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Chapter 1

Introduction

1.1 Lewis acidity

LEWIS acids are an indispensable tool for modern organic chemistry with a wide scope of
applications. 2] Despite their broad application, the prediction of an optimal LEWIS acid for a
given application is still challenging. The reason for this can be deduced from their definition.
According to the TUPAC definition (which is close to the original definition by Lewis ) LEwis

acids are:

"A molecular entity (and the corresponding chemical species) that is an electron-pair ac-
ceptor and therefore able to react with a LEWIS base to form a LEWIS adduct, by sharing the

electron pair furnished by the LEWIS base. "4

Even if this definition seems to be clear at first glance, the actual determination of a
compounds LEWIS acidity (which is one of the essential factors for the choice of a suitable LEw1s
acid) is challenging. At close inspection of this definition, it becomes clear, that the absolute
acidity is not an intrinsic property of the acid, but is rather determined by the interplay with an
electron pair donor (the LEWIS base). The LEWIS base itself as well as steric parameters affect
the strength of the respective LEWIS interaction noticeably. [°!

Due to the importance and structural diversity of LEWIS acids, a large number of concepts has

been developed to rationalise and predict a compounds LEWIS acidity. Roughly, those concepts

can be divided into two different approaches which are discussed in the following.
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Experimental Determination of Lewis Acidity

One is the experimental quantification using spectroscopic LEWIS base probes. This approach
is based on the change of the electron structure of a LEWIS base upon coordination to a LEWIS
acid with an accompanying change of a spectroscopic measurable parameter. The advantage
doing this is that by using a specific base, steric as well as electronic interactions are captured.
However, this in turn means, that the results are specific only for this LEWIS base and can’t
be transferred to structurally or electronically different bases and are therefore only meaningful
for the retrospective quantification. Several spectroscopic probes have been reported. Most
known are the ones by CHILDS who used 'H NMR shifts of crotonaldehyde, HILT who used ?H
NMR shifts of d-quinolizidine and GUTMANN and BECKETT who used the 3'P NMR shift of

triethylphosphine oxide as probe. (6]

Theoretical Determination of Lewis Acidity

The second group of approaches is based on theoretical methods. The first works on this topic
mainly relied on the determination and comparison of the bond energy or formation energy of
structural similar LEWIS adducts as measure for the acidity of the respective acid.!®) This was
achieved either by direct calculation or by application of empirical methods. To be mentioned
in this context are the studies of GUTMANN (donor number) and MULLIKEN (AH,,q of charge
transfer complexes). 1912l The drawback of those methods is their inability to generate a univer-
sal LEWIS acidity scale as all energies are calculated with respect to a specific LEWIS base. A step
into direction of a universal acidity scale was done by DRAGO who introduced specific parameters
for the acid and the base by which the formation energy could be estimated. Thereby, a first
comparison of different LEWIS acids without consideration of a specific base was possible. [13:14]
Another example towards this direction was proposed by PEARSON who developed the HSAB
concept (hard and soft acids and bases). Thereby a qualitatively prediction of LEWIS acidity is
possible. '® This concept was further expanded by KLOPMAN, SALEM and PARR which led to
the definition of the electronic chemical potential 1 and the hardness 7.[16719 Later on, PARR
calculated the global electrophilicity index w from g and 1 which has successfully been used as
global acidity scale.[2%21] An approach in the same direction has been developed by EVANSECK
who used the valence deficiency as measure for the intrinsic base independent LEWIS acidity. 22!
Another recently very popular scale is the fluoride ion affinity scale (FIA) which is based on the

formation energy of a LEWIS acid with a fluoride ion. As this energy gives only a measure for the
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interaction with a hard base, this approach was expanded to chloride, iodide and methylate ion
affinity scales in order to cover soft LEWIS acids as well.[23:24] Although this approach provides
a global acidity scale it is referring to a specific LEWIS base and therefore it is often misleading.
A last approach is the combination of the described experimental probes with quantum mechan-
ical methods. Doing this, LEWIS acid coordinated probes and their respective predictive para-
meters (e.g. NMR shift, IR frequency or theoretical parameters like charge or HOMO/LUMO
energies) are calculated by theoretical means. This facilitates a very good prediction of LEWIS
acidity with respect to the resulting activity in a reaction of interest. This is due to the abil-
ity to design the theoretical probe in a manner that it resembles the system of interest ideally.
This approach has been demonstrated among others by LLASZLO who used theoretically obtained
LUMO energies of LEWIS acid coordinated crotonaldehyde for the prediction of the LEWIS acid

catalysed ene reaction of 3-pinene with methyl acrylate. [25:26]

Energy Decomposition Analysis

A theoretical method for the analysis of chemical bonds which is of particular use with respect to
the analysis of LEwWIS acid-base adducts is Energy Decomposition Analysis (EDA). It considers
the bond-forming process of the fragments A° and B in its respective electronic and geometric
ground state U9 and UY% with the energies £ and EY yielding the product AB with E4p and
U 4p. In a first step A? and B? are distorted to the geometries in AB to A and B with ¥ 4 and

V4 and F4 and Ep. The therefore necessary energy is the preparation energy AE,,¢p.
AEy.ep = Es — EY + Ep — EY% (1.1)
The interaction energy AFE;,; is defined as
AEint = Eap — Ea — Ep (1.2)

Using EDA the interaction energy can be analysed in more detail. In a first step, A and B are
moved with frozen electron distribution from infinite distance to the position in the molecule
forming ¥ oV p with EE‘ - The associated energy change corresponds to AFEgstq¢. In a second
step, U4V p is antisymmetrised and renormalised yielding ¥°. This procedure allows the spins
of the two fragments to interact. The occurring energy difference corresponds to AFpgq;. In a

last step, WO is relaxed, by that means AE,,; can be obtained. 272

AEint = AEelstat + AEPauli + A-Eorb (13)
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By this splitting of AFE;,; into its components, a thorough analysis of the individual energy
contributions to a respective bond can be done which is especially useful for LEWIS acid-base
adducts. 3% An extension of this method is its combination with natural orbitals for the chemical
valence (NOCV) theory. In this way, AE,., can be further broken down into pairwise contri-
butions of interacting orbitals of the two fragments. The thereby obtained NOCVs Wy can be
used for a graphical analysis of the corresponding deformation densities Apy(r) which depicts the
change of the electron structure in the bond forming process. This is of special use as thereby,
a visual assignment of different bonding types (o, 7, etc.) to the energetic contributions of the

respective Apy(r) is possible, [28:29,31-34]
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1.2 Organic Electrochemistry

Organic chemistry has undergone a dramatic change during the last decade. Due to an increasing
sensibility for environmental issues newly developed methods today have to satisfy multiple
requirements, usually according to the 12 principles of green chemistry by ANASTAS. 3% As little
catalysts and reagents as possible shall be used in order to reduce waste production. The applied
components have to be non-toxic, preferably easy to control, and energy-saving conditions should
be applied. Because of this broad range of demands, the recent rise of methods like highly efficient
catalyst systems or photochemistry can be explained. Another method which rides on the wave
of sustainability is organic electrochemistry. [36:37]

By replacement of classical reductants or oxidants with electricity, most of the described demands
can be fulfilled. The waste is minimised or even eliminated and the reaction can be controlled
much better due to multiple adjustable parameters (potential, current density). However, this
entails new challenges. The experimental effort is increased (need of galvanostats and special
cells) and due to a large number of additional parameters (e.g. applied charge, current density,
electrode material, electrolyte, cell type), optimisation is more difficult. Further information
regarding the experimental as well as the theoretical background, are summarised in the reviews
by DAN LITTLE and JEAN-MICHEL SAVEANT. [38:39]

Despite all such challenges, a broad range of new reactions has been developed in recent years
covering a large selection of challenges of organic chemistry. This includes complex oxidation and
reduction reactions or C~C and C-heteroatom coupling reactions. [36:3740-46] Several advances

covering reactions relevant to the presented work are detailed in the following sections.

Electrochemical iodination reactions

Due to the widespread use of aryl iodides in chemistry, their synthesis is of central import-
ance. [*7 51 Classically, they are synthesised by electrophilic aromatic substitution. The neces-
sary electrophilic iodine species can either be generated in situ by oxidation of iodine to iodonium
ions using stoichiometrical amounts of oxidant or by using preformed electrophilic iodination re-
gents like NIS or ICl. Both approaches lack atom efficiency for which reason an electrochemical

generation of iodonium ions for the synthesis of aryl iodides is tantalising. [>2:53]
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platinum

electrodes

nBu4NBF4

MeCN I

0°C, 2 F/mol micro mixer ‘ | X

o H /
N 0°C, 6 miimin 4
/.~ MeCN

yield up to 85%

Scheme 1.1 — Electrochemical iodination protocol by YOSHIDA based on reaction of a pre-

formed iodonium-pool with arenes in a micro-mixer. [54]

The first example of such a transformation was reported by CAMPBELL nearly 50 years ago.
They were able to synthesise structurally simple aryl iodides by direct electrolysis of iodine with
the respective aromatic hydrocarbons in acetonitrile using a divided cell. The yields were mostly
low due to not further specified side reactions. However, by preforming a iodonium pool which
was subsequently reacted with the substrate yields between 80 and 100 % could be obtained. 5!
Further extensive work on electrochemical iodination reactions of aromatic hydrocarbons has
been done by YOsHIDA (Scheme 1.1). Using micro-mixing techniques, he could obtain predom-
inantly good yields and regioisomer ratios. ¥ The drawback of all reported methods is on one
hand the lack of regioselectivity control and on the other hand the inability of performing the
reactions in a one-pot fashion but rather to be forced to separate the generation of the iodonium

ions from their reaction with the substrate.

Iodine(IIT)-mediated Electrochemical Reactions

One rather recent application of aryl iodides is the field of hyper-coordinate iodine(III) reagents.
Todine(IIT) compounds possess a unique reactivity which resembles partially the one of transition
metals. They can undergo oxidative additions as well as reductive eliminations and thereby are

able to mediate bond-forming processes. [51:56-59]

N I\<j\0/ FF

S S 5 mol%
NEty-3HF - O O
O Pt electrodes, 1.9 V vs. SCE
MeCN, RT, 4.5 F/mol 1 98 %

Scheme 1.2 — p-lodoanisole mediated electrochemical gem-difluorination of dithio-ketals. [60]
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The origin of their reactivity stems from the fascinating bonding situation of the iodine. Al-
beit they are often described as hypervalent due to a postulated 4e3c bond, recent investigations
suggest an eight-electron configuration and thus a normal valency. In extreme cases of iodine(IIT)
compounds with only one carbon ligand, e.g. PIFA or PIDA, the iodine atom actually exists in
a hypovalent six electron configuration. [61.62]

The picture of ionic bound ligands with an electron deficient iodine implies several special fea-
tures. Due to the electron deficiency of the iodine it is a LEWIS acid and furthermore prone
to reductive elimination what makes it a strong oxidant.[364 As the ligands are bound in a
ionic way, they are highly nucleophilic and therefore strongly activated. A last implication of
the refusal of the iodine to increase its valency implies that substrates coordinate probably by
electrostatic interactions which are not strongly directional and thus very flexible. [58:61-65 By
use of those features, a multitude of applications of the various iodine(III) reagents have been
developed. However, an inherent problem to all cases is the lack of atom efficiency as in all cases
stoichiometric amounts of oxidants have to be used to generate the iodine(III) species from the

respective aryl iodides. [49:51,51,66]

—

—

NI/\
O
| (CF3S0,),N

f N 10 mol% f N F
N/)\S/\ Et;N-3HF - N/)\SJ\

CO,Et

CO,Et
undivided cell, 4 F/mol
5 mA/cm? 2 86%

Scheme 1.3 — Ionic liquid aryl iodide mediated electrochemical fluorination of pyrimidinylthio
[67]

acetates.

