from the column chromatography by chiral HPLC enabled further separation of aminal (1S,25)-
anti-25 (57.0 mg, 0.115 mmol, 5%) and aminal (1R,2S)-syn-25 (0.137 g, 0.272 mmol, 12%). The

absolute configuration of the three aminals was determined by X-ray crystal structure analysis.

Aminal (1S,2R)-syn-25:

mp = 158 °C

[a]3® = —1.96° (¢ = 1.00, dichloromethane)

TH-NMR (CDCls, 600 MHz) & = 7.39 — 7.36 (m, 2H), 7.33 — 7.28 (m, 2H), 7.26 — 7.18 (m, 4H), 7.00 —
6.97 (m, 2H), 5.18 (d, J = 10.7 Hz, 1H), 5.08 (td, J = 10.8, 1.9 Hz, 1H), 4.75 (dd, J = 7.6, 5.7 Hz, 1H),
4.33 (s, 1H), 3.93 (dd, J=14.7, 1.4 Hz, 1H), 3.18 — 3.09 (m, 2H), 2.88 (s, 3H), 2.77 — 2.70 (m, 5H), 1.09

(s, 9H) ppm.

3C-NMR (CDCls, 151 MHz) & = 179.5, 173.4, 138.1, 137.0, 129.4, 129.1, 128.8, 128.5, 127.0, 126.8,
87.8,79.1,61.2,59.6,42.3, 41.6, 37.7, 31.9, 29.7, 28.1, 26.7 ppm.

IR (ATR): ¥ = 2957, 2925, 1774, 1702, 1455, 1328, 1253, 1148, 1061, 749 cm™".
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HRMS (ESI, pos. mode): m/z calculated for C2sHssCIN3Os [M+H]+: 496.2362, found 496.2350; m/z
calculated for C2sH34CIN3sNaOs [M+Na]+*: 518.2181, found 518.2160; m/z calculated for C2sHz4CIKN3O3
[M+K]+: 534.1921, found 534.1899.

Aminal (1S,2S)-anti-25:

mp = 150 °C

[a]6 = —18.43° (¢ = 0.45, dichloromethane)

TH-NMR (CDCls, 700 MHz) & = 7.41 — 7.38 (m, 2H), 7.32 — 7.24 (m, 5H), 7.24 — 7.19 (m, 1H), 7.03 —
7.01 (m, 2H), 5.29 (d, J = 10.5 Hz, 1H), 4.75 (td, J = 10.2, 3.1 Hz, 1H), 4.62 (dd, J = 6.7, 4.8 Hz, 1H),
4.19 (s, 1H), 3.20 — 3.13 (m, 2H), 2.92 (s, 3H), 2.85 (dd, J = 14.3, 3.1 Hz, 1H), 2.76 — 2.66 (m, 4H), 2.64

(dd, J=14.3,10.0 Hz, 1H), 1.11 (s, 9H) ppm.

3C-NMR (CDCls, 151 MHz) 6 = 179.2, 174.1, 139.3, 136.6, 129.5, 129.1, 128.5, 128.4, 127.1, 126.4,
86.2,76.9, 61.8, 60.3, 41.2, 41.0, 38.2, 31.9, 29.8, 28.3, 26.3 ppm.

IR (ATR): ¥ = 2955, 2925, 1772, 1702, 1455, 1363, 1255, 1156, 1079, 794, 750 cm™".

HRMS (ESI, pos. mode): m/z calculated for CzsH3sCIN3Os [M+H]*: 496.2362, found 496.2381; m/z
calculated for C2sH34CINsNaOs [M+Na]+*: 518.2181, found 518.2191; m/z calculated for C2sHz4CIKN3O3
[M+K]*: 534.1921, found 534.1935.

Aminal (1R,2S)-syn-25:

mp =178 °C

[a]3® = —55.64° (¢ = 1.45, dichloromethane)

TH-NMR (CDCls, 700 MHz) & = 7.45 — 7.39 (m, 4H), 7.33 — 7.19 (m, 4H), 7.06 — 7.03 (m, 2H), 4.98 (s,
1H), 4.85 (t, J= 11.0 Hz, 1H), 4.54 (d, J = 10.0 Hz, 1H), 4.24 (dd, J = 11.6, 4.3 Hz, 1H), 3.35 (dd, J =
14.1, 4.2 Hz, 1H), 3.23 (d, J= 15.9 Hz, 1H), 2.96 (s, 3H), 2.88 (dd, J = 14.1, 11.5 Hz, 1H), 2.85 — 2.58

(m, 4H), 1.72 (s, 1H), 1.10 (s, 9H) ppm.

3C-NMR (CDCls, 176 MHz) & = 179.3, 178.2, 173.5, 138.2, 137.2, 129.8, 128.9, 128.7, 128.5, 126.9,
126.8, 86.2, 80.3, 67.2, 58.9, 41.0, 38.6, 37.2, 32.2, 28.1, 28.0, 27.8 ppm.

IR (ATR): ¥ = 3030, 2958, 1705, 1329, 1254, 1161, 1094, 740 cm"".
18



HRMS (ESI, pos. mode): m/z calculated for C2sH34CINsNaOs [M+Na]+: 518.2181, found 518.2184; m/z
calculated for C2sH34CIKN3O3 [M+K]*: 534.1921, found 534.1920.
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Assignment of Aminal Diastereoisomers Derived from the 2" Generation MacMillan Catalyst

(Hydrocinnamic Aldehyde as the Substrate)

N/
ent-3b°TFA g
(20 mol%) " ",
O Ncs@) B™ °N BL(‘)
H (1.0 equiv) CI\H\
_——
N
CDCI
Bn ... 3 Bn ___JMJ‘
16 22 °C, 60 min 25 G ,r 4
@)

Bn*"' N)"tBu

O
Cl
N

Bn
(e}
(1S,2R)-syn-25

O N/ ’ 1

Bn'"' N)'”Bu

o)
Cl,,
N ™

Bn

o -
(1S,28)-anti-25

O, 7/
N

Bn**' )'”Bu

i, H

(1R,28) Syn 25 L DL LA I L LA L DL AL I AL L L DL L B B
54 53 52 51 50 49 48 4.7 4.6 4.5 44 4.3 4.2 4.1 4.0 3.9
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Figure SI-7. "H-NMR spectrum of the reaction with 20 mol% ent-3b*TFA after 60 min (top). Crystal

structures and 'H-NMR spectra of the isolated diastereomeric aminals 21 (below).

As expected, three diastereomeric species can be detected in the '"H-NMR spectrum. All of them could
be isolated and fully characterized. The absolute configurations of the three aminals were determined
by X-ray crystal structure analysis and are in accordance with the previous experiment (isovaleraldehyde

as the substrate).
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Decomposition of Aminal syn-18b (Derived from 3@ Generation MacMillan Catalyst)

SNINZ
By
)"tBu
H,0 (2 equiv), TFA (2 equiv)

MeCN, 22 °C
C|/, ’) e > CI,I'(\OH
then NaBH, EtOH, 0 °C, 30 min Bn

(S)-22

syn—1 8b

Aminal syn-18b was synthesized according to the literature procedure.?2 H20 (85.8 L, 4.76 mmol, 2.0
equiv) and TFA (364 uL, 4.76 mmol, 2.0 equiv) were added to a solution of aminal syn-18b (1.00 g, 2.38
mmol, 1.0 equiv) in MeCN (30 mL) at 22 °C. Aliquots (6 mL) were taken from the reaction mixture after
defined points of time (5 min, 10 min, 60 min) and added to a solution of NaBH4 (75.1 mg, 1.98 mmol,
5.0 equiv) in EtOH (2.0 mL). After 30 min the reactions were quenched by the addition of aqueous
saturated NH4Cl.The aqueous phase was extracted with EtOAc (3x5 mL), the combined organic phases
were dried over Na=SO4 and the solvent was removed under reduced pressure. The crude products
were purified by column chromatography (SiO2, pentane/EtOAc 10:1 to 5:1) and the enantiomeric
excess was determined by chiral HPLC. The absolute configuration was determined by comparison of
the optical rotation with the literature.

The "H-NMR spectrum is in accordance with the literature.2?

TH-NMR (CDCls, 400 MHz) & = 7.35-7.30 (m, 2H), 7.29 — 7.22 (m, 3H), 4.26 — 4.20 (m, 1H), 3.81 (ddd,
J=121,7.2, 3.6 Hz, 1H), 3.69 (dt, J=12.1, 6.1 Hz, 1H), 3.14 (dd, J = 14.0, 7.0 Hz, 1H), 3.06 (dd, J =
14.0, 7.4 Hz, 1H), 2.03 (t, J = 6.7 Hz, 1H) ppm.

1. aliquot (5 min): 95% ee
2. aliquot (10 min): 95% ee
3. aliquot (60 min): 94% ee

Sample: [a]3* = —11.4° (¢ = 1.00, dichloromethane)

(S)-2-chloro-3-phenylpropan-1-ol (95% ee): [a]3* = —13.8° (¢ = 1.00, dichloromethane)
(R)-2-chloro-3-phenylpropan-1-ol (93% ee): [a]3* = +14.0° (¢ = 1.00, dichloromethane)
(S)-2-chloro-3-phenylpropan-1-ol (95% ee): [a]p = —21.7° (c = 1.00, CHCI3)?"
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Figure SI-8. Only the off-cycle mechanism (right) can rationalize the observed enenatioselectivity ((S)-
chloroaldehyde) of the a-chlorination reaction and the decomposition pathway. The on-cycle
mechanism?2® (left) predicts the formation of the wrong enantiomer of the chloroaldeyhde ((R)-

chloroaldehyde).

As observed for most of the aminals derived from the 1st and 2" generation MacMillan catalyst, aminal
syn-18b is bench-stable and can be isolated and characterized.?? According to the catalytic cycle of the
on-cycle scenario?® aminal syn-18b should generate the (R)-enantiomer of the chloroaldehyde product.
Decomposition under acidic conditions (TFA and water are also present in the catalytic reaction) clearly
shows that aminal syn-18b was converted almost exclusively (95% ee) to the (S)-chloroaldehyde
product. This experimental outcome is in accordance with our proposed decomposition pathway via a

chloroiminium ion.
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(S)-2-chloro-3-phenylpropan-1-ol ((S)-22)

o / @)
jN
N)'”BU N—ClI
H-TFA
? 3c , O 6
MeCN, =30 °C, 15 h Cl,,
> ’ '(\OH

Bn  thenNaBH, EtOH, 0 °C, 60 min Bn
16 (S)-22

Hydrocinnamic aldehyde (0.266 mL, 2.00 mmol, 1.0 equiv) was dissolved in MeCN (8.0 mL) and cooled
to =30 °C. Catalyst 3¢ (0.114 g, 0.400 mmol, 20 mol%) and NCS (0.320 g, 2.40 mmol, 1.2 equiv) were
added subsequently and the reaction mixture was stirred for 15 h at the same temperature. After the
reaction was warmed to 0 °C, MeOH (3.0 mL) and NaBH4 (0.189 g, 5.00 mmol, 2.5 equiv) were added
and the mixture was stirred for 60 min at the same temperature. The reaction was quenched with
aqueous saturated NH4Cl (10 mL), the aqueous phase was extracted with dichloromethane (3x15 mL)
and the combined organic phases were dried over NaSO4. The solvent was removed under reduced
pressure and the crude product was purified by column chromatography (Silica, pentane/EtOAc 10:1).
Pure chloroalcohol (S)-22 (0.248 g, 1.45 mmol, 73%, 95% ee) was obtained as a colorless oil.

TH-NMR is in accordance with the literature.??
[a]3* = —13.8° (¢ = 1.00, dichloromethane)
H-NMR (CDCls, 400 MHz) & = 7.35 — 7.30 (m, 2H), 7.29 — 7.22 (m, 3H), 4.26 — 4.20 (m, 1H), 3.81 (ddd,

J=121,7.2,3.6 Hz, 1H), 3.69 (dt, J = 12.1, 6.1 Hz, 1H), 3.14 (dd, J = 14.0, 7.0 Hz, 1H), 3.06 (dd, J =
14.0, 7.4 Hz, 1H), 2.03 (t, J = 6.7 Hz, 1H) ppm.
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(R)-2-chloro-3-phenylpropan-1-ol ((R)-22)

(@) / O
g
W N)‘tBU N—CI
H -TFA
? ent-3c , O 6
MeCN, -30 °C, 15 h Cl
> j/\OH

B,  thenNaBH, EtOH, 0 °C, 60 min Bn
16 (R)-22

Hydrocinnamic aldehyde (0.266 mL, 2.00 mmol, 1.0 equiv) was dissolved in MeCN (8.0 mL) and cooled
to =30 °C. Catalyst ent-3¢ (0.114 g, 0.400 mmol, 20 mol%) and NCS (0.320 g, 2.40 mmol, 1.2 equiv)
were added subsequently and the reaction mixture was stirred for 15 h at the same temperature. After
the reaction was warmed to 0 °C, MeOH (3.0 mL) and NaBH4 (0.189 g, 5.00 mmol, 2.5 equiv) were
added and the mixture was stirred for 60 min at the same temperature. The reaction was quenched with
aqueous saturated NH4Cl (10 mL), the aqueous phase was extracted with dichloromethane (3x15 mL)
and the combined organic phases were dried over NaSO4. The solvent was removed under reduced
pressure and the crude product was purified by column chromatography (Silica, pentane/EtOAc 10:1).
Pure chloroalcohol (R)-22 (0.229 g, 1.34 mmol, 67%, 93% ee) was obtained as a colorless oil.

TH-NMR is in accordance with the literature.??
[a]3* = +14.0° (c = 1.00, dichloromethane)
H-NMR (CDCls, 400 MHz) & = 7.35 — 7.30 (m, 2H), 7.29 — 7.22 (m, 3H), 4.26 — 4.20 (m, 1H), 3.81 (ddd,

J=121,7.2,3.6 Hz, 1H), 3.69 (dt, J = 12.1, 6.1 Hz, 1H), 3.14 (dd, J = 14.0, 7.0 Hz, 1H), 3.06 (dd, J =
14.0, 7.4 Hz, 1H), 2.03 (t, J = 6.7 Hz, 1H) ppm.
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2.2. NMR reaction progress (3rd generation MacMillan catalyst)

TH-NMR reaction progress
O

N/
)N
N)’”Bu N—ClI

0 HoTFA W 0
H 3c ; - CI\H
Bn MeCN-dj 22 °C Bn
16 19
18b
100 100
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Figure SI-9. '"H-NMR reaction progress of the a-chlorination reaction (hydrocinnamic aldehyde, NCS,
catalyst 3c*TFA) according to our previous publication.??

Table SI-1. Experimental data of the reaction progress analysis.??

t [min] t[h] aldehyde Cl-aldehyde aminal
0 0 0,7 100,03 0 0 0 0
5 0,08 0,53 75,74 0,13 18,58 0,06 8,57
10 0,17 0,35 50,02 0,25 35,73 0,09 12,86
20 0,33 0,24 34,3 0,36 51,44 0,11 16,15
30 0,5 0,18 25,72 0,39 55,73 0,13 18,58
45 0,75 0,11 15,72 0,43 61,45 0,14 20,01
60 1 0,09 12,86 0,45 64,31 0,14 20,01
90 1,5 0,06 8,57 0,48 68,59 0,14 20,01
150 2,5 0,04 5,72 0,52 74,31 0,13 18,58
210 3,5 0,03 4,29 0,53 75,74 0,12 17,15
375 6,25 0,03 4,29 0,54 77,17 0,11 15,72
1395 23,25 0,03 4,29 0,54 77,17 0,09 12,86

We interrogated concentration profiles in order to assess whether the two mechanisms (steric shielding

model and Curtin-Hammett scenario) are kinetically distinguishable. Gratifyingly, aldehyde 16, the
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chloroaldehyde product 19 and the corresponding crystallographically characterized aminal syn-18b
possess separate, non-overlapping NMR resonances. By monitoring their concentrations over time?? it
is apparent that the initial rate of chloroaldehyde formation exceeds the build-up of the aminal. This
observation eliminates the possibility of the catalyst being turned over through the thermodynamically
most stable aminal (Curtin-Hammett scenario). The alternate off-cycle mechanism provides a scenario
where the rate of iminium hydrolysis exceeds that of aminal formation. From the iminium ion
intermediate, part of the catalyst is diverted into a stable aminal resting state. To further illustrate the
absence of an on-cycle-mechanism, the first three 'H-NMR-spectra of the previously considered
reaction are shown below. The aminal concentration at no point exceeds the product concentration, not
even in the initial phase (5 min) of the reaction. This observation strongly supports an off-cycle-scenario,
in which the product can be formed without going through the aminal intermediate. When reanalyzing
our data for this reaction, we noted additional, previously overlooked resonances in the NMR spectrum
at t = 5 min (quickly disappearing thereafter). The possibility of the corresponding species to be the
elusive aminal anti-18b is supported by comparison of the observed and computed 'H chemical shifts.

0N 7/
IN
N)”tBU

O\ 7
\ y o cl
)'It CI": "’N
N~ "Bu Ph” “H
H O Bn 19
Cle ANy o
syn-18b

Bn
(0]

anti-18b

AN ——

t=5min

T T T T T T T T T T T T T T T T A T T T T T T
575 570 565 560 555 550 545 540 535 530 525 520 515 510 505 500 495 3.50 345 340 335 330 3.25
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BN

Figure SI-10. 'H-NMR spectra of the initial phase of the a-chlorination reaction (hydrocinnamic
aldehyde, NCS, catalyst 3c*TFA).
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NMR Calculations for syn-18b and anti-18b

'H and '3C NMR calculations were performed to compare to the major and minor sppecies at t = 5 min.
The key 'H chemical shifts for syn-18b and anti-18b were in good agreement (< 0.3 ppm absolute
deviation between experimental and calculated chemical shifts)'”-'8 with the experimental shifts for the

major and minor products.

Table SI-2. Calculated '3C NMR &’s for syn-18b.

© S
N
Pt
H;C™ 3 "By
O N
§ 2 Cl
15 N 10
17 Bn
16 e
Comp. Comp.