An elegant approach to avoid this problem is the utilisation of electrochemistry. Pioneering
work on this approach has been done by FucHiGAMI. Using various aryl iodide derivatives as
mediators in substoichiometrical amounts, they could fluorinate a range of substrates in good to
excellent yields. A common theme of all applied substrates is the presence of sulphur containing
functional groups in neighbourhood to the reaction centre in order to stabilise occurring cationic
intermediates. In early investigations they used, as shown in Scheme 1.2, simple aryl iodide

mediators.! A divided cell and controlled potential electrolysis had to be used to obtain good

IThey state that para substituted aryl iodides have to be used to prevent homo coupling but did not further

investigate the influence of the mediator substitution on reaction yield.
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yields. [69:98] To improve atom efficiency, they used the concept of mediator recycling in later
studies. The recycling was possible in two distinct approaches. The first approach was the
application of an aryl iodide containing ionic liquid (Scheme 1.3). This approach brought two
advantages. The product could be separated from the mediator after the reaction by simple
extraction with organic solvents. Furthermore, due to the bulkiness of the mediator, reduction
of the iodine(IIT) was not a severe problem and thus an undivided cell could be used.!®”] The
second approach made use of polystyrene bound aryl iodides in combination with chloride as co-
mediator for the fluorination of benzylcarbonothioates yielding benzyl fluorides. In this case the
mediator could be recycled simply by filtration. Within 10 recycling cycles, they didn’t observe
any deterioration of the mediator activity. ) The last literature known example for an in-cell
use of iodine(IIT) compounds as mediators has been reported by HARA in which they fluorinated
1,3-dicarbonyls following the procedure of FucHiGAML. ["%7Y Astonishingly, all other reported
applications of iodine(III) as electrochemical mediator have been done in an ex-cell manner which
strongly diminishes the benefits of electrochemistry. ™) One such example for the ex-cell use is
shown in Scheme 1.4, in which an ionic iodine(III) reagent was synthesised electrochemically
(using hexafluoro-iso-propanolate or trifluoroethoxylate as ligands) and subsequently reacted

with imines yielding benzoxazoles. [7?]
I

1. glassy carbon anode

N
HFIP, RT, 3 F/mol A
- [
1 /F 0

2
0 ) | AN Ny R R
' P
—P\clo, 1RA

OH

Scheme 1.4 — Todine(IIT)-mediated electrochemical ex-cell synthesis of benzoxazoles. [
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1.3 Statistical Tools for Reaction Optimisation

An intrinsic problem for modern method development in chemistry is the vast number of para-
meters that can be controlled. In "classical" organic reactions "chemical parameters" like applied
catalysts, and additives or solvent, as well as "physical parameters" like temperature or pressure
can and should be optimised to get an as efficient reaction as possible. In organic electrochemical
reactions, this problem is even worse. Electrochemical parameters such as electrolyte, cell type
or electrode material have to be considered additionally. Several approaches can be chosen to
cope with the enormous amount of conditions that need to be screened to find optimal perform-
ance. The approach most often used today is parallelisation. By decreasing reaction size, the
number of possible experiments that can be done in parallel is drastically increased, allowing the
screening of many factors in a limited time. This approach can also be applied in electrochemical
method development, although the instrumental requirements are high due to the necessity of
power supply and special electrochemical cells.[*6] These difficulties have been diminished by
miniaturisation leading to micro-electrode arrays at which hundreds of reactions can be done at
the same time. Nevertheless, this method is experimentally challenging and not broadly applic-
able.[™] Another approach is the implementation of electrochemistry to flow conditions which
allows a fast screening of different reaction conditions as well, but is instrumentally challenging,
too, [74-76]

These problems arising in a "classical" reaction optimisation can be drastically diminished by
the two other optimisation approaches. Those two approaches, Design of Experiment (DoE) and
Multivariate Linear Regression Analysis (MLR)), try to solve the optimisation problem not by
increasing the number of experiments but tackle the problem with a better interpretation of the

obtained data and by shifting the data generation to theoretical methods.

Multivariate Linear Regression Analysis

The most basic method to increase optimisation efficiency and thereby to decrease the number of
necessary reactions that have to be done is to extract as much information as possible from the
data at hand. In chemical environment, most often data is evaluated by transforming continuous
variables into dummy variables (yes/no, better/worse, etc.). This approach allows an intuitively
data handling that does not require any statistical background, however due to the dimensional
reduction by the transformation process, most of the information at hand is not used. 777!

A common method which allows the use of all data is linear regression analysis. Using this

10
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method, it is possible to connect the measured output Y; with an input variable X; in a math-
ematical model and thereby using all n data points (1.4) which improves significance (the error

€; is taken into account) and further allows predictions.

yi = a+ PBr; +¢€ i=1,...,n, a, fee R (1.4)
n
Z(Yi T miél (1.5)
i=1 @

Different methods for the determination of o and 8 are available, most commonly used is the

least squares method (1.5) in which the squared difference between predicted and observed values

is minimised. The generation of a mathematical model for Y; has multiple advantages. By

comparison of the measured with the predicted output the variance o can be determined (1.6) .
n

1 1 & .
~2 22 __ V.
& 7n_2§ Ei*n_gi Y; - Vi) (1.6)

=1 =1

This allows a quantitative assessment of the quality of the experimental data. Although this
doesn’t directly improve optimisation efficiency, it prevents unfounded decisions. This is of
particular relevance with respect to outliers which thereby can be identified using various methods
(e.g. T-test) and are a severe problem for optimisations done in a binary approach.

Furthermore, the use of calculated values o and g allows an improved optimisation efficiency.
Using the predictive capabilities, new Y; can be predicted for given X;. This allows to save
experiments by interpolation over the existing data. As the linear functions described so far
do not allow the modelling of an optimum, quadratic functions have to be incorporated for a

quantitative optimisation (1.7).77]

yi = o+ Bz + ngf + € (1.7)

Although this approach possesses multiple advantages, it is inherently restricted to unidimen-
sional questions, which is a big drawback for an application in a chemical context. To overcome
this disadvantage, multivariate linear regression was developed. In general, it is the transforma-

tion of univariate linear regression and all connected methods to an p-dimensional space (1.8). [77]

Yi :Ol+61‘r“ + ~~-+5pxip+€i (18)

Using this generalisation, the method is much better applicable in a chemical context since
multiple descriptors can be used at once to predict an outcome Y;. For multivariate linear

regression, the determination of the significance o is of particular relevance. Using modified

11
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tests, the significance of each (3, can be assessed and thereby the importance of the respective
influence factor can be quantitatively determined. Especially when descriptors are incorporated
whose relevance is not known, the calculation of the respective p-values (probability that the
Null-hypothesis is fulfilled) allows an instant boolean effect/no effect classification. If functions
of higher order are included, it is possible to map the chemical space in p dimensions in a

quantitative way. "]

RSO,N;
NaNTf, Jos
'\} H IrCp*(OTFA), l\} NH
CICH,CH,CI
a) Chang 2017 H O%R 40°C, 16 h H O%R
C2 over C7 selectivity
NBO charge,
Sterimol B1 parameter
DDQ
b) Liu 2017 o’ N

free activation energy AG'
hydrogen bond dissoziation energy
oxidation potential

c) Sanford 2017 N

oxidation potential, free decomposition energy AG*Decomposition
oxidation enthalpy, bond length

o O
\-OPV (RhCpCla), n-OPV
H MeOH -

+ CsOAc Y A

d) Rovis 2016 A :

free activation energy AG'
oxidation potential, Sterimol B1 parameter, Rh-P coupling constant, NBO charge

Figure 1.1 — Overview of some resent applications of MLR; a) Ir(III) catalysed amida-
tion, [7] b) DDQ mediated CH activation, [80] ¢) Pyridinium anolytes for Redox-Flow bat-

81]

teries, 81 d) Rhodium-catalysed CH activation using different Cp- hgands Target variable

bolt, descriptor variables in italic, centre of optimisation marked in green.

12
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In a chemical context MLR is often used for two different applications. On the one hand,
it is needed in design of experiments theory in order to generate the resulting model (for more
information see 1.3). One the other hand it is often combined with computational methods
like density functional theory (DFT). In this combination, the parameter set X; is calculated
by DFT methods and subsequently used as input in a MLR model for the prediction of the
parameter of interest Y;. Common descriptors that are being used are for example ionisation-,
oxidation/reduction-, or dissociation energies, point charges, IR frequencies, NMR shifts and
many steric parameters like bond lengths or torsion angles and more complicated ones like
CHARTON, TAFT or STERIMOL parameters. However, in order to be able to generate the model,
the respective Y; have to be determined experimentally though. Nevertheless, as soon as the
model has been established, it can be used in a so-called virtual screening to predict new Y;
without any experimental but only with computational input. Due to no scaling problems of
modern clusters, this is very efficient and allows broad screenings that would be not possible

(83-88] The approach of using MLR analysis, especially for virtual screenings, has

experimentally.
experienced a boom in recent years in all areas of chemistry. A small survey over some important
contributions from the last years with the respective output variable and the applied descriptor

variables can be seen in Figure 1.1.

Design of Experiments

Design of Experiments (DoE) is a statistical method that deals with the optimisation of
optimisation processes. Classical, reactions are optimised step by step in a one-dimensional way
altering only one variable at a time until an optimum is reached while all other variables are
fixed (one factor at a time (OFAT)). This approach has one big advantage which is probably
the reason why it is used nearly exclusively in chemistry. As only one parameter is altered,
variations in the output variable (e.g. yield or enantiomeric excess) can directly be linked to
this change. ["®!

Although this approach is intuitively and directly evaluable, it has the substantial disadvantage
that interactions of the parameters are not captured. This severe drawback is illustrated in
Figure 1.2 a and b. In this fictional example, time and temperature shall be improved. In an
OFAT optimisation starting from a fixed temperature of 20 °C, two reasonable quadratic fits can
be obtained with an acceptable yield of 60 %. Due to strong interactions of the two parameters,
this is however far off the global optimum as it can be seen in the contour plot of the reaction

space in Figure 1.2 ¢ (black points). (™!
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CHAPTER 1. INTRODUCTION

A second drawback is the high number of necessary experiments. As only one parameter is
varied at a time, the respective data points can only be linked with this specific variable. This
is why for each factor the same number of experiments has to be done which in turn leads to a

high amount of experiments when considering a larger number of factors.
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Figure 1.2 — a) OFAT optimisation of the time at 20 °C (optimum: 70 min); b) OFAT
optimisation of the temperature at 70 min (optimum: 75 °C); ¢) contour plot obtained from

DoE optimisation (black point: OFAT data points, blue points: DoE data points).

Design of experiments theory deals with those two problems. By distributing the data points
not on single axes within the reaction space but rather spreading them as symmetrically and
evenly as possible over the complete reaction space those two problems can be avoided. This
becomes apparent if the example in Figure 1.2 is considered from an DoE point of view. The
blue dots in the contour plots show the collected data points of a central composite design. Their
distribution over the complete reaction space allows the fitting of a MLR model. This is not
only capable of depicting the, in this case important, cross interaction but exhibits furthermore
a higher statistical significance. This is due to the fact that for each term in the model all
respective data points can be used which implies a higher significance with at the same time

lower number of necessary experiments. (78!
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CHAPTER 1. INTRODUCTION

In this rather basic example only numeric continuous factors were optimised.’ In order to be
able to optimise other factors like discrete numeric, categorical, mixture or covariate variables
and in order to address different optimisation purposes (screening, quantitative optimisation),
a large number of specialised DoE designs have been developed. A short overview of the most

[78.89] Historically, full factorial and central composite

important designs is shown in Table 1.1.
designs are the most important ones as they have been developed firstly and have the advantage
that they can be evaluated manually. Due to the drawback of a limitation to numerical factors,
today mainly optimal (with D-optimal being the most important) designs are used as they are
highly flexible with respect to the type of input data and as they can be used for screening as
well as for quantitative purposes. A disadvantage of optimal designs is their iterative generation
which requires the use of computers mandatory.

In case of the application of DoE to a larger optimisation problem, most often multiple
designs are used. In a first step, using a screening design (factorial, definitive or D-optimal),
only the main effects are investigated in order to select from a large number of possible factors
the important ones. Only now the remaining factors are investigated quantitatively using a
more sophisticated design (central composite, D-optimal). This combined approach satisfies the
demand for a low number of experiments with at the same time a maximal output of information.
Being superior to OFAT optimisation in every aspect (apart from simplicity), DoE is been used
vastly in the industrial environment. All important reaction types have been improved using DoE
with often spectacular results.[??) Nevertheless, it is seldom used in academic organic method
development. A possible reason for this may be the deterring mathematical background which
entails the mandatory use of specialised software. Nonetheless, DoE is experiencing an upswing in
recent years. [*1797] Surprisingly, in the field of optimisation demanding organo-electrochemistry,

except one exemplary report only, DoE has not been applied yet. 8]

licontinuous factor: all values between the limits are experimentally accessible, discrete numerical factors: only
specific values between the boarders are experimentally accessible, categorical factor: properties that can not be
expressed in numbers, mixture factors: proportion between two or more variables, covariate factor: variables that

can’t be influenced
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CHAPTER 1. INTRODUCTION
Table 1.1 — Selection of the most important DoE designs.
DoE application experiments advantages disadvantages
design (for N factors)
factorial screening > N+1 very efficient only main effects
&  2-factor interac-
tions, only continuous
factors
full screening N? all interactions estim- high number of exper-
factorial able iments, only continu-
ous factors
central quantitative  (N+1)2 all interactions estim- high number of exper-
composite able iments, only continu-
ous factors
factorial quantitative > 3N+4 efficient only main effects
central &  2-factor interac-
composite tions, only continuous
factors
definitive semi quant. 2N+1 quadratic terms some- minimum  of = six
times estimable factors, categorical
factors disfavoured
D-optimal  screening > N+1 all kinds of factors, only evaluable by
individually configur- computer
able
D-optimal  quantitative > 2N+1 all kinds of factors, only evaluable by
individually configur- computer

able
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Chapter 2

Project Scope and Motivation

Due to the ever-increasing clear global resources finiteness, the awareness of the necessity of
sustainable processes increases. In a chemical method development context, this shows up in the
nearly exclusive goal in development of atom efficient and catalytic reactions. Nonetheless, as
soon as changes of the oxidation state of the substrates are involved, stoichiometric amounts of
oxidants/reductants have to be used, which diminishes any efficiency. Another hidden problem
are the costs for optimisation. Within these processes, not just material goods but also manpower

is often used in an excessive way.

TMS Kl X |
anodic oxidation

Scheme 2.1 — Targeted electrochemical Iododesilylation reaction for the synthesis of aryl

iodides.

Within the scope of this dissertation those two efficiency problems should be tackled. There-
fore, new electrochemical methods using the unique features of iodine chemistry should be de-
veloped. This idea was based on results of the authors master thesis, in which a new protocol for
a chemical iododesilylation reaction for the synthesis of aryl iodides was developed. As this re-
action required stoichiometrical amounts of an oxidant for the generation of the active iodonium
ions, it was not atom efficient. Hence, an electrochemical mutation of the protocol was to be de-
veloped in order to eliminate this efficiency problem. In a second step, the obtained aryl iodides
should be used as mediators in iodine(III)-mediated reactions. Those are currently under heavy

investigation, as reactivities similar to the ones of transition metals can be obtained with at the
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CHAPTER 2. PROJECT SCOPE AND MOTIVATION

same time the benefits of main group catalysis. The drawback is once more the necessity of the
stoichiometrical use of oxidants for the generation of the active iodine(III) species, which is why
this type of reaction is a perfect candidate for the development of electrochemical protocols. The
specific reaction that should be optimised was a lactonisation reaction yielding isochromanones,
which has been reported in prior studies with the use of classical oxidants. The choice for this
specific reaction was influenced by its complexity as two new bonds are formed, and drug-like
compounds of pharmaceutical interest are obtained.

To tackle the problem of unnecessary use of manpower as well as chemicals due to inefficient
optimisation, two statistical approaches should be tested on those reactions — design of experi-
ments and multivariate linear regression analysis. Although both methods are well established
statistical tools for classical reactions, their previously untested applicability to electrochemical

reaction optimisation should be established.
|
(0]
. oy
o nucleophile _ 0
_ . anodic electrolysis R

Nu

Scheme 2.2 — Targeted electrochemical iodine(III)-mediated reaction for the synthesis of

isochromanones.

In a third cooperation project, the activation of the CBS catalyst by different LEWIS acids
should be investigated. Starting point of this investigation were studies of Dr. ALEXANDER
NODLING who used a deuterated CBS catalyst derivative as 2H NMR probe for the prediction
of the activity of different LEWIS acids in a CBS catalysed DIELS ALDER reaction. In order
to prove the predictive capabilities of this approach, he determined rate constants of a model
DiELS ALDER reaction and correlated these with the measured NMR shifts. Doing this, unex-
plained outliers occurred which should be investigated using density functional theory. For one,
reasons for the existence of the different outliers should be found using bonding analysis. Fur-
thermore, a quantum mechanical probe for the prediction of the activation of the CBS catalyst
by those different LEWIS acids should be developed which should be able to predict the outliers
correctly. Here again, the focus was on the efficient prediction of reactivities and the avoidance

of experimental work in favour of computer based methods.
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Chapter 3

Cumulative part

This dissertation consists of two publications, to which I contributed the majority and one
publication (no. 1) to which I contributed half. In this chapter, these publications will be

discussed in the following order:

1. A. R. Nodling, R. Mockel, R. Tonner, G. Hilt, "LEwIS Acids as Activators in CBS-
Catalysed DIELS-ALDER Reactions: Distortion Induced LEWIS Acidity Enhancement of

SnCly",Chem. Eur. J. 2016, 13171.

2. R. Mockel, J. Hille, E. Winterling, S. Weidemtiller, T. M. Faber, G. Hilt, "Electrochemical
Synthesis of Aryl Iodides by Anodic Iododesilylation', Angew. Chem. 2018, 130, 450;
Angew. Chem. Int. Ed. 2018, 58, 442.

3. R. Mockel, E. Babaoglu, G. Hilt, "lodine(III)-mediated Electrochemical Trifluoroethoxylac-
tonisation - Rational Reaction Optimisation and Prediction of Mediator Activity', Chem.

Bur. J. 2018, 2/, 15781.
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CHAPTER 3. CUMULATIVE PART

3.1 Lewis Acids as Activators in CBS-Catalysed Diels-
Alder Reactions: Distortion Induced Lewis Acidity
Enhancement of SnCly

A. R. Nédling, R. Méckel, R. Tonner, G. Hilt, Chem. Eur. J. 2016, 13171.

Abstract: The effect of several LEwIS acids on the CBS catalyst (named after COREY,
BAKSHI and SHIBATA) was investigated in this study. While 2H NMR, spectroscopic measure-
ments served as gauge for the activation capability of the LEWIS acids, in situ FT-IR spectroscopy
was employed to assess the catalytic activity of the LEWIS acid oxazaborolidine complexes. A
correlation was found between the A§(2H) values and rate constants kp, which indicates a direct
translation of LEWIS acidity into reactivity of the LEwWIS acid-CBS complexes. Unexpectedly, a
significant deviation was found for SnCl, as LEwIS acid. The SnCly-CBS adduct was much more
reactive than the Ad(?H) values predicted and gave similar reaction rates as those observed for
the prominent AlBrs CBS adduct. To rationalise these results, quantum mechanical calculations
were performed. The frontier molecular orbital approach was chosen and a good correlation
between the LUMO energies of the LEWIS acid-CBS-naphthoquinone adducts and kp A could be
found. For the SnCly-CBS-naphthoquinone adduct an unusual distortion was observed leading
to an enhanced LEWIS acidity. Energy decomposition analysis with natural orbitals for chem-
ical valence (EDA-NOCYV) calculations revealed the relevant interactions and activation mode of

SnCly as LEWIS acid in DIELS-ALDER reactions.

Contents: Chiral oxazaborolidines (with the S-proline derived catalyst named CBS-
catalyst being the most well known) are an important class of LEWIS acid catalysts for various
applications. One example is their application in asymmetric 4+2 cycloaddition reactions where,

however, they have to be activated by additional BRONSTED super acids or strong LEWIS acids.
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D PhPh D PhPh
0 LA 0
N-B  Me > N-B  Me
CH,Cl,, —40 °C |
LA
3 4
5(2H) = 4.54 ppm 3(2H) = >4.54 ppm

Scheme 3.1 — >H NMR spectroscopic quantified activation A§(*H) of d-4 upon LEWIS acid

coordination at —40 °C.

Due to investigations by COREY, the most common activation is accomplished by protona-
tion using a BRONSTED acid. In cases of LEWIS acid activation nearly exclusively aluminium
tribromide is used. We were interested whether other LEWIS acids are able to activate the CBS
catalyst as well and furthermore if their catalytic activity can be predicted using a NMR-probe.
Rate constants kp 4 of different LEWIS acids were determined using in situ FT-IR spectroscopy
in a model DIELS-ALDER reaction of isoprene with naphthoquinone. Subsequently, these kinetic
data should be correlated with 2H NMR shifts A§(2H) obtained from the complexation of the
respective LEWIS acids with the deuterated CBS catalyst probe d-3 (Scheme 3.1).
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Figure 3.1 — Correlation of kpa with AELuamo.
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A mediocre correlation between the rate constants kp 4 of the model reaction with the A§(2H)
shifts was obtained. However, there were two outliers — SnCly and the group of indium LEWIS
acids (InClg, InBrg and Inl3). In case of the indium acids low kp 4 were observed, opposed to
high activation according to their AJ(*H) values. In case of SnCly, although being only weakly
acidic according to its A§(2H) shift, it showed a catalytic activity as high as AlBrs. To explain
these phenomena, the system was analysed more thoroughly using density functional theory.
First we applied frontier molecular orbital (FMO) theory using the LUMO lowering AELyy0 =
ELUMOps—1a—napthoquinoney — BLUMO apthoguinoney &5 theoretical probe. This approach was
successful, and we could thereby predict the activity of all LEWIS acids including the one of
SnCl, and the indium acids. This finding implied that the coordination of naphthoquinone to
the LEwWIS acid-CBS adduct is important which is why those structures were analysed in more

detail.

a) b) Ph
Ph H ' ph
H Ph o Me
o N-g.
N-g’ clSn =
| M o)
Cl4Sn e
s O
(/ Cl4
Cla
pr(LP(N)—)p“(Sn)+0“(Sn—CI)) Apdll(LP(N)—)p‘(Sn)+G‘(Sn-CI))
AE v, AE v,
35.6 +0.694 58.5 +0.890

Figure 3.2 — Plots of the NOCVs with the highest eigenvalue (Ape,1) representing the donor-
acceptor interaction (LP(N¢ps)—LP*(Sn) + o*(Sn-Cl)) at BP86/TZ2P+. a) The missing
participation of the fourth chlorine atom of SnCly in the CBS-SnCls bond can be seen. b) The
deformation-induced participation of this atom in the (naphthoquinone-CBS)-SnCls bond is

visible. Colour coding: red = decrease-, blue = increase of electron density.