Exp. # Comp # Isotropic 5

C5 1 98.9366 83.8

Cc2 2 3.6610 174.5

C3 3 123.1277 60.7

C4 7 153.8751 31.5

c1' 11 113.1924 70.2

c2 13 111.3355 72.0

c3 14 142.8361 42.0

c4' 17 175.0080 11.3

C5' 22 143.6420 41.2
26 -4.5320 182.3
27 -2.1380 180.0

c5" 28 155.0907 30.3

ca" 29 155.6905 29.7

C6 34 158.5958 27.0
38 156.9911 28.5
42 163.1739 22.6
49 41.0137 138.9
50 50.0409 130.3
51 53.6789 126.9
52 52.7727 127.7
54 52.5161 128.0
56 54.4196 126.2
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Table SI-3. Comparison of calculated and experimental 'H NMR &'’s for syn-18b.

Exp. Comp. Comp. Avg. Exp.
ca ca Comp. H# Isotropic Comp. & Comp. 5 5 Abs. Dev.
8 7 8 28.57 3.00
8 7 9 29.26 2.36
7 10 29.12 2.49
9 11 12 26.64 4.81 4.81 5.01 0.20
11 14 15 29.18 2.43 2.43
10 13 16 26.22 5.20 5.20 5.10 0.10
6 17 18 30.32 1.37
6 17 19 30.54 1.16
6 17 20 29.51 2.13 1.55 1.47 0.08
3 3 21 27.65 3.87
5 1 23 27.27 4.22
15 28 30 28.99 2.61
16 29 31 28.98 2.62
tBu 34 35 30.82 0.89
tBu 34 36 30.65 1.05
tBu 34 37 30.79 0.93
tBu 38 39 30.29 1.39
tBu 38 40 30.02 1.64
tBu 38 41 30.58 1.12
tBu 42 43 30.76 0.95
tBu 42 H32 26.54 0.80
tBu 42 45 30.75 0.96 1.08 1.10 0.02
16 29 46 29.03 2.57
15 28 47 28.96 2.64
11 14 48 27.41 4.09 4.09 3.96 0.13
50 53 24.03 7.25
51 55 23.81 7.46
52 57 23.95 7.33
54 58 23.92 7.36
56 59 23.99 7.29
MAD 0.11
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Table Sl-4. Calculated 3C NMR &'s for anti-18b

CH
0] /%4 3
N

6 5
gy
10

H.C"™ 3
o) N
T 9 Cl
15 N
17
16 )

Bn

Comp. Comp.
Exp.# Comp# |Isotropic &
C5 C 97.8311 84.8

c2 C 2.7976 175.3
C3 C 121.5410 62.3
C4 C 152.4037 32.9
Ct C 112.1019  71.2
c2' C 116.7850 66.8
C3 C 137.7947  46.8
C4' C 173.1138 13.2
C5' C 141.3341 434
C -0.9819 178.9
C -3.1036 180.9
c5" C 155.3086  30.1
cz" C 156.1731 29.3
C6 C 158.5219 27.0
C 159.5979 26.0
C 162.7703 23.0
C 41.9613 138.0
C 50.8312 129.6
C 52.3459 128.1
C 52.4331 128.1
C 52.4293 128.1
C 53.9564 126.6
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Table SI-5. Comparison of calculated and experimental '"H NMR &'s for anti-18b.

Exp. Comp. Avg. Exp.
- ca Comp. H# Comp. Isotropic Comp. & Comp.5 & Abs. Dev.
8 7 8 28.48 3.09
8 7 9 29.02 2.58

7 10 28.98 2.62
9 11 12 26.27 5.15 5.15 5.27 0.12
11 14 15 28.67 2.91
11 14 16 28.07 3.47 3.47 3.18 0.29
10 13 17 25.43 5.94 5.94 566 0.28
6 18 19 30.11 1.56
6 18 20 30.13 1.54
6 18 21 30.26 1.42 1.51 1.50 0.01
3 3 22 27.68 3.83 3.83 3.91 0.08
5 1 24 27.05 4.42 4.42 446 0.04
15 29 31 29.62 2.02
16 30 32 29.70 1.94
tBu 35 36 30.98 0.75
tBu 35 37 30.64 1.06
tBu 35 38 30.79 0.92
tBu 39 40 30.88 0.84
tBu 39 41 31.10 0.63
tBu 39 42 31.21 0.53
tBu 43 44 26.54 0.86
tBu 43 45 31.17 0.57
tBu 43 46 30.97 0.75 0.77 091 0.14
16 30 47 30.59 1.11
15 29 48 29.30 2.32

50 53 24.02 7.26

51 55 24.26 7.04

52 57 23.95 7.33

54 58 24.08 7.21

56 59 24.07 7.21

MAD ’0.147

30



2.3. KIEs and DFT Calculations (3" Generation MacMillan Catalyst)

KIE-experiment (1)

O
N L/
N
A5, Qe
e
L] ( \
o 3c ’ 06 g7 g 0934 @) 1017@)
| MeCN, -30 °C. 15 h 1007 EZ; 1.001 (1) 1.016 (1)
th > [od \ ¥
en
BN NaBH, EtOH, 0°C, 60 min Bn 23a ©/\Cg;' .
16 KIE Sample ] - 1,002 (1)
1.000 4 1.001 (5)
(assumed) 2 (2)
NaBH, EtOH, 0 °C, 60 min 1,000 (4)
: = OH L 1.000 (2) )
Bn 23b
Standard Sample

KIE Sample (KIE1&2): Distilled hydrocinnamic aldehyde (1.61 g, 12.0 mmol, 1.0 equiv) was dissolved
in MeCN (40 mL) in a 50 mL graduated flask and cooled to —30°C. Catalyst 3¢ (0.682 g, 2.40 mmol, 20
mol%) and NCS (1.20 g, 9.00 mmol, 0.75 equiv) were added successively, the volume was adjusted to
50 mL by adding MeCN and the solution was stirred for 15 hours at —30 °C. EtOH (15 mL) and NaBH4
(1.13 g, 30.0 mmol, 2.5 equiv) were added successively and the reaction mixture was stirred for 1 hour
at 0 °C. The reaction was quenched with aqueous saturated NH4CI (30 mL), extracted with EtOAc (6x50
mL) and dried over Na2SOa4. The combined organic phases were transferred into a 500 mL graduated
flask and the volume was adjusted to 500 mL by adding EtOAc. 10.0 mL were removed from the
graduated flask and the solvent was removed under reduced pressure. The crude mixture was taken up
with 2 x 0.50 mL MeCNds and transferred into an NMR-tube containing 10.0 mg of the internal standard
(1,3,5-trimethoxybenzene). The solvent of the remaining organic phase was removed under reduced
pressure and the reduced starting material was purified by column chromatography (Silica, 10:1 to 5:1
pentane/EtOAc).

Standard Sample (STD1&2): NaBH4 (0.284 g, 7.50 mmol, 2.5 equiv) was added to a solution of distilled
hydrocinnamic aldehyde (from the same batch as in the KIE-experiment) (0.403 g, 3.00 mmol, 1.0 equiv)
in EtOH (3.5 mL) at 0 °C. The reaction mixture was stirred for 60 min at 0 °C and subsequently quenched
with aqueous saturated NH4Cl (5 mL). The aqueous phase was extracted with EtOAc (6x5 mL), the
combined organic phases were dried over Na:SO4 and the solvent was removed under reduced
pressure. The crude product was purified by column chromatography (Silica, 10:1 to 5:1
pentane/EtOAc).

This experiment was done in duplicate.

KIE1: m = 0.349 g (2.56 mmol, 21%) STD1: m = 0.387 g (2.84 mmol, 95%)
KIE2: m = 0.189 g (1.39 mmol, 12%) STD2: m = 0.378 g (2.78 mmol, 93%)
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"H-NMR spectra are in accordance with the literature.2®

H-NMR (CDCls, 400 MHz) & = 7.32 — 7.27 (m, 2H), 7.23 — 7.17 (m, 3H), 3.68 (t, J = 6.4 Hz, 2H), 2.76
—2.67 (m, 2H), 2.00 — 1.80 (m, 2H), 1.41 — 1.34 (s, 1H) ppm.

Calculation of the conversion:

Mass (internal standard): mis = 0.010 g

Amount of substance (internal standard): nis = 0.060 mmol

"H-NMR integration (internal standard): lis = 3.00 H

Integration (reduced starting material (3.52 ppm)): lrsm=1.85H:2=0.93 H

Integration (reduced starting material (1.78 ppm)): lrsm=1.85H:2=0.93 H

Amount of substance (reduced starting material): nsm = 0.060 mmol * 0.93 * 50 = 2.767 mmol
Amount of substance (starting material): nsm = 12.00 mmol — (12.00 mmol/50) = 11.76 mmol
(1/50 of the volume was removed before reductive work-up for H-NMR-analysis!)
Conversion: 2.767 mmol / 11.76 mmol — 1) * (-100) = 77%

KIE1 = 77% conversion

KIE2 = 77% conversion

(s) ®) (m)

OMe H H 6.10 3.52 1.78
H H
H H
MeO OMe
H reduced starting material
internal standard (3 3.52 ppm (MeCNd3) _JJ\/L,
. EEEPVAVA A O
5 =6.10 ppm (MeCNd53) =1.78 ppm (MeCNd3)
g ] .
™ — —
6.‘10 ' 3;55 ' 3.‘50 1;80 ' 1;75

f1 (ppm)
Figure SI-11. Cutout from the 'H-NMR spectrum of the quenched reaction (for determination of the

conversion).

Experimental ¥C KIEs for the system were determined from analysis of starting material 3-
phenylpropanal using NMR methodology at natural abundance. Two independent reactions of starting
aldehyde were taken to 772 conversion. The unreacted 3-phenylpropanal was reduced in situ to 3-
phenylpropanol and reisolated for NMR analysis. The reisolated samples KIE1 and KIE2 were compared
to two separate standard samples STD1 and STD2, respectively. The standard samples were prepared
by reducing 3-phenylpropanal taken from the same batch used for the KIE experiments. Experimental
13C KIEs were measured from relative isotopic composition of the two samples and fractional conversion
in a standard way. The isotope effects were then averaged, and a 95% confidence range (C) was

calculated using standard method.
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S is the standard deviation, n is the number of measurements, and tpy is distribution function
corresponding to confidence level n-1.

Figure SI-12. '3C-NMR spectrum of the reduced and reisolated starting material (3-phenylpropanol).

STD1/KIE1

The sample for determination of '3C KIEs was prepared from 160 mg of the reisolated sample KIET,
which was quantitatively transferred to a new 5 mm NMR tube using HPLC grade deuterated chloroform
(CDCl3) to a height of 5 cm. Likewise, 160 mg of standard sample STD1 was also prepared quantitatively
in a 5 mm NMR tube using HPLC grade deuterated chloroform (CDCIs) to a height of 5 cm. For
quantitative measurement, '3C spectra were recorded at 150 MHz using inverse gated decoupling with
an acquisition time of 10 s, delay time 36 s (5 times T1 of slowest relaxing peak) and 128 transients for
acquiring 6 fids for both the samples. A constant integration area was defined for each individual peak
which is equal to 10 times the peak-widths at half-height for each peak. The para carbon of 3-
phenylpropanol was taken as the standard carbon which was set to an integration value of 1000.0000.
All the integrals for STD1 and KIE1 are listed in the tables below.

STD2/KIE2

Similar to the procedure described above, samples for KIE2 and STD2 were each prepared using 268
mg. For quantitative measurement, 3C spectra were recorded at 150 MHz using inverse gated
decoupling with an acquisition time of 10 s, delay time 30 s (5 times T1 of slowest relaxing peak) and
128 transients for acquiring 6 fids for both the samples. The spectra were processed as described for

the above sample. All the integrals for STD2 and KIE2 are listed in the tables below.
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Table SI-6. Standard Sample (STD1 160mg/CDCls).

fid1

1000.9305
2025.1360
2072.8509
1000.0000
1025.5784
1041.1890
996.7377

fid2

1003.0809
2035.2550
2068.8465
1000.0000
1026.0890
1042.1708
999.2351

fid3

1002.0465
2018.4216
2075.8805
1000.0000
1024.6846
1038.5628
996.4748

fid4

1009.6958
2036.3256
2064.7618
1000.0000
1025.4123
1038.6082
1000.5757

fid5

996.4917

2025.5118
2080.6641
1000.0000
1027.1945
1040.9270
996.1794

fid6

1006.0323
2036.9713
2067.4642
1000.0000
1023.1769
1040.9304
1000.3555

Table SI-7. Reaction taken to 77% conversion (KIE1 160mg/CDCls).

fid1

1013.6563
2024.8861
2076.6163
1000.0000
1050.1213
1044.5877
992.6145

fid2

1013.2420
2037.0148
2074.6922
1000.0000
1052.8462
1050.5003
992.3526

fid3

1013.8523
2029.6127
2075.3353
1000.0000
1055.0797
1049.9389
990.7697

fid4

1014.0950
2040.8483
2057.5687
1000.0000
1047.5008
1044.8451
985.5134

fid5

1013.5953
2026.1498
2074.9792
1000.0000
1052.0531
1042.4711
992.9584

Table SI-8. Standard Sample (STD2 268mg/CDCls).

fid1

1013.1913
2057.1301
2100.1524
1000.0000
1015.9678
1032.2505
988.9633

fid2

1015.2475
2050.2951
2100.3305
1000.0000
1014.7441
1032.3731
988.2676

fid3

1017.2836
2057.6368
2098.9928
1000.0000
1015.3965
1034.0529
989.7361

fid4

1012.6850
2052.1572
2101.5752
1000.0000
1015.7316
1031.8139
987.9015

fid5

1014.4221
2051.3216
2103.3006
1000.0000
1014.9892
1032.2724
989.4858
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fidé

1012.7271
2044.3620
2062.1561
1000.0000
1050.8890
1047.6090
985.9063

fidé

1016.6279
2060.7208
2091.8123
1000.0000
1014.8254
1031.1377
988.0125

average

1003.0463
2029.6036
2071.7447
1000.0000
1025.3560
1040.3980
998.2597

average

1013.5280
2033.8123
2070.2246
1000.0000
1051.4150
1046.6587
990.0192

average

1014.9096
2054.8769
2099.3606
1000.0000
1015.2758
1032.3168
988.7278

stddev

4.5072
7.6570
5.8884
0.0000
1.3542
1.4767
2.0267

stddev

0.4839
8.0881
8.1830
0.0000
2.5751
3.2104

cuts=10 X
avg hh
1.5,1.5

2,2

2,2

2,2

3.5,3.5

4.4

8.8

95%

conf
1.007 0.004
1.001  0.005
1.000 0.004
1.000 0.000
1.017 0.002
1.004 0.003

KIE

3.4235 0.994 0.003

stddev

1.8353
4.1923
3.9776
0.0000
0.5038
0.9661
0.7814

cuts=10 X
avg hh
2525

4.4

4.4

4.4

5,5

6,6

4.4
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Table SI-9. Reaction taken to 77% conversion (KIE2 268mg/CDCls).

fid1

1022.9126
2060.4713
2102.8840
1000.0000
1037.2121
1035.0012
991.4310

fid2

1022.9606
2063.4748
2094.4883
1000.0000
1038.4920
1035.9482
989.5594

fid3

1021.5724
2057.1022
2099.5798
1000.0000
1038.6580
1036.6547
988.8080

fid4

1024.8493
2056.2644
2104.5966
1000.0000
1040.5217
1035.4925
992.5506

fidS

1020.9465
2063.5671
2095.5660
1000.0000
1039.7760
1036.0883
991.0334
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fid6

1021.8850
2060.5035
2096.5294
1000.0000
1038.1707
1034.6687
989.8827

average

1022.5211
2060.2306
2098.9407
1000.0000
1038.8051
1035.6423
990.5442

stddev

1.3821
3.0759
4.1225
0.0000
1.1789
0.7347
1.3765

KIE

1.005
1.002
1.000
1.000
1.016
1.002
1.001

95%

conf

0.002
0.002
0.002
0.000
0.001
0.001
0.001



KIE-experiment (2)

O\ ./
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)'”Bu
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100% conversion 19 22b

Standard sample

KIE-Sample: Aminal syn-18b was synthesized according to the literature procedure.??2 The exact time
(20 min) and suitable conditions (equivalents of H20 and TFA, concentration) for 20-30% conversion
were defined by a previously performed kinetic 'TH-NMR-experiment using 1,3,5-trimethoxybenzene as
an internal standard. Aminal syn-18b (3.36 g, 8.00 mmol, 1.0 equiv) was dissolved in MeCN (200 mL),
H20 (0.722 mL, 40.0 mmol, 5.0 equiv) and TFA (3.06 mL, 40.0 mmol, 5.0 equiv) were added
subsequently and the solution was stirred for 20 min at 20 °C. After quenching with saturated aqueous
NaHCOs (200 mL), the aqueous phase was extracted with EtOAc (3x200 mL) three times. The combined
organic phases were dried over NaSO4 and the exact volume of the organic phase was adjusted to 1200
ml. 12 mL were taken from the solution and added to flask containing 1,3,5-trimethoxybenzene (6.73
mg, 40.0 umol) as an internal standard. The solvents were removed under reduced pressure and the
residue was taken up by 1.0 mL of MeCNds. 24% conversion was calculated from the 'H-NMR spectra.
The solvents from the combined organic phases were removed under reduced pressure and the product
was obtained after column chromatography (5:1 pentane/EtOAc). The pure a-chloro aldehyde (0.434 g,
2.57 mmol, 1.0 equiv) was dissolved in EtOH (20.0 mL) and cooled to 0 °C. NaBH4 (0.243 g, 6.43 mmol,
2.5 equiv) was added and the reaction mixture was stirred for 60 min at the same temperature. After
quenching with saturated aqueous NH4Cl, the aqueous phase was extracted with EtOAc (3x20 mL). The
combined organic phases were dried over NaSOs and the solvents were removed under reduced
pressure. The pure B-chloroalcohol (0.350 g, 2.05 mmol, 80%) was obtained after column

chromatography (5:1 pentane/EtOAc).