The low catalytic activity of the indium LEWIS acids could thereby be attributed to a
coordination of the respective LEWIS acid to the oxygen of naphthoquinone in the LA-CBS-
naphthoquinone complex rather than to the CBS nitrogen atom. This prevents an efficient
activation of the CBS catalyst. As the A§(?H) were measured without naphthoquinone, this
neatly explains the observed discrepancy.

In order to understand the unusual high activity of SnCly, EDA-NOCYV calculations were con-
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ducted. Doing this, the unexpected behaviour of SnCly could be attributed to a conformational
change of the fourth chlorine atom at the tin centre. In the SnCly-CBS complex it is arranged
axially to the Sn-N bond (which is the expected conformation for SnCly). Upon coordination
of naphthoquinone, this chlorine atom is moved to an equatorial position (leading to a square
pyramidal conformation of SnCly). Due to this coordination change the fourth chlorine atom
can now participate in LEWIS interaction leading to a much higher interaction energy AFE;,;
overcompensating the simultaneously increased preparation energy AFE,,.,. This phenomenon
could be attributed to an disproportional increase of the orbital interaction AFEo,, due to an
increased LEWIS basicity of the CBS fragment upon coordination of the naphthoquinone frag-
ment. The unambiguous participation of the fourth chlorine was proven by the analysis of the
most important NOCVs. In Figure 3.2 their respective highest eigenvalue Ap, 1 are plotted for
the complex with and without naphthoquinone. While in Figure 3.2-a no electron density shift
to the fourth chlorine can be observed, in Figure 3.2-b, due to the conformational change, the
fourth chlorine atom is participating in electron density withdrawal from the CBS nitrogen. Us-
ing NOCV theory (natural orbitals of the chemical valence) a further interaction of the fourth
chlorine with the H-atom in position 5 could be found which further stabilises the equatorial

conformation by raising AFop.

Own contribution: The initial project was developed by Alexander Nodling and Gerhard
Hilt. The idea for theoretical investigations and the selection of the appropriate methods was
done by myself. All experimental works were done by Alexander Nodling. All computational
investigations (structural optimisations, FMO and EDA-NOCV investigations) were done by
myself. The manuscript was co-written by Alexander Nodling (experimental part) and myself

(theoretical part) with support by Ralf Tonner and Gerhard Hilt.
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3.2 Electrochemical Synthesis of Aryl Iodides by Anodic
Iododesilylation

R. Mockel, J. Hille, E. Winterling, S. Weidemiiller, T. M. Faber, G. Hilt, Angew. Chem. 2018,
180, 450; Angew. Chem. Int. Ed. 2018, 58, 442.

Abstract: An electrochemical access to iodinated aromatic compounds starting from
trimethylsilyl-substituted arenes is presented. By design of experiments, highly efficient and
mild conditions were identified for a wide range of substrates. A functional group stability test
and the synthesis of an important 3-iodobenzylguanidine radiotracer illustrate the scope of this

process.

Contents: Aryl iodides have multiple applications in chemistry and therefore a variety of
approaches for their synthesis have been developed. Most often, their synthesis is accomplished
by electrophilic aromatic substitution. Therefore, either pre-generated electrophilic iodination
reagents or stoichiometric amounts of oxidants have to be used. To circumvent this atom in-
efficient approach electrochemistry is an appealing solution. Seminal work has been done by
YOSHIDA who reported direct aromatic iodination reactions using electrochemically generated

iodonium species. The drawback of this method is the lack of regioselectivity.

TMS |
1.0 eq Kl
X > X
| 2.3 F/mol, Pt-electrodes |
RF 6.7 mA x cm2, RT, RF
MeCN/MeOH (9:1),
H,SO, (cathode)

yield: 31 -97 %

Scheme 3.2 — Design of Experiments optimised reaction conditions for the electrochemical

iododesilylation reaction.
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In this work we combined this electrochemical with a leaving group approach in order to gain
control over regioselectivity. We chose the trimethylsilyl-group as its potential as directing group

could previously be demonstrated by the author in a reaction using stoichiometric amounts of

oxidants. 48]
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Figure 3.3 — Analysis plot of the model, obtained by DoE optimisation. Optimal values are

given in red.

We first optimised the reaction in a classic OFAT way using trimethylsilyl benzene as screening
substrate. During this optimisation, methanol as co-solvent was identified to be crucial for good
yields. Unfortunately, low yields were observed for substrates bearing a methyl group due to a
benzylic methoxylation side reaction. In order to cover the reaction space in a better way, a DoE
approach was applied. We used a central composite design covering the methanol concentration,
the potassium iodide loading and the applied charge. Using the conditions predicted by the DoE
model (Figure 3.3), we were able to subject a range of substrates to the reaction with mainly
excellent yields (Scheme 3.2). To check for further functional group tolerance, a compatibility test
was conducted. This method is based on the addition of additives containing a certain functional
group. To test the reaction compatibility, the yield of the desired product and the amount of
additive recovered after the reaction are determined, which gives an indication for the stability
of the respective additional functional group under the applied reaction conditions. The test
showed oxidative labile groups (e.g. indole and other heterocycles) and functional groups with
an intrinsic reactivity towards iodonium ions (e.g. alkenes, alkynes) not to be tolerant, whereas
many other functional groups are stable towards the reaction conditions (e.g. esters, nitriles,
halides, phosphonium salts). To further demonstrate the applicability of the new reaction, we
synthesised the Boc-protected radiotracer m-iodobenzylguanidine 5 in a very good yield of 88 %
(Scheme 3.3).
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_Boc .Boc
HN KI (1.0 eq) HIN
Boc. /)\ TMS » Boc_ ~ |
N" N 2.6 F/mol, N" N
MeCN/MeOH 9:1, RT
5 88%

Scheme 3.3 — Synthesis of Boc-protected radiotracer m-iodobenzylguanidine 5.

Own contribution: The initial project idea was developed by Gerhard Hilt. The trans-
mission to electrochemical conditions including the DoE approach was developed by myself. The
classical optimisation reactions were done by Tabea Faber, Stephan Weidemiiller and Erik Win-
terling under my supervision. Elaboration, execution and evaluation of the DoE optimisation
was done by myself. Most of the reported substrates were synthesised and subjected to the
reaction by Jessica Hille under my supervision, a minor number was done by myself. The com-
patibility test as well as the radiotracer synthesis were completely done by myself. Analytical
investigations (*H and 3C NMR, FT-IR, GC/MS, GC/FID) were done by myself or in some
cases under my supervision. High resolution mass spectrometric measurements were performed
by the Mass Spectrometry core facility. The manuscript was written by myself with support

from Gerhard Hilt.
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3.3 lodine(IIl)-mediated Electrochemical Trifluoroeth-
oxylactonisation - Rational Reaction Optimisation and
Prediction of Mediator Activity

R. Méckel, E. Babaoglu, G. Hilt, Chem. Fur. J., 2018, 24, 15781.

Abstract: A new electrochemical iodine(IIT)-mediated cyclisation reaction for the synthesis
of 4-(2,2,2-trifluoroethoxy)isochroman-1-ones is presented. Based on this reaction we used design
of experiments and multivariate linear regression analysis to demonstrate their first application
in an electrochemical reaction. The broad applicability of these reaction conditions could be

shown by a range of substrates and an extensive compatibility test.

Contents: In this report, we presented the literature unknown combination of design of
experiments with multivariate linear regression analysis in an electrochemical reaction. Thereby,
the reaction conditions as well as the applied mediator should be optimised in an efficient way

proving the concept for an electrochemical reaction.

0 (0]
F o Phl 25 mol% F O
' TFA0.9 M
| LiClIO4 0.8 M O CE
trifluoroethanol (TFE) Cma o v 30
Pt electrodes, 6 °C DoE: 78 % (initial: 27 %)

2.0 F/mol, 7.5 mA-cm2  22.reactions

Scheme 3.4 — DoE optimised reaction conditions for the electrochemical synthesis of 4-(2,2,2-

trifluoroethoxy)isochroman-1-ones.

The approach was demonstrated for a new iodine(III)-mediated trifluoroethoxylactonisation
reaction yielding 4-(2,2,2-trifluoroethoxy)isochroman-1-ones (see Scheme 3.4). An iodine(III)-
mediated reaction was chosen because of the unique properties of hypovalent iodine compounds
(reactivity comparable to transition metals) and because of the fact that only a very limited
number of examples for their mediative in-cell use in electrochemical reactions are known. In a
first step, the reaction was optimised using DoE. We firstly applied a D-optimal screening design
to be able to investigate a multitude of factors (electrolyte (type + concentration), acid (type +

concentration), mediator loading, applied charge, temperature, electrode, current density). In a
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second step we optimised the most influential factors quantitatively. Application of the obtained
model lead to an increase in yield from 28 to 78 %.

In a second step, multivariate linear regression analysis _CF,
was applied in order to obtain a model predicting the yield L9
for different mediators from theoretical values. Therefore, Me
multiple descriptors (Enthalpies, HOMO/LUMO energies, 6
IR frequencies, steric parameters and natural charges) were  Figure 3.4 — Mediator 6, obtained
calculated for a large range of commercially available aryl from the virtual screening.
iodides using density functional theory (DFT).! From this
set we chose 18 mediators for the training and 6 for the validation set using a D-optimal design.
A multivariate model could be obtained (Figure 3.5) showing good RMSE (root mean square
error (average deviation of the predicted from the measured values)) of 5.6 % in the validation
set. In order to further demonstrate the predictive power of the model, the yields for a third test
set including chiral mediators were predicted with a very good RMSE of just 4.0 %.
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Figure 3.5 — Multivariate linear regression model for the prediction of the yield for different

iodine(III) mediators in the electrochemical trifluoroethoxylactonisation.

Literature unknown mediators were included in the test set which were derived using the
model and which showed in case for mediator 6 (see Figure 3.4) good yields of up to 56% (com-
pared to the throughout low yields of all tested literature known mediators). This impressively
illustrates the benefits but as well the capabilities of this virtual screening approach for the search
of new structural motifs of chiral mediators. Furthermore, using cyclic voltammetry (CV), the

parameters of the model (HOMO;, HOMOy2, LUMO;, NBO;, Lo_o and B5;9,) were attrib-

iFor each mediator three distinctive structures were calculated. The aryl iodide, its di-cation and the bis

trifluoroacetate coordinated iodine(III) species.
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uted to two different factors that determine the activity of the mediator; for one the stability
of the mediator with respect to degradation processes, and second the reactivity towards the
substrate.