Standard Sample: Aminal syn-18b (from the same batch as KIE-experiment) (0.840 mg, 2.00 mmol,
1.0 equiv) was dissolved in MeCN (50 mL), H20 (0.180 mL) and TFA (0.765 mL) were added
subsequently and the solution was stirred at 20 °C until TLC showed complete conversion of the aminal

(9 h). After quenching with saturated aqueous NaHCO3 (40 mL), the aqueous phase was extracted with
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EtOAc (3x50 mL). The combined organic phases were dried over NaSO4 and the solvents were removed
under reduced pressure. '"H-NMR of the crude sample confirmed complete conversion of the aminal.
The product was obtained after column chromatography (5:1 pentane/EtOAc). The pure a-chloro
aldehyde (0.301 g, 1.79 mmol, 1.0 equiv) was dissolved in EtOH (15 mL) and cooled to 0 °C. NaBH4
(0.169 g, 4.46 mmol, 2.5 equiv) was added and the reaction mixture was stirred for 60 min at the same
temperature. After quenching with saturated aqueous NH4Cl (10 mL), the aqueous phase was extracted
with EtOAc (3x20 mL). The combined organic phases were dried over NaSO4 and the solvents were
removed under reduced pressure. The pure B-chloro alcohol (0.240 g, 1.41 mmol, 79%) was obtained

after column chromatography (5:1 pentane/EtOAc).

TH-NMRs are in accordance with the literature.??

Product KIEs were performed by isolating the product 2-chloro-3-phenylpropanal from a reaction of syn-
aminal (syn-18b) taken to 24% conversion and reduced insitu to 2-chloro-3-phenylpropanol. The
standard sample was prepared by isolating the product taken to 100% conversion and reduced in situ
Experimental '3C KIEs were measured from changes in relative isotopic composition and fractional

conversion.

STD/KIE

Similar to the procedure described for determination of '3C KIEs for 3-phenylpropananol, low conversion
and 100% conversion samples of 2-chloro-3-phenylpropanol were each prepared using 231 mg. For
guantitative measurement, '3C spectra were recorded at 150 MHz using inverse gated decoupling with
an acquisition time of 10 s, delay time 30 s (5 times T1 of slowest relaxing peak) and 128 transients for
acquiring 6 fids for both the samples. The spectra were processed as described for the previous
samples. A representative spectrum along with integration for both samples are shown in the table
below. This experiment was not performed in duplicate due the challenges associated with synthesizing
a larger quantities of syn-18b required for the experiment.

Figure SI-13. 'SC-NMR spectrum of the reduced decomposition product of syn-18b (2-chloro-3-
phenylpropanol).
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Table SI-10. Standard Sample (STD 231mg/CDCls).

cuts=10 X avg
hh
1026.0648 1026.8439 1026.4918 1024.7271 1028.6749 1025.2016 1026.3340 1.3930 2,2
2002.9656 2004.9762 2001.9009 2000.6530 2004.8393 2002.2518 2002.9311 1.7051 2.52.5
1999.7604 2000.0493 2000.2890 1998.7059 1999.6764 1997.1237 1999.2675 1.1812 25,25
1000.0000 1000.0000 1000.0000 1000.0000 1000.0000 1000.0000 1000.0000 0.0000 3,3
994.7805 991.0943 994.3898 995.1336 991.5581 992.6222 993.2631 1.7374 3,3
1046.7547 1043.5144 1045.1485 1037.3534 1045.1662 1045.3339 1043.8785 3.3577 10,10
997.2385 998.3051 1000.9168 999.3783 998.0785 996.2951 998.3687 1.6234 4,4

peak fid1 fid2 fid3 fid4 fid5 fid6 average stddev

N o o A WD =

Table SlI-11. Reaction taken to 24% conversion (KIE 231mg/CDCls).
peak fid1 fid2 fid3 fid4 fid5 fidé average stddev  KIE 95%
conf
1021.2407 1023.3972 1024.4986 1027.7109 1033.4467 1030.6276 1026.8203 4.6355 0.999 0.004
1997.0448 2001.1775 2004.2681 2004.6367 2011.8553 2003.1204 2003.6838 4.8723 1.000 0.002
1994.1101 1997.2838 1999.9637 1994.5238 2005.8038 1998.4097 1998.3492 4.2877 1.001 0.002
1000.0000 1000.0000 1000.0000 1000.0000 1000.0000 1000.0000 1000.0000 0.0000 1.000 0.000
984.5027  985.8564  986.8568  986.6361  988.6683 987.7684  986.7148 1.4548 1.008 0.002
1043.8129 1042.6836 1040.2764 1043.1687 1045.8196 1043.1081 1043.1449 1.7913 1.001 0.003

997.5046  998.9728  1000.1525 999.9749  1002.1993 998.2256  999.5050 1.6626 0.999 0.002

N o o A W NN =

38



Theoretical Studies

General Information:

All the DFT calculations presented in the manuscript were performed using B3LYP/6-31+G**PCM
(solvent = acetonitrile) level of theory as implemented in Gaussian16. All the starting materials and
intermediates were verified as true minima (no imaginary frequencies) whereas all the transition states
for the system were characterized by one imaginary frequency. Single point energy calculations were
performed separately using B3LYP functional with Grimme’s dispersion correction with Becke-Johnson
damping (D3-BJ) and a triple-C basis set (6-311+G**) and a PCM solvent model for acetonitrile was also
applied to all single point geometry optimizations. Gibbs free energies were estimated at reaction
temperature 243 K and were corrected using Grimme’s quasi-RRHO approach. Each intermediate along
the reaction coordinate were located by performing Paton’s quick reaction coordinate (QRC) procedure
from the respective transition states. A thorough conformation search was done for all the optimized
transition state and intermediate geometries to identify the lowest energy geometry for each stationary
point. Cartesian coordinates of all computed starting materials, intermediates, and transition states are
included in the section below. The lowest energy conformation for each transition state reported in the
manuscript is highlighted in red. The higher energy conformations for each transition state are also
included along with their relative energies.

Exploring the origins of enantioselectivity:

From the computed reaction coordinate diagram shown in Figure 3 of the manuscript, the chlorination
of the enamine intermediate (TS4) is irreversible, and the enantioselectivity-determining step of the
reaction. Accordingly, we modeled the approach of NCS (6) to either face of the two possible (E)-
enamine intermediates. After a thorough conformational search, the lowest-energy TS for each distinct
approach was identified. The approach of 6 from the Re-face of enamine that is syn-to the t-butyl group
of the catalyst 3¢ was found to be the lowest-energy TS leading to the formation of the (S)-enantiomer
of 19 (TS4-S1). In contrast, the TS for the approach of 6 to the Si-face of the enamine that is antito the
t-butyl group of 3c (TS4-R1) was identified as the lowest energy TS for the formation of the (R)-
enantiomer of 19. The AAG? between these two TSs is 2.9 kcal mol' favoring TS4-S1 — a value that is

qualitatively consistent with the >90% ee observed for this reaction.
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TS4-S, TS4-S,
AG* = 9.3 kcal/mol AG* =10.7 kcal/mol

R 2.45

TS4-R, TS4-R,

AG* = 12.7 kcal/mol

Figure SI-14. Lowest energy transition states for the front and back approach of 6 to the two distinct
(E)-enamine intermediates calculated at the B3LYP-D3(BJ)/6-311+G** PCM(acetonitrile)// B3LYP/6-
31+G** PCM(acetonitrile) level of theory. Some hydrogen atoms have been removed for clarity in the
3D representation of the key transition structures. Key bond-forming and bond-breaking distances are

°

in angstroms (A).

Computed pathways for the formation of all diastereomers of the aminal intermediate:

In the manuscript, we have described the formation of syn-18b and anti-18b from the Z-chloroiminium
ion (Int4). We have also computed the formation of diastereomeric aminals (syn-18b” and anti-18b")
from the E-chloroiminium ion with the same S-configuration at the a-carbon (Int4’). The reaction
coordinate diagram for the formation of all four aminal diastereomers from the respective enamine
intermediates (Int3 and Int3") is shown in the Figure below. It is important to note that even though Int4”
is lower in energy that Int4, the barrier for its formation from Int3" is 1.4 kcal mol' higher in energy than
the barrier for formation of Int4 from Int3 (see Figure below). If Int4” forms, then it faces only a
6.2 kcal mol barrier to form anti-18b” via TSsyn18b'.In contrast, formation of syn-18b” from Int4” faces a

much higher barrier of 17.2 kcal mol-! via TSant-18b"-
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Figure SI-15. Reaction coordinate diagram for the formation of diastereomeric aminals from the
respective enamines calculated at the B3LYP-D3(BJ)/6-311+G** PCM(acetonitrile)// B3LYP/6-31+G**
PCM(acetonitrile) level of theory. Some hydrogen atoms have been removed for clarity in the 3D
representation of the key transition structures. Key bond-forming and bond-breaking distances are in

o

angstroms (A).

In the manuscript, we show the pathway that converts Int4 to syn-18b and anti-18b via TS5 and TS5".
These transition structures are TSsyn-18p and TSan-18b respectively in the Figure above. We implied that
syn-18b and anti-18b re-entered the catalytic cycle as the Z-chloroiminium ion (Int4) via these same
transition states (principle of microscopic reversibility). However, there is a possibility of a C-N bond-
rotation event that converts syn-18b to syn-18b” and anti-18b to anti-18b" and subsequent re-entry of
these intermediates into the catalytic cycle as the E-chloroiminium intermediate (Int4") via TSsyn-180- and
TSani18v. This possibility is unlikely for the syn-aminal since TSsy18b" is significantly higher in energy
that TSsy+180. On the other hand, such a pathway is more than likely for the anti-aminal since TSani18b’
is lower in energy that TSan180. We computed the reaction coordinate for the conversion of anti-18b” to
the 2-chloroaldehyde product via the three sequential transition states TSam1sp. TS67, and TS7
corresponding to re-entry into the catalytic cycle as the E-chloroiminium, hydrolysis, and catalyst
regeneration and product release (Figure below). Incidentally, the highest energy barrier for this reaction
pathway is re-entry into the catalytic cycle via TSani18v7, Which is identical to the relative energetics of
the corresponding transition states in the conversion of syn-18b to the product 19 described in Figure 4

of the manuscript.

41



TSa\nb’-Isb'

TSanfi‘ISh'
58
o
>;N\ -TFA
/‘\N/ “t-Bu
o — —
ol H\ [ 02 -0.4
N ) anti18p’ Int4’

o Q. 7
N
A ’z_ 18U
L tBu
o=~=o N
H cl H

Bn

TS6'
Hydrolysis of chloroiminium ion

I
P LD,
NS

e
\
g

o

-~

—

TS6”
5.1

_/ V\

0.0
Int4a”

IntS’

O v

0 / jN
) TFA” “tBu
N
i i

N
) """ tBu N

. -
+ HZO Bn

Bn

TS7

“TFA

TS7
Catalyst regeneration and
product release

—

5.7
19+3c+TFA

Figure SI-16. Reaction coordinate diagram for the conversion of anti-18b” to 19 calculated at the
B3LYP-D3(BJ)/6-311+G** PCM(acetonitrile)// B3LYP/6-31+G** PCM(acetonitrile) level of theory. Some

hydrogen atoms have been removed for clarity in the 3D representation of the key transition structures.

Key bond-forming and bond-breaking distances are in angstroms (A).
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C  -2.5421370  -1.4694220  -0.4650670
Table SI-12. Coordinates and energies of g 'g-zggigg '}-2‘1)32328 ‘é -37232322338
computed structures. H  -1.9560190  -2.3888790  -0.3889400
C  -1.4809210  -0.5254740 1.6153320
Starting Materials H -09261150  -1.4578230 1.7573130
H  -24212300 -0.6094630 2.1713200
3-Phenylpropanal (sm.log) H -0.9064070 0.2944330 2.0606280
Free Energy = -424.09683
Zero-point Energy = -424.07017 Trifluoroacetic acid (tfa.log)
Potential Energy = -424.23595 Free Energy = -526.81566
Single-Point Energy B3LYP-D3(BJ)/6-311+G** PCM =-  Zero-point Energy = -526.79175
424.35584 Potential Energy = -526.83013
Free Energy B3LYP-D3(BJ)/6-311+G** PCM (extrapolated = Single-Point Energy B3LYP-D3(BJ)/6-311+G** PCM = -
free energy from qRRHO) = -424.21671 526.98128
Charge = 0 Multiplicity = 1 Free Energy B3LYP-D3(BJ)/6-311+G** PCM (extrapolated
C  -33413160  -0.0005570 0.5403040 free energy from qRRHO) = -526.96680
H  -3.9288280  -0.0002450 1.4807970 Charge = 0 Multiplicity = 1
C  -1.8491150  -0.0005340 0.7243600 C 0.9502640  -0.1544060  -0.0000050
H -1.6071760 0.8704580 1.3516390 C  -0.5942250 0.0015770 0.0000060
H -1.6070840  -0.8719850 1.3509560 (0] 1.4971790  -1.2288920  -0.0000170
C  -1.0313240 0.0000370  -0.5758450 (0] 1.5236480 1.0442750  -0.0000080
H -1.3069810 -0.8785130  -1.1687130 H 2.4938330 0.9458880  -0.0000090
H -1.3071090 0.8790120  -1.1680190 F  -1.0055400 0.6793790 1.0919440
C 0.4615430 0.0000500  -0.3184150 F  -1.1885270  -1.1982590  -0.0002140
C 1.1687220 1.2054270  -0.1841310 F  -1.0055640 0.6797710  -1.0917070
C 1.1688060  -1.2053300  -0.1845390
C 2.5419580 1.2082530 0.0802440 Water (h20.log)
H 0.6406430 2.1499560  -0.2924210 Free Energy = -76.43466
C 2.5420360  -1.2081510 0.0798330 Zero-point Energy = -76.42090
H 0.6407890  -2.1498560  -0.2931560 Potential Energy = -76.44210
C 3.2340200 0.0000540 0.2141230 Single-Point Energy B3LYP-D3(BJ)/6-311+G** PCM = -
H 3.0706490 2.1524890 0.1765460 76.46677
H 3.0707990  -2.1523810 0.1758140 Free Energy B3LYP-D3(BJ)/6-311+G** PCM (extrapolated
H 4.3012090 0.0000500 0.4160980 free energy from qRRHO) = -76.45933
O -3.9173610 0.0006900  -0.5356430 Charge = 0 Multiplicity = 1
O  -0.0000000  -0.0000000 0.1177180
Catalyst (cat.log) H  -0.0000000 0.7669030  -0.4708720
Free Energy = -538.35806 H  -0.0000000  -0.7669030  -0.4708720
Zero-point Energy = -538.32923
Potential Energy = -538.59681 N-chlorosuccinimide (suc.log)
Single-Point Energy B3LYP-D3(BJ)/6-311+G** PCM = -  Free Energy = -820.19336
538.76234 Zero-point Energy = -820.16822
Free Energy B3LYP-D3(BJ)/6-311+G** PCM (extrapolated Potential Energy = -820.24947
free energy from qRRHO) = -538.52359 Single-Point Energy B3LYP-D3(BJ)/6-311+G** PCM = -
Charge = 0 Multiplicity = 1 820.38399
C  -04544180  -0.1166990  -0.6994830 Free Energy B3LYP-D3(BJ)/6-311+G** PCM (extrapolated
N 0.4266560 1.0008460  -0.2914750 free energy from qRRHO) = -820.32788
C 1.5852240 0.5777350 0.2652530 Charge = 0 Multiplicity = 1
(0] 2.4887570 1.3031530 0.7022350 C  -0.4323230 1.1871590 0.0000130
C 1.5745020  -0.9521890 0.2523210 C  -1.8907470 0.7700950 0.0001270
N 0.4181660  -1.3045010  -0.5947510 C  -1.8907470  -0.7700950 0.0000880
H 0.7590160  -1.5344140  -1.5245490 C  -04323230  -1.1871590  -0.0000720
C 2.8849960  -1.5589870  -0.2398010 N 0.3190470  -0.0000000  -0.0000370
H 37062150  -1.2645140 0.4186440 H  -2.3726500 1.1995430 0.8824860
H 2.8194820  -2.6512640  -0.2414640 H  -2.3728100 -1.1995470  -0.8821820
H 3.1204180  -1.2213170  -1.2554950 H  -2.3726010  -1.1995720 0.8824610
H 1.3979930  -1.2887160 1.2835090 H  -2.3727600 1.1995770  -0.8821560
C 0.1807200 2.4085020  -0.5718670 0] 0.0417140  -2.3036950  -0.0001500
H  -0.2985190 2.9212640 0.2681390 (0] 0.0417140 2.3036950 0.0001580
H  -0.4580440 24993570  -1.4525720 Cl 2.0274650  -0.0000000  -0.0000790
H 1.1386980 2.8949920  -0.7695520
H  -0.7422380 0.0344340  -1.7475790 Succinimide (suc-h.log)
C  -1.7730610  -0.2694120 0.1258260 Free Energy = -360.63967
C  -2.6574980 0.9869790  -0.0160930 Zero-point Energy = -360.61626
H  -2.8146340 1.2546050  -1.0678020 Potential Energy = -360.70798
H  -3.6416030 0.7942700 0.4248400 Single-Point Energy B3LYP-D3(BJ)/6-311+G** PCM = -
H  -2.2356580 1.8533340 0.4996520 360.81019
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Free Energy B3LYP-D3(BJ)/6-311+G** PCM (extrapolated
free energy from qRRHO) = -360.74188

Charge = 0 Multiplicity = 1

-1.1670680 0.2088320  -0.0006280
-0.7696220  -1.2596600 0.0000790

0.7696220  -1.2596600 0.0000120

C 0.3191370  -2.8959460  -2.7521310

H  -03477650  -3.7452600  -2.5959650

H  -0.1862780  -2.1628410  -3.3899950

H 1.1906660  -3.2640160  -3.3007970

C 1.8810950  -1.2287830  -1.7922360

H 1.4532620  -0.3969480  -2.3629220

1.1670680 0.2088320  -0.0005610 H 24164870  -0.8211430  -0.9355300

0.0000000 0.9594370  -0.0000830 H 2.6304770  -1.7093760  -2.4282470

-1.2020090  -1.7408940 0.8816570 C 1.4031990  -3.3998650  -0.5580700
1.2020600  -1.7415660  -0.8811660 H 0.6525450  -4.1562520  -0.3089970

1.2020730  -1.7409440 0.8815300 H 2.1948060  -3.8999530  -1.1244980

-1.2021240  -1.7416150  -0.8810400 H 1.8539350  -3.0415460 0.3699470
2.2926660 0.6803470 0.0002360 C  -1.3324190  -1.3964190 2.9124170

-2.2926660 0.6803470 0.0004760 H  -0.6244830  -0.8030320 3.4910270
0.0000000 1.9733530 0.0004920 H  -2.2053760  -0.7788260 2.6859920

H  -1.6578290  -2.2470480 3.5158720

TOOCIETIZITZAOOOAN

Intermediates H -1.1988590 -0.2659730 0.5455450

Intl.log Int2.log

Potential Energy = -1489.67565 Potential Energy = -1489.67471

Zero-point Energy = -1489.19554 Zero-point Energy = -1489.20052

Free Energy = -1489.23816 F_ree Energy =-1489.24669

Single-Point Energy B3LYP-D3(BJ)/6-311+G** PCM = - Single-Point Energy B3SLYP-D3(BJ)/6-311+G** PCM = -
1490.13898 1490.13451

Free Energy B3LYP-D3(BJ)/6-311+G** PCM (extrapolated Free Energy B3LYP-D3(BJ)/6-311+G** PCM (extrapolated
free energy from QRRHO) = -1489.70148 free energy from qRRHO) = -1489.70649

Charge = 0 Multiplicity = 1 Charge = 0 Multiplicity = 1

-0.9076670  -1.4510240  -0.3872190
-0.7053740  -2.8638920 1.5019160
0.7227300  -2.6529040 0.9841170
0.5181550  -1.4692480 0.0906370
-1.5554800  -2.1514540 0.7253680
-1.0033980  -3.5500940 2.4755070
-2.9582150  -1.9579010 1.0920940
-3.5989610  -2.7370730 0.6714540
-3.0323810  -1.9934810 2.1804440
-3.2843840  -0.9790670 0.7399530
1.3809230  -0.5192300  -0.0314960
1.2192450 0.7867870  -0.7149230
2.4250840 1.1515040  -1.6268150
2.4994840 0.4246100  -2.4409870
2.1759710 2.1138820  -2.0854520
1.7463740  -2.4673650 2.0931350
1.6535160  -3.3229180 2.7662070
27672300  -2.4599330 1.7041890
1.5515820  -1.5515990 2.6568910
0.9956780  -3.5047370 0.3536320
-1.1152890  -2.1068240  -1.7988310
-1.2533120  -0.4145590  -0.3978180
-2.6229500  -2.0259360  -2.1323180
-2.7730020  -2.3302500  -3.1725630
-3.2195590  -2.6943650  -1.5080200
-3.0105980  -1.0074450  -2.0241620
-0.3458890  -1.3109870  -2.8717890
-0.6860510  -0.2724570  -2.9338690
0.7353230  -1.3221330  -2.7055950
-0.5233210  -1.7697240  -3.8490820
-0.6677540  -3.5802940  -1.8427280
-1.1401380  -4.1777900  -1.0567630
-0.9632340  -4.0144800  -2.8027090
0.4190780  -3.6853190  -1.7664190
1.1649890 1.5129720 0.1086330
0.2856240 0.8612390  -1.2682000
3.7537620 1.2537760  -0.9029550
4.0146940 2.3280740  -0.0361460
4.7496640 0.2823880  -1.0826630
5.2355070 2.4255990 0.6357360
3.2608890 3.0982630 0.1094100

1.9462360  -0.4304000 1.7290860
2.3898140  -1.2580300 1.1725630
1.5830110  -0.8318660 2.6796860
3.0381520 0.6197670 2.0485670
0.7674580 0.1622330 0.9633750
0.1653840 1.1293300 1.7475260
-0.4028390 1.7375180 1.1951310
1.0625910 0.5568670  -0.0119310
-1.5240140 2.6278790 0.3369240
-2.4769980 1.8901530  -0.0099700
-3.7216940 2.6623270  -0.5525430
-3.3819940 3.4704220  -1.5886500
-4.7076170 1.8510100  -0.9891620
-4.2547680 3.4549600 0.4131970
-2.5666420 0.6405150 0.0248780
3.7589450 0.1333660 2.7145960
3.7702050 1.1735960 0.8414430
4.8448520 0.4704380 0.2722390
3.3971740 2.3983560 0.2656780
5.5209050 0.9699360  -0.8443490
5.1592610  -0.4733240 0.7121220
4.0697700 2.9020450  -0.8528430
2.5785320 2.9661620 0.7006990
5.1334150 2.1882660  -1.4129520
6.3523320 0.4120300  -1.2660380
3.7655930 3.8529270  -1.2813190
5.6596190 2.5796740  -2.2787650
2.5813280 1.4368810 2.6134460
-0.3493590  -0.8927940 0.6102410
-0.6980180  -1.9453390 1.6396240
-0.4468280  -1.5868290  -0.7713480
-1.6725010  -2.8154890 0.8395450
0.2008640  -2.5205480 1.8718850
-0.7990720  -0.8075150  -1.4532840
-2.4718120  -3.6122840 1.3238100
-1.5482370  -2.5083160  -0.4756630
-2.5552190  -2.9395790  -1.4468020
-2.3812470  -3.9641360  -1.7847900
-3.5363920  -2.8905320  -0.9699830
-2.5382840  -2.2690890  -2.3056680
0.8043460  -2.2703720  -1.4179650
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5.9742900 0.3767590  -0.4120960
4.5694440  -0.5514930  -1.7568160
6.2199550 1.4481700 0.4506480
5.4200860 3.2658580 1.2988600
6.7333200  -0.3846850  -0.5667840
7.1700720 1.5245520 0.9711210
23367140  -0.6964060 0.4541960
0.2055980 0.6727320 2.5360000
-0.5650500 1.0245000 2.0250470
0.3612240 1.3062950 3.2479440
-1.8272060 1.3783850 0.8585520
-2.4962880 2.4448910 0.9188010
-3.5454270 25697760  -0.2410770
-2.4417150 3.3874580 1.7255190
-4.3615340 3.6413520  -0.1226540
-4.3489880 1.4744090  -0.3167630
-2.9249700 2.6827500  -1.4496620

-2.0324260 4.8503100 0.2406480
-1.3193820 5.0112630 1.0559370
-2.2170010 5.8205370  -0.2325960
-2.9796260 4.5072470 0.6686220
3.5687840  -2.9985350 0.9397540
1.8919410  -5.3503410 0.2203270
3.8924930  -0.6320820  -0.9117720
4.8011550  -0.2227150  -1.0884920
5.6235100  -0.4107390  -0.0808380
5.4112800  -0.9962000 0.9590350
7.0013900 0.2419270  -0.3793350
6.8699910 1.5709780  -0.5864840
7.5587580  -0.2956490  -1.4872250
7.8512910 0.0625310 0.6426210
-4.1410040  -0.3493710  -2.9941210
-4.7545800  -1.3986480  -1.2351620
-6.0382910  -0.8318760  -1.1939430
-4.5036130  -2.5347980  -0.4500470
-7.0428470  -1.3805660  -0.3904470
-6.2535360 0.0446210  -1.8007330
-5.5043350  -3.0882180 0.3552080
-3.5175480  -2.9913900  -0.4718620
-6.7784160  -2.5119950 0.3884050
-8.0306510  -0.9282820  -0.3769950
-5.2898060  -3.9706590 0.9516830
-7.5578880  -2.9427040 1.0103600

TTHTONAQAOTIOTZITTOTAO

Int3.log

Potential Energy = -2233.46906

Zero-point Energy = -2232.93826

Free Energy = -2232.98928

Single-Point Energy B3LYP-D3(BJ)/6-311+G** PCM = -
2234.04146

Free Energy B3LYP-D3(BJ)/6-311+G** PCM (extrapolated
free energy from qRRHO) = -2233.56168

Charge = 0 Multiplicity = 1

TTZTTOIZTOZONNQNDTTTO0OANO0O T T T T T IO

-1.1664720 24657730  -0.1544700 Int4.log
-0.8513740 22752420 2.1757360 Potential Energy = -2233.52559
-2.3119350 1.9105080 1.9023010 Zero-point Energy = -2232.99216
-2.3392020 1.7958790 0.4289940 Free Energy = -2233.04199
-0.2484460 2.5334850 0.9948030 Single-Point Energy B3LYP-D3(BJ)/6-311+G** PCM = -
-0.3144210 2.3101580 3.2878670 2234.09921
1.1866930 2.7691910 0.9011040 Free Energy B3LYP-D3(BJ)/6-311+G** PCM (extrapolated
1.6843780 2.1758760 1.6709860 free energy from qRRHO) = -2233.61562
1.5438040 24572960  -0.0813760 Charge = 0 Multiplicity = 1

1.4423890 3.8218890 1.0576150 0.9402390 2.2301840 0.5755130
-2.9811220 0.7477450  -0.2013560 C 0.5027330 4.1457900  -0.7397400
-3.7572350 0.3006010 0.4096050 1.9868650 3.8132210  -0.9631080
-2.71937670 0.2608730  -1.4531300 2.0249080 2.4045230  -0.4527940
-3.6703920  -0.7961890  -2.1066510 -0.0284770 3.2119810 0.0836410
-3.0300030  -1.6017840  -2.4904950 -0.0837880 5.0894640  -1.2598720
-2.0634830 0.7088280  -2.1199590 -1.4705080 3.1036440 0.3140480
-2.7364480 0.6738020 2.6927140 -1.9822690 3.4779800  -0.5743480
-2.5204360 0.8572640 3.7484130 -1.7275290 2.0537610 0.4670710
-3.8080210 0.4825230 2.5981590 -1.7870090 3.6961130 1.1761920
-2.1859090  -0.2162640 2.3742630 2.7454050 1.4817430  -0.9874700
-2.9320000 2.7584290 2.2277080 3.4500860 1.8019600  -1.7499830
-1.4940740 3.8573210  -0.8060200 2.6813470 0.0069470  -0.7343940
-0.7157310 1.8236720  -0.9210120 4.0810820  -0.5922070  -0.5054300

-0.6328290  -1.4406910  -0.4240500 4.7390100  -0.2847360  -1.3239030

0.6830970  -2.5138660  -0.0345290 4.4684180  -0.1297800 0.4103860

0.4805070  -3.7822890 0.5498390 1.9639690  -0.2813880 0.0330220

2.0047690  -2.1910920  -0.2610340 2.4441960 4.0079270  -2.3990230

1.8549980  -4.3933150 0.7470550 2.2023740 5.0366690  -2.6757610

2.8523010  -3.3582650 0.1963350 3.5239480 3.8811440  -2.5036970

1.9936620  -4.5954540 1.8126050 1.9227810 3.3364590  -3.0864960

3.4239780  -3.7275400  -0.6600470 2.5907930 4.4261560  -0.2877630

23748020  -1.1276540  -0.7528730 1.4341060 2.4492160 2.0519330
-0.6062310  -4.2424560 0.8226390 0.5295620 1.2191770 0.4936670
-0.2292940 44427310  -1.4710590 1.9440840  -0.5927850  -2.3085880
-0.5034150 5.3241060  -2.0605060 0.2090740 2.2460370 2.9736820

0.5191650 4.7617330  -0.7420670 0.5486150 2.2349770 4.0137550

0.2379380 3.7224030  -2.1528340 -0.5172130 3.0558250 2.8760750
-2.5584360 3.6566090  -1.9043720 -0.2924930 1.2945410 2.7735490
-2.1929380 3.0079730  -2.7075700 2.4841840 1.3786940 2.4044470
-3.4771210 3.2217720  -1.5022470 2.0792960 0.3693310 2.2897890
-2.8069850 4.6255750  -2.3503730 3.3947320 1.4774860 1.8050190

a

-
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-5.2204640 1.6237170  -1.3413180
-5.4755720  -0.0730440  -0.9462230
-5.1512320 1.1046410 0.3452410
-2.6791020 19586820  -0.6596500
-2.9102910 2.3953910 0.3175530
-1.5939840 1.8966420  -0.7758730
-3.0406400 2.6604550  -1.4168920
-3.1018020 0.0942390  -2.2904840
-3.5533630  -0.8857840  -2.4731620
-3.5448580 0.7933110  -3.0060820
-2.0316130 0.0402470  -2.5099730
-1.5386970 1.4502730 1.7886430
0.6941620 2.7826230 0.7489030
0.0575970 4.0321350 0.8053310
1.4137910 24405040  -0.4062140
0.1303800 4.9182230  -0.2723730
-0.4925490 4.3154130 1.6991690
1.4861780 3.3258760  -1.4865580
1.9268520 1.4844260  -0.4538080
0.8434730 4.5656320  -1.4234280
-0.3638680 5.8834290  -0.2113780
2.0507550 3.0486270  -2.3720580
0.9033330 5.2549600  -2.2605080
-0.7270040  -0.0834880 3.4123120
0.5305050  -0.5953730 0.6739480
0.6578420  -0.6755290  -2.7444460
1.5411640  -0.7915010  -2.3165700
3.1296830  -1.0929550  -1.6112530
3.3478300  -1.0444570  -0.3760050
4.8433580  -1.3228350 0.0009640
2.5720920  -0.8066350 0.5724530
52605550  -2.5262780  -0.4752800
5.6662370  -0.3807570  -0.5359510
5.0757760  -1.3294200 1.3330070
0.6851830 0.1942080  -3.1631330

2.7812480 1.4993960 3.4504460
2.0232770 3.8502860 2.2981650
1.3376190 4.6469180 1.9929090
2.2057970 3.9736950 3.3700080
2.9847450 3.9922280 1.7947840
-4.6968210  -0.5822140  -0.5044950
-5.1131530  -1.1676640  -1.6866090
-5.7182360 0.0131040 0.2131920
-6.6157670  -0.9585470  -1.8197010
-7.0173420  -0.1761770  -0.5586030
-7.1030100  -1.9345370  -1.8984060
-7.7299820  -0.7113950 0.0752450
-7.4467460 0.8059610  -0.7755470
-6.8168200  -0.4171750  -2.7484660
-5.5737010 0.5869480 1.2843430
-4.3766780  -1.7480110  -2.4727230
4.0952020  -2.1008840  -0.3592940
4.5129340  -2.9137850  -1.4226040
3.7082090  -2.7091430 0.8446030
4.5360160  -4.3057020  -1.2904990
4.8249520  -2.4566540  -2.3575660
3.7275560  -4.0998270 0.9784350
3.3966170  -2.0960600 1.6859870
4.1406900  -4.9026520  -0.0900150
4.8642030  -4.9201600  -2.1237840
3.4261290  -4.5544150 1.9175990
4.1590860  -5.9834430 0.0147770
-3.7112260  -0.5937930  -0.1843440
0.0996000  -0.9122890 0.9713150
-1.1159290  -1.1300350 0.7838390
-1.9890280  -0.4009980 0.2577920
-1.5906120  -2.5334120 1.2983540
-0.9371750  -3.5386520 0.6568490
-2.9146170  -2.7571000 1.1266560
-1.3378790  -2.6842920 2.6260660
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Int4a.log syn-18b (syn-aminal).log

Potential Energy = -1949.26126 Potential Energy = -2233.52383

Zero-point Energy = -1948.79604 Zero-point Energy = -2232.98813

Free Energy = -1948.84194 Free Energy = -2233.03620

Single-Point Energy B3LYP-D3(BJ)/6-311+G** PCM = - Single-Point Energy B3LYP-D3(BJ)/6-311+G** PCM = -
1949.75917 2234.10822

Free Energy B3LYP-D3(BJ)/6-311+G** PCM (extrapolated Free Energy B3LYP-D3(BJ)/6-311+G** PCM (extrapolated
free energy from qRRHO) = -1949.33986 free energy from qRRHO) = -2233.62060

Charge = 0 Multiplicity = 1 Charge = 0 Multiplicity = 1

-0.4491690  -1.7975970 1.1574570
-1.5239110  -3.7805250 0.4830270
-2.5342340  -2.6316080 0.3980450
-1.6701200  -1.4104740 0.4124130
-0.3499070  -3.2517390 0.8952080
-1.7378290  -4.9712520 0.2287250
0.8717840  -4.0428360 0.9685090
0.8645170  -4.7706060 0.1536310

1.7374070  -3.3879500 0.8578660
0.9563130  -4.5866740 1.9145590
-1.5216920  -0.6556080  -0.8301570
-2.3139000  -0.9715680  -1.5076500
-1.7364110 0.8661820  -0.5967830
-3.1391240 1.1523050  -0.0449680
-3.8827000 0.7665050  -0.7502160
-0.9583350 1.2858360 0.0367750
-3.5586120  -2.7996610  -0.7177210
-4.1242620  -3.7111330  -0.5079500
-4.2673270  -1.9664040  -0.7298210
-3.1033820  -2.9052280  -1.7037040
-3.0927780  -2.6355340 1.3413190
-0.4513420  -1.4065050 2.6785170
0.4236440  -1.3086810 0.7267240

-2.9040680  -0.4194010 0.2350550
-2.6325550  -2.6725610  -0.4206930
-1.2574720  -2.0274910  -0.6080670
-1.4376240  -0.7549740 0.1673800
-3.4767610  -1.7587520 0.1195280
-2.8985910  -3.8425840  -0.6762100
-4.7923660  -2.1362520 0.6348710
-5.5494840  -2.1479020  -0.1532200
-4.7169250  -3.1372150 1.0635260
-5.0911810  -1.4325230 1.4123930
-0.4784210  -0.1969400 0.8226760
-0.6089920 0.8921270 1.8509710
0.6110340 1.8250560 1.9247100
0.5205620 2.3889040 2.8568570
1.5157700 1.2140160 1.9877750
-0.1269740  -2.9228550  -0.1213980
-0.2065090  -3.8660360  -0.6668420
0.8500250  -2.4865910  -0.3300750
-0.2131470  -3.1336140 0.9484260
-1.0885910  -1.7528200  -1.6541730
-3.3771390 0.6021360  -0.8629000
-3.1201270  -0.0123440 1.2258540
-4.8976800 0.8140910  -0.6800610
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-1.5075070 1.4056490 0.9815060
0.7798260  -2.5898450  -1.9130310
1.1464220  -3.4635690  -2.4574550