In a last step, a range of substrates was subjected to the optimised reaction conditions using
iodobenzene as mediator to show the broad applicability. Yields between 32 and 60 % could
be obtained (see Figure 3.6). Electron rich substrates gave lower yields (in case of a methoxy
substituted substrate no product was obtained) whereas various substitution patterns at the
aromatic core did not influence the reaction yield. For substrates bearing a substituent at the
vinylic position, diastereomer ratios between 64: 36 and 90:10 (syn:anti) could be obtained with
at the same time slightly lower yields.

To further demonstrate functional group tolerance, an extensive compatibility test was carried
out. Oxidative labile or groups which show reactivity towards iodine(III) compounds (e.g. al-
kenes, alkynes) are not compatible, whereas many other functional groups including e.g. electron
deficient heterocycles, amides, nitriles or aldehydes are stable. Using MLR, the additive yields
could furthermore be correlated to two calculated descriptors — there HOMO energy and a point
charge showing that mainly oxidative stability determines the additive yields. Nonetheless, the
correlation revealed two groups of outliers — the discussed additives which show intrinsic react-
ivity towards iodine(IIT) and a group of basic additives which probably are protonated and thus

more stable under the reaction conditions than predicted by the model.

O R=H 59% R'=Me, R2=H 54%
R R=F 58% R'=H,R2=Me 60%
) R=Cl 54%
R =Br 57% R2 O
R =Ph 45%
0o R = OMe traces O
W R = CO,Me 54%
CF;
1
o R Oﬁ
E R = nProp 60% d.r. 64:36 CFs3
O R = iProp 43% d.r. 74:26
R = cyHex 45% d.r. 90:10
R R=Bn 32% d.r. 85:15
™
CF;

Figure 3.6 — Products obtained from the electrochemical iodobenzene mediated lactonisation

reaction.
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CHAPTER 3. CUMULATIVE PART

Own contribution: The project was mainly developed by myself with help of Gerhard
Hilt and Emre Babaoglu. Design, execution and evaluation of the DoE optimisation was done
by myself. All necessary reactions were performed by myself. The multivariate linear regression
analysis was planned, carried out and the results were statistically evaluated in all parts by my-
self. All necessary DFT calculations for the generation of the descriptor variables set were done
by myself. Substrates were synthesised and subjected to the reaction by me.

The compatibility test was executed mainly by myself with minor contributions of Emre Babao-
glu. The statistical evaluation of the compatibility test results was done by Emre Babaoglu un-
der my supervision. Necessary analytical experiments (*H and *C NMR, FT-IR, CV, GC/MS,
GC/FID) were performed by myself. Execution of the single-crystal X-ray diffraction experi-
ments were done by the X-ray core facility. Solving and refinement of the obtained data was
done by myself.

The synthesis of the chiral mediators and as well as their application in the reaction was done by
Emre Babaoglu. The manuscript was written by myself (co-corresponding author) with support

of Gerhard Hilt and Emre Babaoglu.
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Chapter 4

Summary

Within this dissertation three different projects are discussed. The underlying theme of all
projects is the application of computational and/or statistical methods in order to decrease the

experimental effort and to increase the information output at the same time.

DFT investigations in Lewis acid activation of the CBS catalyst

The first project was a cooperation with Dr. Alexander Nodling on the quantification of LEWIS
acid activation of the CBS catalyst in a CBS-catalysed DIELS- ALDER reaction of naphthoquinone
with isoprene. This was achieved by determination of A§(2H) shifts of different LEWIS acids us-
ing a deuterated CBS catalyst as 2H NMR probe and subsequent correlation with rate constants
kpa measured using in situ FT-IR spectroscopy. Thereby SnCl, and the group of indium LEWIS
acids (InCls, InBrz and Inl3) were identified as outlier. Whereas the indium acids showed
kpa lower than predicted by their A§(2H), SnCl, activated the CBS catalyst much better than
predicted by its AJ(*H). In order to explain those outliers, quantum mechanical calculations
were done. On the one hand, a quantum mechanical probe should be established by which
the outliers can be predicted correctly other than by NMR. On the other hand, an explana-
tion for the presence of the outliers should be found. Using a frontier molecular orbital ap-

proach AErypo = = ELUMO aphinoguinoney COULd be established

ELUMO(¢ps-1a-naphthoquinone)
as a probe which predicts the reactivities of all LEWIS acids, including the one of SnCl, and
the indium acids, reliably. The low activation of the indium acids could be attributed to a co-
ordination of the indium LEWIS acid to naphthoquinone rather than to the CBS nitrogen in the

LA-CBS-naphthoquinone complex which leads to a low activation of the CBS catalyst.
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CHAPTER 4. SUMMARY

The unexpected high catalytic activity of the CBS catalysts with SnCly could be rationalised
using energy decomposition analysis (EDA) in combination with natural orbitals of the chemical
valence (NOCV). It was attributed to an unexpected coordination change of the forth chlorine
atom from an axial position in the LA-CBS complex to an equatorial position in the LA-CBS-
naphthoquinone complex. This change allows the fourth chlorine to participate in LEWIS in-
teraction rendering SnCly a strong LEWIS acid which is an alternative to the commonly used

AlBs.

Electrochemical synthesis of aryl iodides

A new electrochemical synthesis of aryl iodides was established in the second project. This was
achieved by electrochemical generation of iodonium ions from potassium iodide. By introduction
of a trimethylsilyl group as leaving group in the aryl moieties, the reaction could be accomplished
in a regioselective way. A classical OFAT optimisation of the system yielded reaction conditions,
which did not tolerate benzylic positions. However, a second DoE optimisation approach revealed
reaction conditions which tolerate benzylic positions and gave mostly excellent yields with often
no need for chromatographic purification. To check on electronic as well as steric effects, electron
deficient/rich and sterically demanding substrates were subjected to the reaction conditions but
no significant influence could be detected.

To prove functional group tolerance a compatibility test was conducted which showed good
compatibility to a broad range of functional groups like nitriles, halogens, or phosphonium
salts. To prove the applicability of this new reaction further, the Boc-protected radiotracer
m-iodobenzylguanidine was synthesised with a very good yield of 88 % in a very short reaction

time, to prove the reactions applicability for synthesis of iodine isotopes labelled pharmaceuticals.

Iodine(IIT)-mediated electrochemical synthesis of Isochromanones

In the third project, a new iodine(IIT)-mediated electrochemical synthesis of 4-(2,2,2-
trifluoroethoxy) isochromanones was developed. This reaction is the first example of an
iodine(III)-mediated electrochemical reaction in which two new bonds are formed. A range
of statistical methods was applied in order to carry out the whole optimisation process as effi-
ciently as possible. Optimisation of the reaction conditions was done using DoE. Thereby the
yield could be improved from 27 to 78 %. Subsequently, the applied mediator was optimised
using multivariate linear regression analysis. The necessary descriptor set was obtained using

density functional theory and the respective data points were selected by a D-optimal design. A
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model with a very good RMSE and R? with respect to the training as well as to the validation
set could be obtained consisting of five factors (HOMO;, HOMO;2,, LUMO;, NBO;, Lo_o
and B5yo4). Using cyclic voltammetry, four of the factors could be linked to two parameters
that determine the furnishing yield of the mediator — stability to oxidative decomposition of the
mediator and reactivity towards the substrate. To further prove the models capabilities, a virtual
screening on chiral mediators was executed. Therefore, a range of chiral non literature known
mediators were calculated and subjected to the model. By this means, a new chiral mediator
could be found which delivered a good experimental yield of 56 % which is nearly twice the yield
obtained from the top-scorer of literature known chiral mediators.

Furthermore, a range of substrates was subjected to the reaction conditions in order to check
for electronic and steric effects. Acceptable yields up to 60 % could be obtained for 13 different
substrates with, in case of substrates with a vinylic substituent, diastereomeric ratios of up to
90:10 (syn:anti). Using a compatibility test, functional group tolerance could be proved for a
large range of groups like electron deficient heterocycles, amides, nitriles or aldehydes. Using
MLR once more, it could be shown that predominantly oxidative stability of the functional group

determines its compatibility to the reaction.
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Chapter 5

Zusammenfassung

Im Rahmen dieser Dissertation werden drei Projekte diskutiert. Gemeinsames Merkmal aller
drei Projekte ist die Anwendung von theoretischen und/oder statistischen Methoden um den ex-

perimentellen Aufwand zu minimieren und gleichzeitig den Output an Informationen zu erhéhen.

DFT Untersuchungen zur Lewis—Sduren vermittelten Aktivierung des CBS Kata-

lysators

Beim ersten Projekt handelt es sich um eine Kooperation mit Dr. Alexander Nodling zur Quanti-
fizierung der Aktivierung des CBS Katalysators mittels LEWIS-Sduren in einer CBS-katalysierten
DIELS—ALDER Reaktion von Naphthochinon mit Isopren. Dazu wurden die A§(?H) Verschiebun-
gen verschiedener LEWIS-Siuren unter Verwendung eines deuterierten CBS Derivats als 2H-Sonde
bestimmt und anschliefend mit Geschwindigkeitskonstanten kp 4, die mittels in situ FT-IR
Spektroskopie bestimmt wurden, korreliert. Hierbei konnten zwei Ausreifler identifiziert wer-
den — SnCly und die Gruppe der Indium LEwIs-Sauren (InCls, InBrs and Inl3). Wéahrend die
Bor basierten Sduren kleinere Geschwindigkeitskonstanten kp4 aufwiesen als mittels der ents-
prechenden A§(?H) Werte vorhergesagt wurde, zeigte SnCly eine deutlich héhere Aktivitit als
vorhergesagt. Um diese Ausreifler zu erkléren, wurden quantenmechanische Rechnungen durchge-
fihrt. Zum Einen sollte dadurch eine quantenmechanische Sonde gefunden werden mittels derer
eine, im Gegensatz zur 2H-NMR Sonde, zuverliissige Vorhersage der Ausreifier méglich sein sollte.
Weiterhin sollte dadurch ein Grund fiir das Auftreten der Ausreifler gefunden werden.

Unter Verwendung der Grenzorbitaltheorie konnte AELuMO = ELUMO(ps—na—Naphthochinon) —

ELUMO (xaphthochinon @18 zuverldssiger Pradiktor gefunden werden mittels dem die Aktivitat
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aller LEwis-Sauren, einschliefllich derer von SnCly und der der Indium S&uren, zuverlissig
vorhergesagt werden konnte. Die niedrige Aktivierung der Indium LEWwIs-Sduren konnte auf
eine Koordination der jeweiligen LEWIS-Sdure an das Sauerstoffatom des Naphthochinons an-
stelle des Stickstoffatoms des CBS Katalysators erklért werden, was zu einer nur schwachen
Aktivierung des CBS Katalysators fiihrt.