-0.2158730  -2.8261270  -1.5296960
0.7045620  -1.7555190  -2.6169870
1.7989960  -3.1750510  -0.1239160
3.3730440  -0.6330290 1.7646110
2.7947160 0.6585110 0.1191560
4.8176950  -0.1036950 1.8969710
5.1080340  -0.1055460 2.9527070
5.5372040  -0.7273040 1.3614860
4.9106770 0.9260690 1.5335750
2.4938300 0.1870880 2.7312480
2.5490060 1.2587960 2.5051630
1.4432880  -0.1105950 2.7060870
2.8493720 0.0509060 3.7577440
3.3463780  -2.1192400 2.1630480
3.9600680  -2.7275570 1.4899480
3.7492100  -2.2399940 3.1741220
23292020  -2.5227180 2.1622510
0.9591250 1.5815620 0.6189800

-1.1448710 3.2569880  -0.0296560

-0.6636340 4.0147090 1.0501740

-1.6670460 3.9325440  -1.1415380

-0.6924050 5.4113320 1.0140520
-0.2700580 3.5110630 1.9300370

-1.7014550 5.3304200  -1.1804510
-2.0501870 33611940  -1.9828680

-1.2113670 6.0745520  -0.1034320
-0.3169830 5.9802880 1.8598650
-2.1112780 5.8351730  -2.0506910
-1.2378360 7.1599870  -0.1311740

1.0022510 1.5561170  -1.7515770

-0.3244410  -0.8018520  -0.8102060
-0.4673670  -0.7159980 1.2419540
-2.0000610  -1.1423450 1.1659450
0.0218740  -1.4334340 1.6737380
-2.9808750  -1.4074570 1.2305400

-3.4575800  -1.8027600 0.0724130

-4.9484380  -2.2165940 0.2141020
-2.8808970  -1.8647910  -0.9923350

-5.0818620  -3.2388260 1.0887070

-5.6949440  -1.1853330 0.6677750

-5.4548690  -2.6094800  -0.9641920

a

-1.5383760 1.7378200  -2.2092710
-0.2798400  -0.9287740  -1.6166500
0.9561520  -0.3321510  -1.4665370
-0.3161310  -1.7563270  -2.7650000
1.8883350  -0.7973030  -2.5603030
1.0667240  -1.7992320  -3.3776140
2.1970110 0.0771420  -3.1414570
1.4467220  -2.8227150  -3.3067670
-1.3207750  -2.3135010  -3.1599950
1.2308430 0.4576540  -0.5585490
0.8860890  -1.8467700 3.3155760
0.9605100  -1.4320220 4.3261300
0.9654550  -2.9328430 3.4048180
1.7485210  -1.4826930 2.7453810
-0.5447920 0.1280410 2.7809370
0.2601080 0.6199700 2.2235140
-1.5031820 0.4900370 2.4026260
-0.4622630 0.4359540 3.8284710
-1.6105730  -2.0368110 3.4719460
-1.6252030  -3.1278980 3.3781310
-1.4941480  -1.8017190 4.5355030
-2.5804130  -1.6415740 3.1558010
0.9936730  -1.5477370  -4.4382980
27876280  -1.2198940  -2.1045250
-3.2356830 0.5615430 0.8719940
-3.4281280 2.6117000 0.2486430
-4.4150020 3.2993150  -0.4719660
-2.7375500 3.3006700 1.2588490
-4.7041960 4.6401400  -0.1970360
-4.9626210 27818060  -1.2553470
-3.0199140 4.6410840 1.5344820
-1.9755200 2.7890740 1.8406390
-4.0054240 5.3167740 0.8065030
-5.4734770 5.1529660  -0.7673900
-2.4742500 5.1552840 2.3205740
-4.2273670 6.3578550 1.0221380
2.6555720 1.1278530  -0.3040150
3.4957000 1.6485780  -0.0774810
4.5546770 0.8726600  -0.0322030
5.8198960 1.7052090 0.3140990
6.0443260 2.6500860  -0.6263830
6.9074390 0.9232660 0.3850580
5.6764600 2.3319390 1.5027410
4.6161190  -0.3226640  -0.2250980
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Int5.log product.log (S-(19))

Potential Energy = -1949.26139 Potential Energy = -883.82667

Zero-point Energy = -1948.79334 Zero-point Energy = -883.66972

Free Energy = -1948.83756 Free Energy = -883.69775

Single-Point Energy B3LYP-D3(BJ)/6-311+G** PCM = - Single-Point Energy B3LYP-D3(BJ)/6-311+G** PCM = -
1949.75481 883.98063

Free Energy B3LYP-D3(BJ)/6-311+G** PCM (extrapolated Free Energy B3LYP-D3(BJ)/6-311+G** PCM (extrapolated
free energy from qRRHO) = -1949.33098 free energy from qRRHO) = -883.85171

Charge = 0 Multiplicity = 1 Charge = 0 Multiplicity = 1

C 2.8479570  -0.4198890 0.2974400 C 1.5543360  -0.1401000  -0.2522360
C 3.1788680  -2.0851900  -1.3420500 C 0.5788650  -0.8150130 0.7258110
C 1.7708930  -2.2976070  -0.7866200 H 1.3676790  -0.4306580  -1.2862890
N 1.5497880  -1.0639370 0.0043330 Cl 3.2770780  -0.6606210 0.1189520
N 3.7174470  -1.0041560  -0.7385140 H 0.7501140  -1.8944180 0.6703410
o 3.7192410  -2.7693720  -2.2175730 C 1.5643120 1.3750860  -0.1387350
C 4.9482250  -0.3944440  -1.2321830 H 1.8473870 1.7745930 0.8535280
H 5.8410300  -0.8700730  -0.8165410 0] 1.2837260 2.1117370  -1.0628590
H 49758230  -0.4998760  -2.3191860 H 0.8173130  -0.4989870 1.7465030
H 4.9574550 0.6650230  -0.9739010 C  -0.8671920  -0.4916620 0.3938040
C 0.2907740  -0.4074070  -0.0013390 C  -1.5760040 0.4711890 1.1273470
C 0.2888550 1.1310430  -0.1127780 C  -1.5186940  -1.1475590  -0.6630480
C  -1.1139280 1.7421000 0.0170570 C  -2.9044020 0.7751410 0.8117550
H -1.7602340 1.3272430  -0.7631280 H  -1.0912900 0.9815950 1.9557640
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-2.8451130  -0.8455530  -0.9812380
-0.9884110  -1.9045210  -1.2357550
-3.5419630 0.1187320  -0.2446900

C 1.6335620 4.6367890  -0.8838850
H

C

H  -3.4389460 1.5206960 1.3931920

H

H

-1.9919960 3.9311240 0.2883140
-1.1052070 2.6642240 1.7796120
-1.7651810 4.7961960  -0.7853020
-0.2640870 5.7284080  -2.0254310
-3.0042010 3.7429140 0.6345360
-2.5995260 5.2811400  -1.2835530

H
C
H
C
-3.3349500  -1.3653710  -1.7995070 H
H
H
anti-18b.log H  -3.0867530  -0.7157070 0.4958220
o
C
o
C
F
F
F

-4.5739020 0.3521650  -0.4897160

Potential Energy = -2233.51758 -4.0733650  -0.9489840 0.4995030
Zero-point Energy = -2232.98167 -4.5537260  -1.1134290  -0.7126060
Free Energy = -2233.02959 -3.9714420  -1.0230510  -1.7711010
Single-Point Energy B3LYP-D3(BJ)/6-311+G** PCM = - -6.0670080  -1.4618580  -0.6463300
2234.10584 -6.2729370  -2.5907890 0.0682100
Free Energy B3LYP-D3(BJ)/6-311+G** PCM (extrapolated -6.5734600  -1.6497260  -1.8741570
free energy from qRRHO) = -2233.61785 -6.7646690  -0.4665610  -0.0540270
Charge = 0 Multiplicity = 1

2.9544110  -1.3243090  -0.1002390 Int3".log

2.6737200  -1.0248020  -2.4146860 Potential Energy = -2233.46721

1.2861080  -0.9717320  -1.7662800 Zero-point Energy = -2232.93678

1.5980950  -0.7775800  -0.3211500 Free Energy = -2232.98830

3.5820770  -1.2046860  -1.4325050 Single-Point Energy B3LYP-D3(BJ)/6-311+G** PCM = -
2.9203350  -0.9234620  -3.6224130 2234.03863

5.0134190  -1.1134380  -1.6842030 Free Energy B3LYP-D3(BJ)/6-311+G** PCM (extrapolated
5.1836440  -0.3621570  -2.4593090 free energy from qRRHO) = -2233.55972

5.5253020  -0.8071010  -0.7707000 Charge = 0 Multiplicity = 1

54351900  -2.0639150  -2.0263420
1.1601280 0.4374230 0.3404310
0.3598170 0.8508330  -0.2698600
2.1727410 1.5931060 0.6006320
1.5711680 2.8738550 1.2239240
2.9882220 1.2656280 1.2385760
0.3481590 0.0148920  -2.4544380
0.2497460  -0.3008260  -3.4963020
-0.6456830  -0.0052230  -2.0011390
0.7316020 1.0374070  -2.4508190
0.8403080  -1.9676590  -1.8862410
2.9920850  -2.7955900 0.4603130
3.5033230  -0.6969110 0.6093060
2.9889070 2.0185560  -0.9878270
0.4561460 0.1057430 1.6282660
-0.8689050  -0.2899060 1.6061870
1.0027610 0.0243020 2.9227410
-1.3205100  -0.6577570 3.0003200
-0.0875620  -0.4183520 3.8791330
-2.1800740  -0.0388340 3.2724590
0.2508230  -1.3118100 4.4098930
2.1594890 0.2819190 3.2006630
-1.5423060  -0.3195560 0.5749050
44627100  -3.2144140 0.6854470
44913280  -4.1686520 1.2217670
5.0041870  -3.3548050  -0.2529580
5.0057940  -2.4792860 1.2909420
22740340  -2.8443600 1.8201050
27394210  -2.1719470 2.5471310
1.2181620  -2.5809810 1.7167860
2.3244460  -3.8599290 2.2264840
2.3239680  -3.8080880  -0.4893400
27638430  -3.7836250  -1.4915270
24608660  -4.8210290  -0.0954640
1.2471240  -3.6338460  -0.5724800
-0.2359960 0.3689890 4.6234600
-1.6550560  -1.6994000 2.9974680
1.2757670 2.6240190 2.2471820
2.3980390 3.5847990 1.3163060
0.4065630 3.5349510 0.5084340
0.6201740 4.4235060  -0.5591730
-0.9140560 3.3119760 0.9288940
-0.4534840 5.0446110  -1.2028800

-2.6266560 2.4503800 0.7784270
-1.5223420 3.9157680  -0.7036390
-1.4995120 2.5479870  -1.3843830
-2.3190760 1.7439350  -0.4755820
-2.2467700 3.8256180 0.4340010
-1.0229690 4.9494330  -1.1588150
-2.6800680 5.0203450 1.1497690
-2.8929100 5.8029220 0.4180380
-3.5873750 4.7972780 1.7119570
-1.9141910 5.3914730 1.8372380
-2.8890640 0.5278930  -0.7748120
-3.7156960 0.2693140  -0.1181140
-2.5480320  -0.3347000  -1.7643380
-3.3463400  -1.5718740  -2.1430910
-2.6565380  -2.4200540  -2.2465020
-0.4627090 2.1815710  -1.4321660
-1.8870200 1.8911850 2.0517060
-3.7091810 2.4089470 0.9711340
-1.7300520  -0.0962950  -2.4377340
-0.2363270  -1.6516930  -0.4739190
1.1471420  -2.5417150 0.0763850
1.0363910  -3.7776350 0.7502140
24420110  -2.1007200  -0.1074630
2.4506000  -4.2249380 1.0669680
3.3713980  -3.1349220 0.4890930
2.6145650  -5.2083090 0.6189150
4.0294480  -3.5060380  -0.3019760
4.0006990  -2.6479780 1.2388360
2.5447700  -4.3343510 2.1507180
27320410  -1.0465780  -0.6668220
-0.0138360  -4.3256460 1.0012080
-2.0489010 2.7048910  -2.8121990
-1.9815400 1.7816430  -3.3867170
-3.0954690 3.0247850  -2.7883540
-1.4596170 3.4710050  -3.3225100
-2.2691950 2.7253540 3.2945580
-1.8821820 2.2333710 4.1930320
-1.8471390 3.7320160 3.2716330
-3.3566490 2.8076790 3.4083120
-0.3611380 1.9234840 1.8549500
0.0052410 2.9433680 1.6973150
0.1375190 1.5274920 2.7461530
-0.0552940 1.3089460 1.0025880

-
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-2.3435480 0.4409220 2.3163490
-3.4336810 0.3733900 2.4148440
-2.0249580  -0.2464270 1.5305160
-1.9061550 0.0909070 3.2574030
-3.7735670  -1.4198290  -3.1449540
-4.4630630  -1.9580020  -1.1934430
-4.2095650  -2.7655950  -0.0733220
-5.7776370  -1.5172080  -1.4116650
-5.2380530  -3.1213360 0.8046880
-3.1989240  -3.1217310 0.1094840
-6.8105050  -1.8690560  -0.5363640
-5.9948610  -0.8965530  -2.2779170
-6.5434660  -2.6727920 0.5765620
-5.0208980  -3.7518150 1.6625460
-7.8216360  -1.5197980  -0.7265350
-7.3442960  -2.9510480 1.2556610
4.2053280  -0.4257260  -0.8220110
5.0824190 0.0408130  -1.0131430
5.8752080 0.0342720 0.0349300
7.2094610 0.7594330  -0.2931800
5.6676980  -0.4490210 1.1269470
8.0263500 0.7706310 0.7706260
6.9854230 2.0395260  -0.6632370
7.8535440 0.1423900  -1.3090260

-0.8787650 0.6189110  -3.1435800
0.6483590 1.4966790  -3.1666690
-2.4786610 2.8953560 2.5975720
-2.2209090 3.0933550 3.6432880
-2.5698340 3.8628330 2.0997370
-3.4604050 2.4073440 2.5879680
-0.0648890 2.7789510 1.8839380
-0.1531690 3.6705170 1.2544100
0.2311490 3.1102370 2.8851610
0.7420380 2.1532840 1.4901630
-1.2053860 0.7767440 2.8805530
-2.1085340 0.1571530 2.9235220
-0.3682180 0.1546080 2.5592900
-0.9889660 1.1118390 3.9001410
-4.0529870  -1.5514520  -0.6573110
-4.5709550  -1.5493350 0.6468020
-4.6867750  -0.7619670  -1.6317890
-5.6921380  -0.7773260 0.9717230
-4.0977860  -2.1612420 1.4099460
-5.8037200 0.0125290  -1.3099850
-4.3115380  -0.7612590  -2.6524120
-6.3102680 0.0075480  -0.0051020
-6.0808200  -0.7928670 1.9859130
-6.2821950 0.6137970  -2.0777230
-7.1812400 0.6063630 0.2446450
3.4502220  -0.2769000  -0.6037500
44160170  -0.0882660  -0.8688960
5.1693500 0.1863350 0.1700780
4.8473470 0.2370470 1.3382510
6.6331210 0.4522780  -0.2786510
7.1571450  -0.6422470  -0.8755220
7.4107460 0.7653100 0.7688980
6.6924280 1.4722900  -1.1630920
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syn-18b’.log

Potential Energy = -2233.51380

Zero-point Energy = -2232.97812

Free Energy = -2233.02594

Single-Point Energy B3LYP-D3(BJ)/6-311+G** PCM = -
2234.10139

Free Energy B3LYP-D3(BJ)/6-311+G** PCM (extrapolated
free energy from qRRHO) = -2233.61352

Charge = 0 Multiplicity = 1
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-1.8564840 1.5162690 0.5390720 anti-18b’log

-1.0558940 2.6485280  -1.3582430 Potential Energy = -2233.51605

-0.1829640 1.4019620  -1.2095780 Zero-point Energy = -2232.98059

-0.9067160 0.6342080  -0.1733550 Free Energy = -2233.02877

-2.0258090 2.6159430  -0.4207840 Single-Point Energy B3LYP-D3(BJ)/6-311+G** PCM = -
-0.9212940 3.5198530  -2.2252900 2234.10308

-3.1410830 3.5545640 -0.4437960 Free Energy B3LYP-D3(BJ)/6-311+G** PCM (extrapolated
-3.4066970 3.7491130  -1.4854550 free energy from qRRHO) = -2233.61580

-3.9969730 3.1142900 0.0687400 Charge = 0 Multiplicity = 1

-2.8902920 4.5085310 0.0301960
-1.0612310  -0.7812760  -0.0359600
-1.8517260  -0.9152110 0.7038930
-1.5783720  -1.5790380  -1.2979850
-2.8512570  -2.4065590  -1.0185230
-3.0719650  -2.9743660  -1.9274720
-2.6487100  -3.1254320  -0.2211320
0.7991750 1.7077950  -0.8262900
-1.3904810 2.0009280 1.9626020
-2.8191090 1.0018620 0.6615780
-1.7776430  -0.8680320  -2.0928030
-0.3275230  -2.7195670  -2.0195620
0.0848200  -1.4904980 0.6317360
1.4339680  -1.3187860 0.4183320
-0.1690210  -2.4815330 1.6010800
22146990  -2.2500960 1.3207470
1.1506810  -3.0198380 2.1098960