Die unerwartet hohe Aktivierung des CBS Katalysators durch SnCl, konnte unter zu Hilfenahme
von Energie Dekompositions Analyse (EDA) in Kombination mit Natiirlichen Orbitalen fiir die
chemische Valenz Theorie (NOCV) erklart werden. Sie wurde auf eine Konformationsénderung
des vierten Chlors am SnCly von einer axialen zu einer dquatorialen Anordnung nach Koordin-
ation von Naphthochinon zuriickgefiihrt. Dieser Wechsel erlaubt dem vierten Chloratom an der
LeEwis-Aktivierung teilzuhaben, was in diesem Fall SnCly zu einer &hnlich starken Sdure wie

AlBr3 macht.

Elektrochemische Synthese von Aryliodiden

Im Rahmen des zweiten Projekts wurde eine neue elektrochemische Synthese von Aryliodiden
entwickelt. Dies wurde durch die elektrochemische Erzeugung von Iodoniumionen aus Kaliumi-
odid erreicht. Durch Verwendung einer Trimethylsilyl Gruppe am Aromaten konnte die Reaktion
regioselektiv durchgefithrt werden. Eine klassische ein-Faktor Optimierung der Reaktion ergab
Bedingungen, die benzylische Funktionalitdten nicht tolerieren. Durch Statistische Versuchs-
planung konnten jedoch Bedingungen gefunden werden, die diese Funktionalitdt zulassen und
zudem grofitenteils hervorragende Ausbeuten ergeben wobei auf eine chromtographische Reini-
gung héufig verzichtet werden konnte. Um auf sterische als auch elektronische Effekte zu priifen,
wurden verschiedenst substituierte Substrate (elektonenarm als auch Elektronen reich, sterisch
anspruchsvoll) unter den Reaktionsbedingungen getestet, aber keinerlei Einfluss konnte beo-
bachtet werden. Um die Toleranz gegeniiber funktionellen Gruppen zu iberpriifen, wurde ein
Kompatibilitatstest durchgefithrt. Dieser zeigte eine grole Bandbreite an kompatiblen funktion-
ellen Gruppen wie Nitrilen, Halogenen oder Phosphoniumsalzen. Um eine Anwendung der Reak-
tion zu zeigen, wurde weiterhin der Boc-geschiitzte Radio-Indikator m-Iodobenzylguanidinin in
einer guten Ausbeute von 88 % und einer kurzen Reaktionszeit dargestellt. Dies zeigt eine

mogliche Anwendung der Reaktion zur Synthese Isotopen markierter Pharmazeutika.
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Iod(III) vermittelte elektrochemische Synthese von Isochromanonen

Im dritten Projekt wurde eine neuartige Tod(IIT) vermittelte elektrochemische Synthese von 4-
(2,2,2-Trifluroethoxy)isochromanonen entwickelt. Bei dieser Reaktion handelt es sich um das
erste Beispiel einer Tod(III) vermittelten elektrochemischen Reaktion bei der zwei neue Bindun-
gen gekniipft werden.

Eine Reihe statistischer Methoden wurde verwendet um den gesamten Optimierungsprozess so
effizient wie moglich zu gestalten. Die Optimierung der Reaktionsbedingungen wurde mittels
Statistischer Versuchsplanung durchgefiihrt. Dadurch konnte eine Steigerung der Ausbeute von
27 auf 78 % erreicht werden. AnschlieBend wurde der Mediator mittels multivariater linearer
Regressionsanalyse optimiert. Das hierfiir notwendige Préadiktor Set wurde mittels Dichte Funk-
tional Theorie berechnet wobei die einzelnen Eintrdge mittels D-optimalem Versuchsplan aus-
gewihlt wurden. Es konnte ein Model mit einem sehr guten RMSE und R? in Bezug auf das
Trainings- als auch das Validierungsset erhalten werden. Das Model besteht aus finft Pradiktoren
(HOMO;, HOMO/o,, LUMOy,, NBOy;, Lo_o und B5;94). Mittels Cyclovoltammetrie konnten
die verschiedenen Pradiktoren zwei verschiedenen Einfliissen auf die Ausbeute zugeordnet werden
— Stabilitdt gegeniiber oxidativem Abbau und Aktivitdt gegeniiber dem Substrat. Um die Mog-
lichkeiten des Models dariiber hinaus zu zeigen, wurde ein virtuelles Screening fiir neue chirale
Mediatoren durchgefithrt. Dazu wurden eine Reihe neuartiger, Literatur unbekannter, chiraler
Mediatoren berechnet und deren Ausbeute mittels des Models bestimmt. Es konnte ein neuarti-
ger chiraler Mediator gefunden werden, der eine experimentelle Ausbeute von 56 % lieferte, was
nahezu doppelt so viel ist wie bei dem besten Literatur-bekannten chiralen Mediator unter den
optimierten Reaktionsbedingungen.

Weiterhin wurde eine Reihe von Substraten unter den Reaktionsbedingungen getestet um
sterische und elektronische Einfliisse auf die Reaktion zu erfassen. Hierbei konnten akzeptable
Ausbeuten von bis zu 60 % fiir 13 Substrate erhalten werden. Fiir Substrate mit einem vinylis-
chen Substituenten konnten Diastereoselektivitaten von bis zu 90:10 (syn:anti) erhalten werden.
Mit Hilfe eines Kompatibilitdtstests konnte weiterhin die Kompatibilitdt zu einer Vielzahl funk-
tioneller Gruppen gezeigt werden, unter anderem Elektronen-arme Heterocyclen, Amide, Nitrile
oder Aldehyde. Mittels MLR Analyse konnte weiterhin gezeigt werden, dass die Kompatibilitét

der Additive vor allem durch ihre oxidative Stabilitat bestimmt wird.
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Nomenclature

(A cyclic voltammetry

DoE design of experiments

DFT density functional theory

eq equivalents

FT-IR  Fourier transformed infra-red spectroscopy
GC gas chromatograph

HOMO  highest occupied molecular orbital

HR-MS  high resolution mass spectrometry

LUMO  lowest unoccupied molecular orbital

Me methyl
MLR multivariate linear regression
MS mass spectrometry

NBO natural bond orbital
NMR nuclear magnetic resonance spectroscopy
NOCV  natural orbitals for chemical valence

TMS Trimethylsilyl
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informations of the original publications and on CD supplied with this dissertation.
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Lewis Acids as Activators in CBS-Catalysed Diels-Alder Reactions:
Distortion Induced Lewis Acidity Enhancement of SnCl,
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Dedicated to Prof. Dr. Gernot Frenking on the occasion of his 70th birthday

(Abstract: The effect of several Lewis acids on the CBS cata-
lyst (named after Corey, Bakshi and Shibata) was investigat-
ed in this study. While 2H NMR spectroscopic measurements
served as gauge for the activation capability of the Lewis
acids, in situ FT-IR spectroscopy was employed to assess the
catalytic activity of the Lewis acid oxazaborolidine com-
plexes. A correlation was found between the AJ(*H) values
and rate constants kp,, which indicates a direct translation of
Lewis acidity into reactivity of the Lewis acid-CBS com-
plexes. Unexpectedly, a significant deviation was found for
SnCl, as Lewis acid. The SnCl,~CBS adduct was much more
reactive than the AJ(*H) values predicted and gave similar

o

reaction rates to those observed for the prominent AlBr;—
CBS adduct. To rationalize these results, quantum mechani-
cal calculations were performed. The frontier molecular orbi-
tal approach was applied and a good correlation between
the LUMO energies of the Lewis acid-CBS-naphthoquinone
adducts and kp, could be found. For the SnCl,~CBS-naph-
thoquinone adduct an unusual distortion was observed
leading to an enhanced Lewis acidity. Energy decomposition
analysis with natural orbitals for chemical valence (EDA-
NOCV) calculations revealed the relevant interactions and ac-
tivation mode of SnCl, as Lewis acid in Diels-Alder reactions.

/

Introduction

Chiral oxazaborolidines were introduced by Itsuno as re-
agents,'" and refined by Corey for catalytic use in asymmetric
reductions of prochiral ketones with boranes nearly 30 years
ago.” Due to their widespread use as powerful and versatile
catalysts,””) (S)-proline-derived oxazaborolidines 1 are usually
referred to as CBS catalysts, stemming from the initials of the
authors Corey, Bakshi, and Shibata in their seminal report
(Figure 1).%

In the last decade, the Corey group could expand the reac-
tion scope of oxazaborolidine catalysts 1 by combining them

o Oy e
N~y N<g’
B( 1a: R = Me B\
R 1b:R = o-Tol 2 Ph

Figure 1. Chiral oxazaborolidines 1a, 1b and 2 as introduced by Corey and
Yamamoto.

[a] Dr. A. R. Nodling, R. Méckel, Dr. R. Tonner, Prof. Dr. G. Hilt
Fachbereich Chemie, Philipps-Universitdt Marburg
Hans-Meerwein-Stral3e 4, 35032 Marburg (Germany)
E-mail: Tonner@chemie.uni-marburg.de

Hilt@chemie.uni-marburg.de

Supporting information for this article is available on the WWW under

=

http://dx.doi.org/10.1002/chem.201602394.
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with superacids such as TfOH or Tf,NH.”! This results in proto-
nation of the nitrogen atom of 1, thus enhancing the Lewis
acidity of the adjacent boron atom. These protonated species
of type 3 (Scheme 1) are potent catalysts in asymmetric Diels—
Alder reactions of a,3-unsaturated carbonyl compounds.®
Shortly after, (S)-valine-derived oxazaborolidine (2) was devel-
oped by Yamamoto.” The combination of Lewis acids (LA), for
example, SnCl,, TiCl, or FeCl;, with 2 led to a similar Lewis acid-
ity enhancement of the boron atom by coordination of the
Lewis acid to the nitrogen. In this case, the Lewis acids
showed superior reactivities and enantioselectivities in Diels-
Alder reactions than the superacids TfOH or Tf,NH. Corey sub-
sequently found AlIBr; as a highly potent activator of 1b for
Diels-Alder reactions,”) but mentioned worse results when
other Lewis acids, such as BCl; or SnCl,, were used.”® Both cata-
lysts, 1a/b and 2, have found regular use, for example, in natu-
ral product synthesis, but mainly as their protonated conge-
ners 3a/b.>? Reports on the use of Lewis acid-activated oxaza-
borolidines, such as 4, are scarce,**'” and if Lewis acids are
used, AlBr; is employed almost exclusively.

HPP Ph HPh Ph HPh Ph
T T AlBrs
B Me B Me B me
H- BrsAl ~
X
3a: X = TfO b 4

3b: X = TH,N
Scheme 1. Activation of oxazaborolidine 1b by Brgnsted or Lewis acid.

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://dx.doi.org/10.1002/chem.201602394

A ChemPubSoc
\{* Europe

Due to our interest in the relation between experimentally
quantifiable strength and catalytic activity of Lewis acids,"" we
were curious about the underlying reasons for the apparent
superiority of AIBr; as activator of 1b compared to other Lewis
acids. We envisaged the polarising effect on the oxazaboroli-
dine framework upon Lewis acid coordination to be experi-
mentally quantifiable by an °HNMR spectroscopic probe.
Based on our previous experience of quantifying the Lewis
acidity of metal(loid) halides with quinolizidine probe [D,]5,"
we expected to be able to quantify the activation of 1b upon
coordination of a Lewis acid via °H NMR spectroscopic studies
of the deuterated derivative [D;]1b (Figure 2).

D DPh ph

(D115 [Dy]1b @Me

Figure 2. ’H NMR spectroscopical probes quinolizidine [D,]5 and the deuter-
ated CBS catalyst [D,]1b.