0.9018130  -1.7271780  -0.9590970
2.4756080  -3.2785000  -0.1497600
3.0426390  -1.8960290 0.1790040
1.9167800  -1.0052690  -0.1549570
1.2443790  -3.1291900  -0.6785010
3.0338980  -4.3558530 0.0873170
0.3585820  -4.2708350  -0.8738650
0.4963440  -4.9633590  -0.0401170
-0.6762420  -3.9277280  -0.8893740
0.5722030  -4.8069730  -1.8036170
1.5887340 0.2349000 0.4577310
0.8024540 0.6880210  -0.1443410
2.7428850 1.2705370 0.5925640
2.2931770 2.7013300 0.9653110
3.8953800  -1.6988840  -0.4877090
0.8984730  -1.3844450  -2.4960980
-0.0999910  -1.5210680  -0.5714640

-

2.8814030  -1.6518450 1.9479080 3.4602480 0.9458330 1.3377040
1.2054580  -2.8544120 3.1894060 1 3.7155140 1.3128120  -0.9603400
1.1792360  -4.0995380 1.9408560 0.8896240 0.1186550 1.8360340

2.8423160  -2.8932250 0.6971150
-1.2894440  -2.8115390 1.9446560
19138040  -0.5184570  -0.3868330
0.0511510 0.7837330 -2.5922080
0.6112370  -0.1475030  -2.5244570

-0.4775180  -0.0786710 1.8911410
1.4383610 0.2043890 3.1366820
-0.9379850  -0.2106690 3.3231400
0.3393300  -0.0530850 4.1501510
-1.4254750  -1.1817840 3.4484310
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1.0172930 1.0476930  -0.6744390
-2.9127650 0.3481070 1.3739920
-4.0387350 1.6686030  -0.2374650
4.1818220  -1.1429250 0.8940540
5.1854980  -0.2369080 0.6041840
44671940  -1.9680830 1.9676810
6.3226990  -0.4512430 1.5935500
5.8474520  -1.6016200 2.4963740
6.4992380 0.4816390 2.1363920
5.7598100  -1.3191690 3.5492430
6.4903840  -2.4849620 2.4477020
7.2358910  -0.6838740 1.0385110
37176470  -2.8341710 2.3972670
5.1367910 0.5887320  -0.2980960
-1.6968020 2.3327890 2.4554620
-2.7738770 2.1839050 2.3853990
-1.2109470 1.4286240 2.8312870
-1.5208150 3.1359420 3.1748650
1.7610040 2.8547710  -2.5811740
1.6713370 3.1987690  -3.6158120
2.3504620 3.5985690  -2.0418160
2.3141190 1.9098220  -2.5910260
-0.3487320 4.0560700  -1.9052010
0.1737970 4.7412470  -1.2304970
-0.3536470 4.5155160  -2.8983030
-1.3930290 3.9735300  -1.5873380
-0.4549220 1.7575590  -2.9283600
-0.0329230 0.7485720  -2.9690800
-1.5111910 1.6845070  -2.6506810
-0.4257660 2.1741260  -3.9396110
-2.5049960  -1.7207440  -0.0113130
-3.3780880  -0.9798880  -1.3470230
-4.6195300  -1.5323630 0.3304670
-5.8015790  -1.5146080  -0.4228450
-4.6613630  -2.0372810 1.6398420
-7.0023260  -1.9818210 0.1212780
-5.7830340  -1.1361010  -1.4412540
-5.8598210  -2.5017960 2.1875380
-3.7509370  -2.0771790 2.2333410
-7.0352610  -2.4738830 1.4291480
-7.9083690  -1.9622140  -0.4773790
-5.8739030  -2.8915890 3.2012100
-7.9665830  -2.8384240 1.8525320
-0.1177520  -1.6251080  -1.6863120
3.2990100  -1.1972780 0.3561010
1.0348540  -1.7967120  -1.2376970
1.7120970  -1.0605120  -0.4795400
1.7065260  -3.1343570  -1.7007020
1.0135460  -4.2109070  -1.2423040
29815280  -3.2776250  -1.2715580
1.7351460  -3.2311330  -3.0554200

0.5984260  -0.9502620 4.7198330
0.3062870 0.7840970 4.8517100
-1.6868140 0.5603480 3.5259430
2.5997200 0.4617410 3.3900420
-1.1957140  -0.1241950 0.8879040
3.5652060  -1.9190910 1.6186660
4.0298040  -0.9785590 1.9114540
27745400  -2.1596200 2.3342630
4.3238850  -2.7037970 1.6778550
-0.2001170  -2.2026000  -3.2121960
-0.3065260  -1.8417970  -4.2407180
0.0367120  -3.2670730  -3.2679150
-1.1747160  -2.0894060  -2.7227090
22628350  -1.6837230  -3.1419500
2.5285200  -2.7427290  -3.0547750
22294550  -1.4401900  -4.2096240
3.0573670  -1.0849130  -2.6881600
0.5531480 0.1073580  -2.6889910
-0.3975130 0.3669720  -2.2088240
1.3348850 0.7640070  -2.3033150
0.4480280 0.3201950  -3.7583010
1.8484580 2.6465940 1.9637900
3.2072590 3.2922480 1.0751620
1.3379770 3.4111440 0.0244960
-0.0499260 3.3584040 0.2285570
1.8218200 4.1743640  -1.0510960
-0.9315460 4.0268550  -0.6267690
-0.4502530 2.8041740 1.0727480
0.9452390 4.8453150  -1.9079790
2.8926520 4.2496740  -1.2140470
-0.4362110 4.7700890  -1.7015760
-2.0013360 3.9721500  -0.4470400
1.3418590 5.4314920  -2.7320840
-1.1181100 5.2937830  -2.3651760
-2.7786970  -0.3152100 0.9029630
-3.7789470  -0.4726670 0.9595420
-4.3987220  -0.1648870  -0.1577250
-3.9247170 0.2621700  -1.1875490
-5.9241100  -0.4246520  -0.0130270
-6.1675200  -1.7218550 0.2795830
-6.5747430  -0.1260870  -1.1474420
-6.4488920 0.3273980 0.9804430

—
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Int4’ log

Potential Energy = -2233.52515

Zero-point Energy = -2232.99167

Free Energy = -2233.04178

Single-Point Energy B3LYP-D3(BJ)/6-311+G** PCM = -
2234.09953

Free Energy B3LYP-D3(BJ)/6-311+G** PCM (extrapolated
free energy from qRRHO) = -2233.61616

Charge = 0 Multiplicity = 1
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C 0.5057100 2.0118400  -0.5734890 Int4a’log

C 0.3276840 3.3585180 1.3565140 Potential Energy = -1949.25759

C  -1.0855050 2.7958810 1.1348800 Zero-point Energy = -1948.79233

N  -0.8166260 1.7463180 0.1044920 Free Energy = -1948.83881

N 1.1647370 2.8349480 0.4340460 Single-Point Energy B3LYP-D3(BJ)/6-311+G** PCM = -
O 0.6298980 4.1230640 2.2678620 1949.75178

C 2.6145810 3.0071770 0.5321140 Free Energy B3LYP-D3(BJ)/6-311+G** PCM (extrapolated
H 2.8852540 3.0151490 1.5896410 free energy from qRRHO) = -1949.33300

H 3.1158550 2.1749730 0.0372260 Charge = 0 Multiplicity = 1

H 2.9390320 3.9491610 0.0818730 C 3.3793040  -0.3438340  -0.6281640

C  -1.5083000 0.7082520  -0.2162790 C 3.0655760  -1.7154410 1.2670310

H  -1.0354380 0.0051190  -0.9134190 C 2.0713280  -0.5588050 1.4469340

C  -2.8825480 0.3440270 0.2850680 N 2.1267590 0.0767900 0.0955720

C  -33183950  -1.0261410  -0.2557360 N 3.7079030  -1.5715620 0.0841130

H  -1.7141450 3.5636590 0.6713470 o 3.2075540  -2.6371710 2.0632940

C 0.3429650 2.6831150  -1.9874170 C 4.5314220  -2.6463780  -0.4699910
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4.0957420
4.5296550
5.5601560
1.2463370
1.4831790
-0.0153530
-0.8112710
-0.1991810
2.4811850
4.4970840
3.0958370
-0.6306090
0.4814650
0.7142870
0.0921170
0.1770710
0.9171910
5.7146760
6.4513870
6.2062700
5.4385350
4.9252890
5.2627510
5.7620170
4.1218280
4.0029380
3.6566680
3.2070660
4.8347470
-0.9668460
-2.1478430
-2.3787170
-3.1831380
-3.6168370
-1.5877290
-4.4186690
-3.0231550
-4.6396370
-3.7793100
-5.2101650
-5.6016240
0.1323700
-0.7084270
-2.0214000
-2.8574200
-2.8958700
-4.0140370
-4.6918040
-3.5308240
-4.9305710
-0.0882440

IntS"log
Potential Energy = -1949.26099

Zero-point Energy = -1948.79335

-3.5999170
-2.5780160
-2.5981440
0.7983050
1.0792040
1.3863510
2.1515590
2.9712710
0.1582300
0.7601150
-0.5743460
0.6118450
2.4992290
-1.0725110
-0.2741970
-1.6039630
-1.7758980
0.2024240
1.0019410
-0.6138700
-0.1465920
1.1383090
0.2666420
1.8415450
1.6338760
2.0184970
1.7884750
2.5427280
2.7229210
1.4411140
2.6722430
4.0488380
1.7791330
4.5283550
4.7508080
2.2564510
0.7078980
3.6328990
5.5986310
1.5537520
4.0029630
-1.0197810
-1.3127920
-1.6607310
-2.4955140
-3.0930550
-2.7960410
-1.6631090
-3.3170380
-3.6737670
-0.9181980

Free Energy = -1948.83855

Single-Point Energy B3LYP-D3(BJ)/6-311+G** PCM = -

1949.75299

Free Energy B3LYP-D3(BJ)/6-311+G** PCM (extrapolated

-0.1666090
-1.5581430
-0.1046600
-0.5085210
-1.5273280
0.0716440
-0.9940500
-1.3824930
2.1664910
-0.6261380
-1.6597580
0.5263510
1.4445480
1.9225470
2.3267010
1.1334990
2.7336140
-1.3989070
-1.5196940
-0.8665150
-2.3998790
0.8036840
1.3727740
0.7547120
1.3579490
-1.3694640
-2.3836170
-0.8326210
-1.4617320
-1.8146340
-0.5071500
-0.3837030
-0.1860950
0.0572630
-0.6342430
0.2584840
-0.2857540
0.3816820
0.1463910
0.5027270
0.7242030
-1.9114570
-1.4605150
-0.4697650
-0.9143120
-2.0015370
0.1011900
0.4324370
1.2624030
-0.3663180
-2.8470760

free energy from qRRHO) = -1949.33054
Charge = 0 Multiplicity = 1

NozZOonOnN

3.1423700
2.9921210
2.1576970
2.0736570
3.4923300
3.1703980
4.2071650

-0.4627680
-1.5649160
-0.2863180

0.1905140
-1.6309230
-2.3979020
-2.8073760

-0.5876620
1.4859430
1.6051260

0.2039530
0.2328640
2.3809440

-0.2464530

3.7892620
4.0751140
5.2768250
0.8585870
1.1289170
-0.1027130
-1.0741420
-0.5034910
2.7526370
4.3400090
2.7382860
-0.6570520
0.8293510
0.8714750
0.3586270
0.1875730
1.1583290
5.3866790
6.1276800
5.9280450
4.9283600
5.0109370
5.3934650
5.8600520
4.3166790
3.7922260
3.3130630
3.0688460
4.6158060
-1.4886810
-2.2063340
-2.2318620
-3.2628110
-3.2803140
-1.4262070
-4.3102960
-3.2718190
-4.3220010
-3.2819480
-5.1194000
-5.1375710
-0.0120260
-1.4565980
-2.3365630
-2.6225620
-1.9677270
-3.9846380
-4.9855390
-3.9724210
-4.2650080
0.2688110

—
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Transition States

-3.6889490
-2.8992690
-2.7614000
0.4326410
0.7414440
1.5014070
2.0110830
2.5569490
0.4336970
0.4921030
-0.8231920
1.0883880
2.9065140
-0.5461420
0.3833330
-1.2113390
-1.0288010
-0.2467700
0.4709600
-1.0101580
-0.7234670
1.0273390
0.2149320
1.6656520
1.6300500
1.6745430
1.3313720
2.2622880
2.3377890
1.1219530
2.8713970
4.2527590
2.2970000
5.0446410
4.7128840
3.0845900
1.2249810
4.4631320
6.1130930
2.6215280
5.0758540
-0.7576120
-1.3224630
-1.7312320
-2.7602200
-3.2072360
-3.3826390
-2.4886020
-3.7606370
-4.4608080
-1.2766220

0.2444790
-1.3256940
-0.0201730
-0.4897690
-1.5018270
0.0885170
-0.9896530
-1.7480220
2.1851800
-0.9247020
-1.5436500
0.9294940
0.7952750
2.3909940
2.6444180
1.8614600
3.3289790
-1.7861810
-2.1537010
-1.2225320
-2.6607870
0.3528200
0.9800920
0.0857520
0.9455750
-1.7507400
-2.6761220
-1.1800780
-2.0356930
-1.4780330
-0.4668650
-0.7052430
0.2587190
-0.2249160
-1.2712090
0.7433830
0.4405740
0.5034780
-0.4210960
1.3010730
0.8764310
-0.6406340
-0.1375430
0.1332700
-0.6360220
-1.5521230
-0.2247640
-0.3857620
1.0718730
-0.9709960
-1.4085040

Formation of carbinol amine (TS1)

Conformation
name
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TS1-lowest 00 H  -0.0615370  -3.4008130  -3.5269190
C 09802190  -1.5134500  -1.9876800
1 0.9 H 06135150  -0.5892060  -2.4491230
2 0.1 H  1.6204850  -1.2506450  -1.1449520
3 15 H 16167270 -2.0179160  -2.7214270
' C 03584270  -3.6590820  -0.8036040
4 23 H  -0.4461780  -4.3447160  -0.5187960
5 14 H  1.0597230  -4.2178330  -1.4320280
H 08974220  -3.3659480  0.1013920
6 L5 C  -1.6886230  -1.2641990  2.8982030
7 0.5 H  -0.8400980  -0.7734750  3.3776320
H 24619780  -0.5130660  2.7077140
H 20961040 -2.0077730  3.5874050
H  -13774290  -0.1821550  0.6063230
TS1-lowest.log
Potential Energy = -1489.66362 Llog
Zero-point Energy = -1489.18887 Potentla} Energy = -1489.66305
Free Energy =-1489.23186 ZCI‘O—pOIIlt Energy =-1489.18786
Single-Point Energy B3LYP-D3(BJ)/6-311+G** PCM = - [ree Energy = -1489.23113
1490.12258 Single—Point Energy B3LYP—D3(BJ)/6—3 11+G** PCM = -
Free Energy B3LYP-D3(BJ)/6-311+G** PCM (extrapolated 1490-12134
free energy from qRRHO) = -1489.69083 Free Energy B3LYP-D3(BJ)/6-311+G** PCM (extrapolated
Nimag = 1 (-162.6618) fr(?e energy from qRRHO) = -1489.68941
Charge = 0 Multiplicity = 1 Nimag =1 (-133.0078)
1.8517090  -0.8511400  1.6926950 Charge = 0 Multiplicity = 1

1.3952340  -2.0585190  -0.2956850
0.6543910  -2.7384950  -0.7173550
1.5549830  -2.3234810 0.7525740
27223600  -2.2428810  -1.0968820
0.8997970  -0.6508130  -0.3909580
1.3984420 0.2147100 0.4164610
1.1683160 1.2481300 0.1533250
0.5363960  -0.2916880  -1.3530400
0.9013840 2.5506950  -0.1393410
-0.3032820 2.9011140 0.0743550
-0.5365840 4.4259900  -0.1568090
-0.1999490 47857890  -1.4207210
-1.8194550 4.7914340 0.0351080
0.2243440 5.1668250 0.6875980
-1.2666370 2.2105270 0.4283730
2.8918930  -3.3241100  -1.1457100
-1.1276380  -0.7687640 0.3082940
-1.3055380  -1.5724850 1.5509810
-24312110  -0.8364550  -0.4483670
-2.8214460  -1.5322140 1.7740390
-1.0095870  -2.6095680 1.3581450
-2.5984200 0.1555130  -0.8803050
-3.4079200  -1.8478030 2.8120990
-3.3967640  -1.0496250 0.6482010
-4.8041900  -0.6638800 0.6185940
-5.4600800  -1.5120210 0.4016090
-5.0726100  -0.2620670 1.5982070
-4.9529060 0.1066340  -0.1388470
-2.5387860  -1.8794290  -1.6086610
-3.9394450  -1.7492500  -2.2536400
-4.7378150  -2.0848270  -1.5891580
-4.1510560  -0.7185810  -2.5600750
-3.9800800  -2.3751560  -3.1504490
-1.5046070  -1.5463420  -2.7040070
-1.5451900  -0.4889660  -2.9901390
-0.4842290  -1.7870390  -2.4039890
-1.7176530  -2.1381650  -3.5997510
-2.3545080  -3.3304070  -1.1269920
-3.0841800  -3.5945350  -0.3548720
-2.5005830  -4.0171980  -1.9671150
-1.3524710  -3.5143660  -0.7299250
-0.5396960  -1.0353980 2.7574440
0.5391090  -1.1023900 2.6092910

2.0070440  -1.7005300 1.0261210
1.4013680  -1.2130030 2.6208840
3.2250410  -0.2001630 2.0381640
0.9361530 0.1470150 1.0546780
0.4214710 1.0438850 1.8105020
-0.0740900 1.8766850 1.2616730
1.0578790 0.3821560  -0.0013810
-0.6648440 2.8873570 0.6484180
-1.7764790 2.5928830 0.0968280
-2.4661420 3.8293810  -0.5562970
-1.7045350 4.3270220  -1.5635700
-3.6739420 3.5343710  -1.0747810
-2.6448290 4.8269570 0.3433280
-2.3375590 1.4956530 0.0125340
3.7872370  -0.9518640 2.6022390
4.0319780 0.2445030 0.8336160
4.7148170  -0.6966460 0.0456070
4.1130900 1.5989250 0.4760850
54509620  -0.2970820  -1.0728450
4.6757730  -1.7500000 0.3134110
4.8487960 2.0035020  -0.6431880
3.6020130 2.3446700 1.0800220
5.5186850 1.0561710  -1.4225760
5.9752980  -1.0401360  -1.6670750
4.9001820 3.0573670  -0.9016440
6.0926470 1.3683920  -2.2901460
3.0559370 0.6454640 2.7114060
-0.8125710  -1.0379910 0.5345580
-1.2744170  -1.9646060 1.6063180
-1.2471790  -1.6343010  -0.7795250
-2.4527290  -2.6943130 0.9517430
-0.4871050  -2.6962800 1.8190460
-1.5765160  -0.8042420  -1.4129600
-3.2962320  -3.3773790 1.5380340
-2.4280920  -2.4223760  -0.3733750
-3.5480770  -2.7692240  -1.2427410
-3.4840610  -3.7987480  -1.6069870
-4.4743010  -2.6615600  -0.6736720
-3.5688350  -2.0892630  -2.0952580
-0.1805590  -2.4460100  -1.5841700
-0.8325990  -2.9522400  -2.8928420
-1.5888910  -3.7185880  -2.7126240
-1.2928600  -2.1352340  -3.4600700

TIOOQZTITIIZIQZOTIZIOCQOQZIZITIOQOIQOIQNQOQOQZIOTMTTOAOTITIONOQITTO
TOTTIQOIZITQOTIITIIOQAIZITIQOZOTIONQZIOTTTAOQAOIIZIONOITIO
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H  -0.7993970 0.0094530 2.9558850 H -0.3797080  -0.3185910 2.8485190

H -0.8087180  -1.6271620 3.6357470 H 1.2793060 0.2939310 2.9886820

H -1.0704100 0.2198650 0.5867710 H  -0.0545900 1.1629750 3.7680840

H 2.5724970  -1.9048860  -2.1277910 H 1.3318110 0.2729610 0.6003710

C 3.9415430  -1.5664760  -0.5046010 H  -2.6324740  -2.0687120  -1.4604280

C 45174920  -0.4455590  -1.1196000 C  -43223640  -1.6003290  -0.2190490

C 45319200  -2.0612450 0.6699130 C  -5.0609430  -0.9706910  -1.2326460

C 5.6483880 0.1720030  -0.5743510 C  -49755740  -1.9366720 0.9767510

H 4.0795290  -0.0518050  -2.0335340 C  -64176120  -0.6818430  -1.0564020

C 5.6601160  -1.4472440 1.2192630 H  -4.5726070  -0.7097480  -2.1685520

H 4.1094150  -2.9371500 1.1568430 C  -6.3319600  -1.6495970 1.1570440

C 6.2224610  -0.3258920 0.5986110 H  -44201830  -2.4318310 1.7696800

H 6.0789280 1.0392140  -1.0670180 C  -7.0575310  -1.0197750 0.1404570

H 6.1030400  -1.8465780 2.1273130 H -69738930  -0.1981590  -1.8543470

H 7.1009810 0.1509690 1.0234210 H -6.8215800 -1.9217310 2.0878040
H  -8.1120450  -0.7989810 0.2778100

2.log

Potential Energy = -1489.66496 3.log

Zero-point Energy = -1489.19036 Potential Energy = -1489.66343

Free Energy = -1489.23392 Zero-point Energy = -1489.18829

Single-Point Energy B3LYP-D3(BJ)/6-3114+G** PCM = - Free Energy = -1489.23175

1490.12166 Single-Point Energy B3LYP-D3(BJ)/6-311+G** PCM = -

Free Energy B3LYP-D3(BJ)/6-311+G** PCM (extrapolated 1490.12013

free energy from qRRHO) = -1489.69061 Free Energy B3LYP-D3(BJ)/6-311+G** PCM (extrapolated

Nimag =1 (-159.5359) free energy from qRRHO) = -1489.68845

Charge = 0 Multiplicity = 1 Nimag = 1 (-134.5445)

-1.9653850  -0.7125110 0.1104430 Charge = 0 Multiplicity = 1

-2.2411440 0.1988790  -0.4212960
-2.1445120  -0.5648650 1.1787030
-2.8470350  -1.8908900  -0.4008790
-0.5229010  -1.0335570  -0.1203970
0.0367360  -1.8601330 0.6826190
1.0298210  -2.2281050 0.3435010
-0.1213740  -0.9566050  -1.1303810
22120980  -2.6975850  -0.0244520
3.1570820  -1.8426210 0.0234930
4.5447200  -2.4646840  -0.3217580
4.5342030  -3.0264980  -1.5560110
5.5386610  -1.5555300  -0.3030570
4.8723890  -3.4403360 0.5616880
3.1057220  -0.6393620 0.2981610
-2.5724640  -2.7984990 0.1452100
0.4916070 0.8218670 0.3783950
0.0210830 1.4512440 1.6441730
1.0179580 1.9310480  -0.4958790
0.8347450 2.7483000 1.7117850
-1.0395140 1.7097530 1.5494400
1.9127700 1.5458770  -0.9956940
0.9590800 3.4734240 2.7019940
1.4256300 2.9337000 0.5087110
2.4563230 3.9488180 0.3158100
2.0310410 4.9303660 0.0868400
3.0373150 4.0309630 1.2372090
3.1154660 3.6457920  -0.4985480
0.0622600 24852040  -1.6026320
0.8123240 3.5825990  -2.3948410
0.9933910 4.4785980  -1.7981010
1.7723400 3.2206810  -2.7801410
0.2043280 3.8831080  -3.2538160
-0.2800470 1.3605290  -2.6019440
0.6199480 0.8382900  -2.9466160
-0.9699960 0.6257350  -2.1856990
-0.7691490 1.7898930  -3.4819870
-1.2290100 3.0931700  -1.0243210
-1.0129680 3.9051040  -0.3225060
-1.8332580 3.5114700  -1.8359840
-1.8458440 2.3506050  -0.5110750
0.2293250 0.5859890 2.8846950

0.1158290 1.5392610 1.6073560
1.0535020 1.9694490  -0.5663780
0.5247230 0.8806700 0.3344090
-0.9273680 1.8642190 1.5300780
1.9136050 1.5587500  -1.1056700
1.0069150 2.7861640 1.6512620
1.2218000 3.4885800 2.6418120
1.5450560 2.9536430 0.4207820
2.6384300 3.8931390 0.1888380
3.2476740 3.5395480  -0.6441380
2.2774370 4.9002950  -0.0365010
3.2526940 3.9387560 1.0909630
0.2879640 0.6636660 2.8452930
0.1017610 1.2715150 3.7339240
-0.4207850  -0.1679470 2.8532270
1.3043170 0.2629820 2.9109990
0.0664120 2.5514000  -1.6273220
-1.2722050 2.9985010  -1.0113870
-1.8943810 3.4595720  -1.7854940
-1.8380170 2.1618160  -0.5955010
-1.1242470 3.7456830  -0.2244040
0.7197470 3.7750080  -2.3101550
1.7203950 3.5448820  -2.6925890
0.1038910 4.0775210  -3.1630600
0.7914970 4.6339780  -1.6390470
-0.1682280 1.4909240  -2.7222320
-0.8412390 1.8946020  -3.4857400
0.7736790 1.2247730  -3.2161180
-0.6082060 0.5724040  -2.3362380
-1.9709030  -0.6179270  -0.0808880
-2.1935420 0.0568850 0.7484680
-2.2433430  -0.1318410  -1.0198380
-2.8099060  -1.9206870 0.0889800
-2.5064330  -2.4288810 1.0108070
-2.5875930  -2.5941300  -0.7445000
-4.2939570  -1.6210990 0.1331700
-4.9401730  -1.3711560 1.3534460
-5.0480160  -1.5663330  -1.0492530
-6.3055840  -1.0725170 1.3926090
-4.3725720  -1.4163920 2.2798190
-6.4134370  -1.2679730  -1.0144090

AOIZTZTOZIZITQIZTIQOQAIZIDTQOZOZIIZIONQAZIOTTTOQAOITNTONNITAO
OZONOON IO TQOITIIQOIDICZITOZIIIOAZTITZIQOIITINOZOQOT T ZAON
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H  -4.5646570  -1.7643240  -2.0029570 C  -0.4347940 44251500  -0.3373100
C  -7.0466970  -1.0189630 0.2076770 F 0.5196980 5.0843330 0.3674700
H -6.7896870  -0.8867430 2.3471900 F  -1.6305060 4.8810610 0.0857210
H -69817740  -1.2346870  -1.9396030 F  -0.3003110 47927030  -1.6357530
H  -8.1080450  -0.7902490 0.2366440 H  -1.3240700 0.3360380 0.5288940
C  -05188640  -0.9695350  -0.0842710 O  -1.2156550 2.2637620 0.3625670
O  -0.0044950  -1.4388050  -1.1606430 C 3.8960150  -1.3657270 0.8005320
H 0.9783100  -1.8940480  -1.0063830 C 4.4900060  -0.1076740 0.9767820
H -0.0781410  -1.2928620 0.8601760 C 44137930  -2.2163540  -0.1900370
(0] 2.1835600  -2.4978020  -0.8542280 C 5.5676450 0.2963630 0.1811120
C 3.0198630  -1.9252290  -0.0855850 H 4.1084510 0.5621850 1.7435190
C 43939740  -2.6617440  -0.0366060 C 5.4885730  -1.8169100  -0.9881540
F 4.2445780  -3.9552450 0.3411570 H 3.9768520  -3.2016240  -0.3354080
F 52596090  -2.0903500 0.8234370 C 6.0691910  -0.5565260  -0.8059420
F 49828430  -2.6652880  -1.2593220 H 6.0133710 1.2750970 0.3344290
H 1.3577620 0.3139080 0.5441370 H 5.8757580  -2.4902910  -1.7476500
(0] 2.8862970  -0.9005130 0.5951460 H 6.9061800  -0.2457170  -1.4243980
H 29258150  -2.8152190 2.0510700
4.log
Potential Energy = -1489.66173 5.log
Zero-point Energy = -1489.18580 Potential Energy = -1489.66220
Free Energy = -1489.22874 Zero-point Energy = -1489.18672
Single-Point Energy B3LYP-D3(BJ)/6-3114+G** PCM = - Free Energy = -1489.22968
1490.12018 Single-Point Energy B3LYP-D3(BJ)/6-311+G** PCM = -
Free Energy B3LYP-D3(BJ)/6-311+G** PCM (extrapolated 1490.12110
free energy from qRRHO) = -1489.68718 Free Energy B3LYP-D3(BJ)/6-311+G** PCM (extrapolated
Nimag =1 (-121.2814) free energy from qRRHO) = -1489.68857
Charge = 0 Multiplicity = 1 Nimag =1 (-135.1105)
-1.9362220  -1.2364370 1.6801090 Charge = 0 Multiplicity = 1

-2.1796150  -1.0106530  -0.7029140
-1.2733680  -0.6907640 0.4615470
-1.6324250  -2.2789660 1.8237220
-2.1490240  -0.1541110  -1.3843020
-3.4213220  -1.2158550 1.2978550
-4.3713680  -1.3083160 2.0782900
-3.5012210  -1.0378190  -0.0417000
-4.7660950  -0.7094380  -0.6932850
-4.5680000  -0.1213330  -1.5905630
-5.3329470  -1.6023130  -0.9704380
-5.3681280  -0.1172740  -0.0004970
-1.6542950  -0.4426060 2.9523350
-2.2940510  -0.8231750 3.7521610
-0.6155040  -0.5513770 3.2734460
-1.8731220 0.6208580 2.8151330
-1.8451250  -2.2889170  -1.5360590
-1.6683590  -3.5429540  -0.6599880
-1.5115150  -4.4163480  -1.3014640
-0.8030050  -3.4674180 0.0023290
-2.5580740  -3.7405890  -0.0527110
-2.9939460  -2.5542530  -2.5363390
-3.2299200  -1.6673810  -3.1348620
-2.6871920  -3.3450400  -3.2282410
-3.9057640  -2.8922280  -2.0386560
-0.5713420  -2.0260140  -2.3645790
-0.3424100  -2.9062890  -2.9740740
-0.7150750  -1.1784090  -3.0448160
0.2985450  -1.8079400  -1.7468610
1.3528600  -1.8902930 0.9390880
0.6522400  -2.3752630 1.6219580
1.4412220  -2.4965700 0.0353980
27329700  -1.8084870 1.6644330
2.6439480  -1.1521750 2.5366990
0.8550440  -0.5233020 0.5974070
1.2402560 0.0186690  -0.5020880
1.0395020 1.0786750  -0.5401520
0.6412490 0.1473350 1.4312650
0.8261190 24459400  -0.6095520
-0.2825750 2.8814930  -0.1691350

-0.9506580  -1.5101310 1.4119860
-2.5037390  -0.6472750  -0.2115040
-1.0486660  -0.6657880 0.1871530
-0.7896810  -2.5542920 1.1223230
-2.7331220 0.3635400  -0.5648450
-2.3502470  -1.3896660 2.0265770
-2.6633830  -1.6939950 3.1799850
-3.1685550  -0.8520290 1.0923590
-4.4998500  -0.3613880 1.4371840
-4.7744930 0.4465040 0.7574600
-5.2580780  -1.1471120 1.3809760
-4.4727980 0.0218490 2.4597300
0.1417270  -1.0743970 2.3850460
0.0366650  -1.6482310 3.3090040
1.1402380  -1.2643080 1.9844590
0.0544960  -0.0114280 2.6306490
-2.9442430  -1.6476250  -1.3270330
-2.5017090  -3.0936030  -1.0359880
-2.8917740  -3.7585470  -1.8136380
-1.4147910  -3.2018790  -1.0301350
-2.8931870  -3.4492130  -0.0769160
-4.4854180  -1.6271670  -1.4479910
-4.8741780  -0.6094870  -1.5652340
-4.7800730  -2.1954390  -2.3359620
-4.9737760  -2.0904220  -0.5876100
-2.3756420  -1.1673930  -2.6776960
-2.6929920  -1.8494600  -3.4732130
-2.7520950  -0.1681500  -2.9262840
-1.2876400  -1.1201150  -2.6874470
1.1096270  -1.9785120  -1.3281990
0.9421260  -2.6234780  -0.4630040
0.4780020  -2.3180930  -2.1515030
2.6018870  -2.0914680  -1.7694210
0.7744810  -0.5620810  -0.9875260
0.5354070 0.2544600  -1.9458940
0.5373670 1.3037050  -1.6310900
1.1943880  -0.1456740  -0.0716440
0.5660670 2.6142610  -1.2937820
0.0367510 2.9356870  -0.1825340

NOTTITIOCOIAIIQOINIITQAIIIQOIITIQOAQOINIITQAITIIOZOAQOIIZON
NOTXTTOCONEIIIATTITIIQOIITIQATIITIINAQAIIIIQOIITANZOAQNT I ZOAN
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C 0.0843970 4.4720070 0.0824530 C  -6.3059040  -1.0727200 1.3924020
F 1.3567100 4.9382530 0.0371050 H  -43730880  -1.4168800 2.2799320
F  -0.4232090 4.8080860 1.2844310 C  -64132430  -1.2675090  -1.0146910
F  -0.6245640 5.1462430  -0.8580260 H  -45642650  -1.7636250  -2.0029800
H  -0.8638080 0.3040120 0.4774330 C  -7.0467620  -1.0188240 0.2073290
O  -0.4892300 2.2145280 0.6743470 H -6.7902070  -0.8872000 2.3469320
H 2.7407200  -3.1237140  -2.1082340 H  -69813820  -1.2339590  -1.9399980
C 3.6090200  -1.7690440  -0.6823450 H -8.1081110  -0.7900970 0.2361310
C 3.8457250  -2.6765800 0.3633890 C  -0.5188900  -0.9695120  -0.0841700
C 4.3228660  -0.5612880  -0.6925260 O  -0.0046290  -1.4388200  -1.1605870
C 4.7644570  -2.3824600 1.3741940 H 0.9782970  -1.8939170  -1.0065410
H 33122710  -3.6241060 0.3832510 H -0.0781190  -1.2928540 0.8602500
C 52436250  -0.2624630 0.3178150 o 2.1838700  -2.4973260  -0.8549180
H 4.1617100 0.1498480  -1.4989880 C 3.0197720  -1.9252860  -0.0854450
C 54658750  -1.1716340 1.3557890 C 43940020  -2.6615880  -0.0367050
H 4.9362440  -3.0993380 2.1721110 F 4.2448790  -3.9542560 0.3441700
H 5.7868860 0.6778320 0.2904900 F 5.2607060  -2.0883670 0.8210350
H 6.1816290  -0.9427710 2.1399240 F 4.9814230  -2.6679720  -1.2600600
H 27653780  -1.4457030  -2.6375060 H 1.3576910 0.3138010 0.5444440
o 2.8856000  -0.9014580 0.5965050
6.log
Potential Energy = -1489.66343 7.log
Zero-point Energy = -1489.18829 Potential Energy = -1489.66169
Free Energy = -1489.23176 Zero-point Energy = -1489.18761
Single-Point Energy B3LYP-D3(BJ)/6-311+G** PCM = - Free Energy = -1489.23092
1490.12013 Single-Point Energy B3LYP-D3(BJ)/6-311+G** PCM = -
Free Energy B3LYP-D3(BJ)/6-311+G** PCM (extrapolated 1490.12078
free energy from qRRHO) = -1489.68846 Free Energy B3LYP-D3(BJ)/6-311+G** PCM (extrapolated
Nimag =1 (-134.5974) free energy from qRRHO) = -1489.69002
Charge = 0 Multiplicity = 1 Nimag =1 (-225.2892)
0.1157540 1.5393690 1.6073830 Charge = 0 Multiplicity = 1