The shift difference AS(*H) between the *H NMR shift of the
respective Lewis acid-oxazaborolidine complex and the free
oxazaborolidine [D;]1b would serve as quantified activation of
[D,]1b. As encountered in our previous studies,"'¥ we antici-
pated the activation AS(°H) of [D;]11b in Lewis acid complexes
to correlate with catalytic activity of such complexes in organic
transformations, such as the Diels—Alder reaction (DA). To
probe this relation we intended to conduct kinetic studies of
a representative Diels—Alder reaction using in situ FT-IR spec-
troscopy. Thereby, rate constants, kp, should be obtained for
different Lewis acid—-CBS complexes and in addition enantio-
meric ratios should be determined for probing the per-
formance of different Lewis acids.

Results and Discussion
Synthesis of deuterated oxazaborolidine probe [D,]1b

The deuterated oxazaborolidine [D;]1b was synthesised by
combining a modified procedure of Gilmour for the synthesis
of deuterated amino alcohol [D,]8 and the condensation pro-
tocol reported by Yamamoto (Scheme 2).'*'¥ The deuterium
content was determined by 'HNMR spectroscopy after
Grignard addition of PhMgBr to deuterated ester [D,]7, and
was on average about 80%. The deuterated oxazaborolidine
[D;]11b could be obtained after condensation of [D,;18 with tri-
ortho-tolylboroxine in acceptable yield and with sufficient deu-
terium content.

2H NMR spectroscopic studies of Lewis acid-CBS complexes
of type 6

We chose a number of common Lewis acids for the study,
ranging from BF;Et,0 to very strong AIBr; and included the
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CH*OH ab, O)*om C;*

D417, ~so%

ld,e

ol ph
C%OH
NH

[D418, 84% D

pPh ph

Me
84% D @

[D4]1b,

Scheme 2. Synthesis of deuterated oxazaborolidine [D,]1b. a) SOCl,, MeOH,
0°C to RT, 16 h; b) toluene/NEt; 1:1, BnBr, reflux, 16 h, quantitative yield over
2 steps; ¢) LDA, THF, —20°C, 1 h, then D,0, —5°C to RT, 16 h, 78 %;

d) PhMgBr, THF, 5°C to RT, 16 h, 64%, 84% D; ) Pd/C (10% Pd), HCI, H,

(1 atm), EtOH, quantitative yield; f) tri-ortho-tolylboroxine, toluene, reflux,
Dean-Stark apparatus, quantitative yield. Bn =benzyl, Ph=phenyl, LDA =-
lithium diisopropylamide. For details see the Supporting Information.

frequently used Brensted acid HNTf, (Table 1). In order to
assess the activation the chemical shift AG(H) of [D,]11b upon
Lewis acid coordination was measured. Therefore, we applied
the procedure which we developed for quinolizidine probe
[D,15." Therein, [D,]5 is treated with a tenfold excess of Lewis
acid in CH,Cl, at room temperature. In case of [D;]1b this
excess was diminished to five equivalents of Lewis acids, since
in the case of insoluble Lewis acids that form soluble com-
plexes, for example, AICI; or Inl;, a better signal-to-noise ratio
was observed. 2H NMR spectroscopic titration experiments of
[D;]1b with Inl; showed a single, downfield shifted peak
throughout the titration, and minimal difference of AS(*H) at
five or ten equivalents of Inl;. Therefore, we embarked on fur-
ther studies including all acids under these conditions
(Table 1).

The *H NMR spectroscopic studies using excess Lewis acid
revealed several interesting aspects. The activation AJ(H) is
connected to the quantified or the perceived acidity of Lewis
acids, for example, BF;-Et,O activates [D,]1b less than AICI; or
BBr,.'"" Furthermore, some Lewis acids displayed none or
hardly any activation, for example, Znl, or InCl;. Finally, some
Lewis acid-CBS adducts exhibited several signals in the respec-
tive 2H NMR spectra, hence more than one species must be
formed.™

The rationale for more than one peak in *H NMR spectra
could be traced back to coordination of the Lewis acid to the
oxygen atom of [D,]1b," as well as via adducts with simulta-
neous coordination of two Lewis acid molecules to the nitro-
gen and the oxygen atom of [D;]1b. The latter could be re-
sponsible for the very high Ad(°*H) values observed in some
cases, for example, for AlBr; or TiCl, (see the Supporting Infor-
mation for quantum chemical calculations on the stability of
N-, O-, and N-O-coordinated adducts 9; Table S2). We addi-
tionally suspected decomposition of adducts 9 since no clear
precedence was present, as Corey mentioned a stability of 9e
only below —20°C®" whereas Paddon-Row used the SnCl,

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 1. 2H NMR spectroscopic quantified activation AS(H) of [D,]1b
upon Lewis acid coordination at —40°C.

oPP ph
N 0 —LA> N o]
B CH,Cly, -40 °C ;B

Me LA™ Me
[Dmbi: 9 ij

S(H) = 4.54 ppm S(H) > 4.54 ppm

Entry™ Lewis acid CBS adduct AOS(*H) [ppm] (—40°C)
1 BF,Et,0 9a 0.00

2 BCl, 9b 1.14, 0.28"9

3 BBr; 9c 1.20

4 AICI, 9d 1.22,0.29"9

5 AlBr, 9e 1.27%

6 Ally 9f 1.28

7 InCl, 99 0.00

8 InBrs 9h 0.00

9 Inl, 9i 0.81

10 Sncl, 9j 0.16

11 Ticl, 9k 0.49

12 Znl, 9l -

13 HNTF, 3b 0.83, 0.46, 0.22'9

[a] Adducts 3b and 9 were prepared according to the general procedure
1 (see the Supporting Information): [D,]1b (64 umol, 1.0 equiv), Lewis
acid (64 umol, 1.0 equiv), CH,Cl, (0.50 mL), preparation below —70°C,
NMR spectroscopic measurement was then performed at —40°C.
[b] CH,Br, was used as solvent instead of CH,Cl.. [c] CH,l, was used as sol-
vent instead of CH,Cl,. [d] The most intensive peak is given in bold
format.

adduct 9j at 40°C."” We found the AlCl; adduct 9d to decom-
pose at room temperature over the course of 24 h.

To circumvent these problems the 1:1 adducts (ratio of
Lewis acid/[D,]11b) were synthesised below —70°C and investi-
gated by H NMR spectroscopy at three different temperatures.
As expected, the number of signals was reduced at low tem-
peratures whereas at room temperature several species were
observable (for the complete data set at different tempera-
tures, see the Supporting Information, Table ST1).

No AJ(*H) value could be obtained for BF;-Et,0, since a pre-
cipitate formed at —70°C, which we assume to be either solid
BF;-Et,O (m.p. about —58°C) or 9a. The most consistent data
set of AS(*H) values was found at —40°C (Table 1) and is used
for further discussion (25°C in case of BF5-Et,0). In case of the
1:1 adducts a clearer connection between Lewis acidity and ac-
tivation of [D;]1b was notable, that is, an increase of AS(*H)
values for a given central atom with heavier halide substitu-
ents, for example, Table 1, entries 1-3. In addition, it became
clear that several Lewis acids, for example, BCl;, BBr;, or AlCl;,
exerted a similar polarising effect on [D,]1b as AlBr,.

Considering all employed acids, four groups of activators
could be distinguished based on the Ad(*H) values (Figure 3).
This classification matches to a good degree with the acidities
of these Lewis acids as determined by other experimental
quantification methods." Accordingly, we assumed that the
adducts 9 formed with these Lewis acids should be equally
good catalysts in Diels—Alder reactions, if the catalytic activity
would correlate strictly to the activation of 1b.

Chem. Eur. J. 2016, 22, 13171-13180 www.chemeurj.org
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strong activation
ASH) > 1.00 ppm

BCl;, BBr,
AICI;, AlBr;
Al

moderate activation
0.50 ppm < A&(2H) < 1.00 ppm

Inlz
HNTf,

weak activation

0.00 ppm < A&(H) < 0.50 ppm

no activation
A&?H) = 0.00 ppm

13173

SnCl, Znl,
TiCl, InCl;
BF3+Et,0 (at 25 °C) InBr,

Figure 3. Classification of the investigated Lewis acids depending on their
activation of [D;]1b.

In situ FT-IR spectroscopic kinetic studies of Diels-Alder re-
actions catalysed by Lewis acid-CBS complexes 9

The transformation has the advantage that the progress of the
reaction can easily be monitored by in situ FT-IR spectroscopy.
Another aspect was that the enantioselectivity was not excel-
lent when the AlBr;—CBS catalyst was used which leaves room
to track the influence of other Lewis acids.”

The Diels-Alder reactions were performed under pseudo-
first-order conditions regarding 10 with a tenfold excess of iso-
prene (11) and by using 4.0 mol % of active catalyst adduct 3b
or 9 (Scheme 3). In contrast to Corey’s procedure, the Lewis
acid-CBS adducts 3b and 9 were prepared in a separate flask
and added to the reactant mixture, since in some cases, for ex-
ample, BBr;, a precipitate was observed, if Lewis acid—CBS cata-
lysts were mixed with 10 before 11 was added. A slight excess
of oxazaborolidine 1b with respect to the Lewis acid was used
to avoid racemic background reaction.

4.0 mol % LA
:L 5.6 mol % (S)-1b _
CH2C|2
-40°C
100 10 equw

Scheme 3. Diels-Alder reaction to determine rate constants for different
Lewis acids (LA).

The reaction progress was monitored by following the car-
bonyl bands of 10 and 12, at 1670 and 1696 cm™', respectively.
The changes in concentrations were then used to calculate the
rate constants kp,. A comparison of all measured concentration
profiles for adducts 9 is given in Figure 4, and an overview of
the kinetic data (averages of at least three measurements) is
given in Table 2.

The profiles, excluding the one obtained with BF; adduct
9a, showed a bend after 150 to 250 seconds, which we so far
attribute to experimental constraints. Before and after the
bend straight fits were observed, as expected for a reaction
under pseudo-first-order conditions. Therefore, we calculated
the constants before, kppsiare (S€€ the Supporting Information),
and after the bend kp, (Table 2). In case of full conversion the

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. Plots of the natural logarithms of the concentration profiles versus
the reaction time obtained with Lewis acid-CBS adducts 9a, 9b, 9d, 9e, 9j,
and 9k as catalysts in the Diels-Alder reaction between 10 and 11.

Table 2. Kinetic data and enantioselectivities of Diels-Alder reactions be-
tween 10 and 11 catalysed by CBS adducts 3b and 9.

Entry™ LA/adduct koax 1074 [s7'] er.