1.0536400 1.9692590  -0.5663350
0.5247270 0.8806120 0.3345420
-0.9274310 1.8643370 1.5299920
1.9137670 1.5584550  -1.1055090
1.0068650 2.7862540 1.6512020
1.2216510 3.4888220 2.6416660
1.5451580 2.9535300 0.4207660
2.6385000 3.8930590 0.1887990
3.2474980 3.5396860  -0.6444420
2.2774610 4.9002850  -0.0361610
3.2530230 3.9384170 1.0907630
0.2877830 0.6639120 2.8454320
0.1015020 1.2718600 3.7339790
-0.4209670  -0.1677000 2.8533890
1.3041280 0.2632310 29112670
0.0666680 25511730  -1.6274130
-1.2719390 29984770  -1.0116030
-1.8940340 3.4594990  -1.7858040
-1.8378420 2.1618930  -0.5956380
-1.1239610 3.7457500  -0.2247090
0.7201710 3.7746320  -2.3103540
1.7207950 3.5443410  -2.6927540
0.1043660 4.0771370  -3.1632980
0.7920230 4.6336610  -1.6393340
-0.1680350 1.4906050  -2.7222190
-0.8408670 1.8943270  -3.4858620
0.7738800 1.2242030  -3.2159540
-0.6082510 0.5722240  -2.3361670
-1.9709290  -0.6178790  -0.0807230
-2.1935190 0.0570010 0.7485900
-2.2433960  -0.1318520  -1.0196970
-2.8099620  -1.9206000 0.0892750
-2.5065970  -2.4286370 1.0112230
-2.5875650  -2.5941880  -0.7440670
-4.2940160  -1.6209920 0.1332460
-4.9404880  -1.3713760 1.3534510
-5.0478240  -1.5658850  -1.0493240

-1.2272110 1.6296880 1.7244310
0.2093770 2.2830240  -0.0051090
-0.0097490 0.7165340 1.7547960
0.9349330 2.9336880 0.5117010
-0.3052540  -0.3203680 1.9252010
-0.0322600  -0.9759410  -0.6285860
0.5214760  -0.6141840  -1.4939590
0.5365800  -1.8271480 0.1386550
-1.1067290 2.4547060 0.6437900
-1.9444290 3.6440330 0.5351690
-2.3907120 3.7290280  -0.4566380
-2.7414310 3.5444480 1.2724860
-1.3688160 4.5495920 0.7535220
-2.1363140 1.6398050 2.5557440
-1.5343390  -0.9932450  -0.7322160
-1.9199100 0.0267720  -0.7809090
-2.2804870  -1.8205580 0.3333950
-2.1256540  -1.3865840 1.3251090
-1.8623840  -2.8310260 0.3590680
0.5157080 0.8691710 0.3759510
3.6959380  -1.1549220 0.0828330
5.2039670  -1.5382140  -0.0180230
3.4047620 0.0100360 0.3679100
1.5287650 0.7000970 0.3539300
2.9260650  -2.1445230  -0.1550350
1.6455390  -1.9312690  -0.0082900
0.3494040 2.6362720  -1.5179040
0.3498410 4.1772530  -1.6821340
0.6386990 44264430  -2.7079490
-0.6285710 4.6263820  -1.5042260
1.0725610 4.6516440  -1.0092660
-0.7491520 2.0362820  -2.4146110
-0.6541690 24481880  -3.4245660
-1.7545870 22726660  -2.0550440
1.7364350 2.1403570  -1.9878610
1.9010690 2.4547000  -3.0229800
2.5416890 2.5653120  -1.3785330

OO TTAIZITQIZITIIQTIIZIOIITOQOQAIIIQOTZITAOZOANZTIZZAON
ITTOTTOQOIZITTZTQOQATZOTONAZITAOIZQAOIITAQAZOTIANATITIANOA
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1.8318970 1.0518800  -1.9587410 23 7.1
0.9692440 1.1336870 2.8657260

04784380  1.0320320  3.8375760 24 4.7
18476810 04834370  2.8502160 Y .
13004680 2.1705970  2.7548640

-0.6679660 09519230  -2.5058830 26 5.1
55025580  -2.0222100  -1.2490470 .
6.0194600  -0.4907310  0.2105480 TS2-lowest.log (Enamine 2)

Potential Energy = -1489.66107

Zero-point Energy = -1489.18625

Free Energy = -1489.22898

Single-Point Energy B3LYP-D3(BJ)/6-3114+G** PCM = -

5.5215480  -2.5021540 0.8816280

-3.7668930  -1.8834840 0.0415970
-4.6391300  -0.9069140 0.5473950
-4.2991390  -2.9063790  -0.7584330

TTTITIAOTZQAIZI O TS TD T O L

1490.12306
'_Z'ggigég '_g'?‘g;%g ?'ﬁ%gggg Free Energy B3LYP-D3(BJ)/6-311+G** PCM (extrapolated
56661800 -2.9519270  -1.0495990 free energy from gRRHO) = -1489.69097
36397390 -3.6765340  -1.1519150 gﬁﬁi - Bﬁfﬁiiﬁii;m /

'_2'2222?38 :g?égggg '8'2252528 C  -2.1887330  -0.0465630  -0.4475410
00595880 37543930 16673160 C 27481900  -0.1260620  1.8444790
75976030 20071930 07641970 C 25697810  -1.5728380  1.3734760
17303650 14267620 17250610 N -1.8347970  -1.3904070  0.0881530
N -24932770  0.6877860  0.7939620

O -3.0679970 02296140  2.9811960

_ o C 24508120  2.1389360  0.9339600
Formation of iminium ion (TS2) H 34414530  2.5905240  0.8241220
H 20710280 23770210  1.9296920

Conformation  Extrapolated H -1.7767760  2.5548760  0.1848880
name Free energy C  -0.5887650  -1.9120650  -0.0662850
(kcal/mol) C 00851510 -1.9191980  -1.4268600

C 13082870  -2.8621740  -1.5373900

T 0.0 H  1.0196350 -3.8580710  -1.1825680
H 15179980  -2.9669310  -2.6075520

1 22 C  -1.9418990  -2.4809050  2.4228550

H 25830430 -2.4508140  3.3072180

2 2.1 H  -1.9014060 -3.5178500  2.0782260

3 12 H  -09425260  -2.1512050  2.7131070

H  -3.5650420  -1.9656920  1.1381160

4 0.6 C  -3.3463480  -0.0415220  -1.5080320

H  -13045690  0.4017240  -0.9087200

5 0.5 C  -35273770 14006170  -2.0344580

6 06 H 42194910 13912200  -2.8825200

H  -3.9480180  2.0697210  -1.2805420

7 1.4 H  -25801040  1.8262400  -2.3846700

q 19 C 29527870  -0.9365580  -2.6992030

: H 20250170  -0.5983930  -3.1729420

9 41 H  -2.8358390  -1.9811100  -2.3962620

H  -3.7413090  -0.8980890  -3.4576200

10 1.4 C  -4.6861930  -0.5387460  -0.9323100
" 19 H  -49824260  0.0185130  -0.0378730

H  -5.4740820  -0.4007800  -1.6800410

12 1.1 H 46553220  -1.6052750  -0.6898860

H 03472340  -0.9044970  -1.7402720

13 1.4 H  -0.6648520  -2.2851630  -2.1325360
14 L0 C 25802210  -2.4220080  -0.8369560

C 33477900  -1.3619480  -1.3497680

15 0.4 C  3.0313450  -3.0683030  0.3262110

C 45224230  -0.9541730  -0.7148850

16 0.1 H  3.0243870  -0.8554700  -2.2557540
17 02 C 42083930  -2.6594510  0.9673840

H 24677770  -3.9077660  0.7266830

18 1.5 C 49562100  -1.6002100  0.4491520
H 51016210  -0.1340300  -1.1292890

19 11 H 45383210  -3.1742420  1.8649700
20 s H 58699630  -1.2823890  0.9422360
H  -04808910  -2.8478780  0.4729440

21 5.8 O 05171030  -0.9860990  0.9686830
- o1 H 07168780  0.0101890  0.5838690

: H 13729980  -1.4509040  1.0249260
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0.8953060 1.2539410 0.0146890 H  -1.1104150  -1.5302140  -0.1983810
1.6225310 2.0897860 0.6466230 O  -2.2760230  -2.0600690 0.2166960
1.8136060 3.4209040  -0.1497850 C  -32632010  -1.8081300  -0.5529800
2.1733030 1.9846670 1.7435760 O  -3.2887880  -1.1654220  -1.6042330
2.5259700 4.3409930 0.5321730 C  -45957220  -2.4280770  -0.0264160
0.6211220 3.9909260 -0.4618580 F  -45002500  -3.7777020 0.0850540
24663250 3.1983890 -1.3209710 F  -49075450  -1.9467770 1.2044070
F

-5.6448950  -2.1683600  -0.8325580

TTMTmOoONNoO

1.log

Potential Energy = -1489.66249 2.log

Zero-point Energy = -1489.18824 Potential Energy = -1489.65965

Free Energy = -1489.23172 Zero-point Energy = -1489.18505

Single-Point Energy B3LYP-D3(BJ)/6-311+G** PCM = - Free Energy = -1489.22863

1490.11830 Single-Point Energy B3LYP-D3(BJ)/6-311+G** PCM = -
Free Energy B3LYP-D3(BJ)/6-311+G** PCM (extrapolated 1490.11864

free energy from qRRHO) = -1489.68753 Free Energy B3LYP-D3(BJ)/6-311+G** PCM (extrapolated
Nimag = 1 (-309.6177 cm’") free energy from qRRHO) = -1489.68763

Charge = 0 Multiplicity = 1 Nimag = 1 (-222.1627 cm’")

29163420  -0.0892340  -0.3998050 Charge = 0 Multiplicity = 1
3.0941390  -2.3930880 0.0742480 -2.7695910  -0.1669450 0.3649140
2.4340840  -1.7323080 1.2886810 -1.8990570  -2.3524920 0.1672370
2.0021580  -0.4196300 0.7273880 -1.8496940  -1.7152730  -1.2252570
3.3212000  -1.4310090  -0.8507370 -1.9970380  -0.2667750  -0.9043290
3.3681970  -3.5895760  -0.0373540 -2.4034680  -1.4329180 1.0237490
3.8155230  -1.7444070  -2.1865760 -1.5444360  -3.4978390 0.4532300
4.9087010  -1.7654930  -2.2261400 -2.4519230  -1.6621950 2.4629530
3.4399180  -2.7298620  -2.4695140 -3.3818170  -2.1494890 2.7712660
3.4464850  -1.0010640  -2.8951280 -1.6152830  -2.3086270 2.7354160
0.6885600  -0.0846140 0.6966300 -2.3562610  -0.7096780 2.9868740
0.2516700 1.3123210 0.3111540 -1.0130300 0.6208940  -1.1885420
-1.2719890 1.5398080 0.4004290 -1.2980500 2.1089270  -1.1563150
-1.7892110 0.9284120  -0.3444370 -0.1438890 3.0265960  -1.6216880
-1.6227930 1.2106010 1.3853150 0.3126100 2.6059020  -2.5241690
1.3732150  -2.6012100 1.9507580 -0.6074980 3.9714640  -1.9280310
1.8609770  -3.5253290 22701570 -0.6510510  -2.1376540  -2.0620440
0.9615480  -2.1191500 2.8416240 -0.7053200  -3.2226760  -2.1815740
0.5626630  -2.8657380 1.2693160 -0.6915760  -1.6925980  -3.0603280
3.2211080  -1.5386160 2.0255120 0.3064380  -1.9016300  -1.5941070
4.1050930 0.8649880  -0.0247340 -2.7555600  -2.0250490  -1.7576560
2.3443270 0.3911040  -1.1987510 -4.3134790 0.0589970 0.1957800
4.8940600 1.2007950  -1.3105310 -2.3682800 0.6613860 0.9553270
5.6309560 1.9792970  -1.0890220 -4.9335480 0.2671260 1.5963520
5.4405250 0.3394880  -1.7014760 -5.9781290 0.5756100 1.4872680
4.2377730 1.5826090  -2.1010160 -4.9262780  -0.6463810 2.1952730
3.5403810 2.1800430 0.5472630 -4.4131240 1.0522860 2.1567470
2.8848500 2.6874560  -0.1682940 -4.5579460 1.3372450  -0.6295750
2.9855850 2.0104930 1.4744730 -4.1190150 22202950  -0.1536740
4.3669960 2.8607140 0.7746210 -4.1556180 1.2461050  -1.6424990
5.0646310 0.2414890 1.0068460 -5.6351200 1.5126960  -0.7146350
5.4427090  -0.7326880 0.6808710 -5.0186590  -1.1239000  -0.4955230
5.9285980 0.9006440 1.1403730 -4.8184070  -2.0741660 0.0093590
4.5920740 0.1272190 1.9869770 -6.1012630  -0.9619520  -0.4725170
0.6176640 1.5868750  -0.6833930 -4.7293430  -1.2146290  -1.5467950
0.7473270 1.9838980 1.0200450 -1.6711790 24188530  -0.1762330
-1.6343500 2.9972760 0.1938430 -2.1282030 2.2440450  -1.8566190
-1.6670560 3.8897400 1.2767530 0.9407990 3.3394800  -0.6035480
-1.9235370 3.4902750  -1.0878270 0.6268950 3.9646150 0.6172480
-1.9765150 5.2396480 1.0851320 2.2893330 3.0576850  -0.8783500
-1.4551670 3.5239490 2.2787680 1.6288830 4.2899790 1.5356390
-2.2327660 4.8398060  -1.2847030 -0.4065750 4.2099770 0.8488780
-1.9127450 2.8116840  -1.9374520 3.2946180 3.3851860 0.0375430
-2.2592710 5.7196580  -0.1979470 2.5536510 2.5778210  -1.8170590
-2.0014380 5.9134190 1.9369710 2.9671930 4.0014750 1.2483160
-2.4575730 5.2012740  -2.2841980 1.3641490 4.7734070 2.4714780
-2.5031470 6.7673200  -0.3483300 4.3303380 3.1566640  -0.1961360
0.1435240  -0.4855490 1.5453420 3.7459980 4.2548510 1.9613430
-0.1256740  -1.1394490  -0.5045090 -0.4100740 0.3146890  -2.0377020
-0.2425590  -0.6952790  -1.3596100 0.2498020 0.4462580 0.0892450
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H 0.6285480 1.3179610 0.3048790 O  -0.1580410  -0.9898530  -0.5597260
H 1.0869670  -0.1913560  -0.1366250 H  -0.0893720  -1.1797920  -1.5090540
o 2.1777580  -1.0070040  -0.4604330 H  -1.2276000  -1.0552580  -0.2813260
C 29763500  -1.3174150 0.4831580 O  -25023720  -1.1546130 0.1139630
O 2.9531000  -1.0028320 1.6750300 C  -3.2453450  -1.8294730  -0.6769120
C 4.1438700  -2.2311930  -0.0130220 O  -2.9598880  -2.3687830  -1.7467420
F 3.6741190  -3.3713620  -0.5819850 C  -47120760  -1.9421230  -0.1535690
F 4.8959010  -1.5990060  -0.9524160 F  -47555040  -2.5254800 1.0712460
F 4.9800720  -2.6000110 0.9797440 F  -52840190 -0.7164070  -0.0326940
F  -55003800 -2.6703790  -0.9696810
3.log
Potential Energy = -1489.66151 4.log
Zero-point Energy = -1489.18751 Potential Energy = -1489.66303
Free Energy = -1489.23110 Zero-point Energy = -1489.18910
Single-Point Energy B3LYP-D3(BJ)/6-311+G** PCM = - Free Energy = -1489.23259
1490.11948 Single-Point Energy B3LYP-D3(BJ)/6-311+G** PCM = -
Free Energy B3LYP-D3(BJ)/6-311+G** PCM (extrapolated 1490.12040
free energy from qRRHO) = -1489.68907 Free Energy B3LYP-D3(BJ)/6-311+G** PCM (extrapolated
Nimag = 1 (-324.0648 cm’") free energy from qRRHO) = -1489.68996
Charge = 0 Multiplicity = 1 Nimag = 1 (-326.9458 cm’")

3.0112410  -0.4737330  -0.4844450 Charge = 0 Multiplicity = 1
2.6207980  -1.9757880 1.2915410 1.9498940  -0.6852460 0.6724980
2.0312580  -0.6235450 1.7049870 37033260  -0.3305070  -0.8676560
1.9536360 0.0910360 0.3977810 2.9514240  -1.5854720  -1.3217480
3.1374380  -1.8411710 0.0474330 1.6733950  -1.4726930  -0.5610700
2.6222740  -3.0029010 1.9730450 3.0863740 0.1462170 0.2384880
3.6489220  -2.9822410  -0.7033290 4.6946510 0.1560680  -1.4162020
4.7051020  -3.1737100  -0.4916100 3.4664490 1.4146260 0.8499540
3.0735890  -3.8660870  -0.4202920 4.2667080 1.2922290 1.5859150
3.5261120  -2.8001350  -1.7722060 3.8199250 2.0832420 0.0623780
0.7514200 0.4792220  -0.0986660 2.5959840 1.8587800 1.3346670
0.6657720 1.3456090  -1.3378940 0.4915310  -1.3590850  -1.2212330
-0.7540190 1.8698410  -1.6509830 -0.8204140  -1.4594610  -0.4723920
-0.6964970 2.3740370  -2.6216200 -2.0679270  -1.3427020  -1.3729370
-1.4461780 1.0322470  -1.7761580 -2.1503700  -0.3253670  -1.7675130
0.7520730  -0.7442590 2.5223790 -1.9571730  -2.0170060  -2.2306780
0.9923840  -1.3174110 3.4211090 2.8615840  -1.7253330  -2.8355860
0.3885100 0.2359790 2.8418420 3.8830200  -1.7479590  -3.2230060
-0.0398160  -1.2720120 1.9880260 23778890  -2.6635720  -3.1206780
27793920  -0.1134720 2.3213340 23396390  -0.8868340  -3.3006720
4.3500180 0.3449520  -0.5140560 3.4966530  -2.4530430  -0.9340080
2.6343380  -0.5295950  -1.5098870 22201560  -1.5479400 1.9550480
5.3114770  -0.3167720  -1.