1 BF,Et,0/9a 42408 69:31
2 BCl,/9b 23.7+19 55:45
3 BBry/9c o 90:10
4 AlCl,/9d 34.5420.5 86:14
5 AlBry/9e 43.0+105 83:17
6 Ally/9 f - 81:19
7 InCl;/9g - -

8 InBr;/9h -t -

9 Inly/9i - 89:11
10 SnCl,/9j 456+8.8 93:7
11 TiCl,/9k 14.0+4.2 89:11
12 Znl,/91 - -

13 HNTf,/3b - -

[a] Reaction conditions according to the general procedure 3 (see the
Supporting Information): 1,4-naphthoquinone (10, 0.50 mmol, 1.0 equiv),
isoprene (11, 5.00 mmol, 10.0 equiv), 1b (28 umol, 5.6 mol %), Lewis acid
(20 pmol, 4.0 mol %), CH,Cl, (7.6 mL), —40°C, see the Supporting Informa-
tion for details. The given value is the mean of three reactions. [b] Reac-
tions with BBr; were irreproducible, hence no kg, is given. [c] The conver-
sion was below 10% after 8 h reaction time.

reaction was quenched followed by a short work-up to deter-
mine the enantiomeric ratios by chiral LC analysis (Table 2).
The kinetic measurements showed several surprising features.
First of all, some adducts exhibited none or a very small cata-
lytic activity in the monitored timeframe of up to ten hours,
namely the adducts of 1b with All;, all indium halides, Znl,,
BBr; and HNTf,. This was not surprising for InCl; and InBr;,
since they do not activate 1b according to the Ad(*H) values.
Adduct 3b was employed by Corey in similar reactions and
usually 20 mol% of 3b are used or reaction times of at least
12 h are necessary. So despite its moderate activation of 1b,
which is still higher than that of catalytically highly active ad-
ducts, for example, 9j, the formation of contact ion pairs in 3b
seems to prevent a higher activity and measurable rates under
the reaction conditions employed in this study.*?

While Inl; adduct 9i was found to be active at room temper-
ature in preliminary studies, the Diels-Alder reaction with All
adduct 9f did not reach full conversion even after 12 h at
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room temperature. The interpretation of the kinetic data for
the activation with the BBr;—CBS adduct 9c¢ was hampered
based on competing oligomerisation of the isoprene. For the
visualisation of a correlation the Lewis acidity strength, deter-
mined by the AJS(*H) values, and the catalytic activities,
namely, the rate constants kp,, were plotted (Figure 5; a plot of
Koasre VS. AS(H) is given in the Supporting Information, Fig-
ure S3).

0.0 0.2 0.4 0.6 0.8 1.0 12 1.4

-5.0 1 1 1 1 1 L -5.0
AlBr,
= SnCl -
5.5 4 27 55
&
_ - ACl,

-6.0 = -6.0
— P BCl,
i i -
9 654 et - L-6.5

< -
o s
i(, s
£ -7.04 -7 L-7.0
-
-
-
-7.54 2 = Experimental values L.7.5
- - - - Linear Fit: R’ = 0.8888
= BF,
-8.0 - T - - -8.0

T T
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

A5(°H) / ppm

Figure 5. Plot of the natural logarithms of kp, values versus the Ad(*H)
values. The linear fit was obtained with exclusion of SnCl, adduct 9j.

First, with exclusion of SnCl, adduct 9j a moderate correla-
tion is observed. The activity of adducts 9 and activation of 1b
is in agreement with the usually perceived and experimentally
quantified acidity of the respective Lewis acids,"'>' that is,
AlIBr; activates 1b more and adduct 9e is more active than
TiCl, and its adduct 9k. Second, an unexpected discrepancy is
observed for SnCl, adduct 9j, which catalysed the Diels-Alder
reaction between 10 and 11 much faster than the Ad(*H) sug-
gested. This runaway value prompted the quantum chemical
investigations shown in the next subsection.

Overall, the NMR spectroscopic chemical shifts AO(*H) corre-
lated well with the rate constants which are in agreement to
Corey’s observations as well as to Fujimoto’s theoretical stud-
ies." Generally, a higher Lewis acidity of a given Lewis acid
leads to a stronger activation of 1b, which was measurable by
’H NMR spectroscopy employing [D,]1b, and a higher catalytic
activity of Lewis acid—-CBS adducts 9. The AlBr; adduct 9e
shows the highest activation, and with the SnCl, adduct 9j the
highest activities as catalysts in Diels—Alder reactions."®

Despite the low activities or side reactions observed with ad-
ducts 9¢, 9f, and 9i the enantioselectivities were decent (9 f)
to good (9¢, 9i) and even better for the SnCl,-~CBS adduct (9j)
reaching the highest e.r. of 93:7. Concerning the enantioselec-
tivities of active adducts 9 nearly no enantioselectivity was
found for 9a and 9b. Good enantioselectivities were observed
for 9i, 9j and 9k, while the AlBr; adduct 9e yielded a lower
e.r. value than reported by Corey.” This could be attributed to
the higher reaction temperature applied in this study, or the
fact that AlBr; was used in substance instead of a commercially
available 1.0 m solution.

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.chemeurj.org

:@2 ChemPubSoc
Lt Europe

Quantum chemical calculations: frontier molecular orbitals

The surprising findings for Inl; (no catalytic activity despite sig-
nificant Ad(*H) value) and SnCl, (very high catalytic activity de-
spite moderate AS(°*H) value) prompted computational investi-
gation of the Lewis acid interactions with the CBS catalyst. We
used density functional theory approaches with two different
functionals for structural optimisation (M06-2X/def-2TZVP) and
bonding analysis (BP86/TZ2P ™).

Frontier molecular orbital (FMO) theory is a common ap-
proach to estimate the reactivity change of a dienophile upon
Lewis acid coordination and can be expressed as LUMO lower-
iNg  AEumo = Erumono-ces-a—Erumono > A correlation between
AE, ywo and rate constants has been elucidated by Laszlo for
simple aluminium halides several decades ago in a rather un-
noticed account.”® The appeal of FMO theory is its simplicity
and its applicability to reactants instead of a tedious transition
state analysis.

Based on these studies we started our approach by optimis-
ing the structures of the complexes formed from 1,4-naphtho-
quinone (10) and Lewis acid-CBS adducts 9 (in the following
referred to as 10-Lewis acid-CBS complexes 13) in order to
check whether it is possible to use AE o to predict the reac-
tivity of 1,4-naphthoquinone (10). A preliminary justification
for this approach is given in Figure 6, showing the LUMO of
13j, which is completely localised on the 1,4-naphthoquinone
moiety. Subsequently, the energy differences AE yyo Were cal-
culated for all Lewis acids applied in the spectroscopic and ki-
netic studies (these are summarised in the Supporting Informa-
tion, Table S2). To verify the predictive power of AE o for the
catalytic activity of adducts 9 in the Diels—Alder reaction of 10
with 11 AE o was plotted against the measured rate con-
stants kpa. The results for adducts 9 that showed significant
rate constants are presented in Figure 7. In contrast to the plot
of AO(*H) versus In(kp,) (Figure 5), there is a much better corre-
lation between AE, 0 and In(kp,) for all catalytically active ad-
ducts 9 obtained with AICl;, AIBr;, TiCl,, BF;, BCl;, and especial-
ly with SnCl,. Furthermore, the Lewis acids with no significant
koa showed low AE, o as well, demonstrating the predictive
power of the FMO approach.

In case of the indium-based Lewis acids, a rather simple ex-
planation for the low reactivity could be found. Although all
indium Lewis acids coordinate quite well to CBS catalyst 1b
(see the Supporting Information, Table S3), and therefore show
a significant NMR shift AS(*H), 1,4-naphthoquinone (10) does
not coordinate to the boron atom in complexes 13 g-i, but to
the indium atom (Tables S5 and 5$6).2" Thereby, the activation
of 10 is only mediocre and CBS adducts 9g-i exhibit only very
small catalytic activity as catalyst in Diels—Alder reactions.

As we were able to explain the low activity of the indium
Lewis acid—CBS adducts 9g-i, we turned our attention to the
strange behaviour of SnCl,~CBS adduct 9j. The low activation
of 1b but very good activation of 10 by SnCl,-based adduct 9j
in the model Diels—Alder reaction is confusing at first sight. In
most studies, SnCl, is usually regarded as a weak to moderate
strong Lewis acid and thus the low activation AJd(*H) of 1b is
in line with existing evidence.""*'¥ Hence, the notwithstanding
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Figure 6. Plot of the calculated LUMO of complex 13 at BP86/TZ2P*
(energy cut-offs of MO plots 0.033).
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Figure 7. Plot of the LUMO shifts AE 0 (M06-2X/def2-TZVP) of 10 upon for-
mation of adducts 13 versus the In(kp,) of the Diels-Alder reaction.

strong activation of 10 by adduct 9j in catalysis of the model
Diels—Alder reaction and the calculated high AE o required
a more detailed investigation.

To explain the unusual behaviour of SnCl, the optimised
structures and especially the geometry of SnCl, in 9j and 13j
were analysed more closely (Figure8). A rather unusual
change in coordination geometry of SnCl, was found when
comparing SnCl,—CBS adduct 9j and 10-SnCl,—~CBS adduct
13j. In 9j, the chlorine atoms are arranged axially resulting in
a triangular bipyramidal environment for the tin atom. In 13j
the axial chlorine atom Cl4 is bent in the plane by 37.0° result-
ing in an equatorial conformation. Furthermore, this is accom-
panied by a shortening of the tin—nitrogen bond by 0.18 A.

Only limited reports on structural aspects on the coordina-
tion of SnCl, to different Lewis bases are available.*? A theo-
retical study by Frenking et al. dealt with the coordination of
SnCl, to ammonia and pyridine, respectively. They exclusively
observed the axial isomer for coordination of SnCl, to ammo-
nia and for coordination to pyridine both isomers were identi-
fied as two closely spaced minima.”?! They postulated steric
reasons for this effect but did not further investigate this
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Figure 8. Optimised geometries for SnCl,~CBS complex 9j and 10-SnCl,-
CBS adduct 13 at M06-2X/def2-TZVP level, showing the change of the coor-
dination geometry at the tin atom from 9j to 13j upon coordination of 10.

aspect. Experimental insights in coordination geometries are
even rarer. To the best of our knowledge, there is only one
crystal structure of a classical Lewis acid base adduct present
in literature where SnCl, adopted an axial conformation upon
coordination to quinuclidine.”¥

Quantum chemical calculations: bonding analysis

In order to quantify the impact of this conformational change
as well as its rationale, the bonding situation in 9 and 13 were
studied in more detail. Therefore, the bond between the Lewis
acids and the CBS fragment in adducts 9 and 13 were analysed
using EDA-NOCV (energy decomposition analysis combined
with natural orbitals for chemical valence). EDA analysis allows
a partition of the bond energy AE,, (interaction energy) into
its components AE,,; (Pauli repulsion energy), AE, ;. (orbital
interaction energy) and AE,.,. (electrostatic interaction energy)
and furthermore by linkage with NOCV theory a breakdown of
AE, . in contributions of different fragment orbitals, thus al-
lowing assessment of the proportion of different bond
types.”

The results of the EDA calculations for 9 and 13 are shown
exemplarily for AICl;, SnCl, and TiCl, in Table 3. A closer look
on the energy terms gives an indication for the unusual strong
activation of 10 by SnCl,-~CBS adduct 9j within the 1,4-naph-
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thoquinone complex 13j. The interaction energy AE;, of SnCl,
in the Lewis acid-CBS 9j adduct is by 10.7 kcalmol™" lower
than that of AICI,-CBS adduct 9d whereas TiCl,—~CBS adduct
9k is only 4.7 kcalmol™" less stable than 9d. This is qualitative-
ly in line with the observed AJ(*H) values. The lower bond
energy AE,, in 9j can mainly be ascribed to high Pauli repul-
sion AFE,,, and lower electrostatic interaction energy AE...
and simultaneously nearly the same orbital interaction energy
AE i As AEy i Should predominantly be responsible for
Lewis acid activation of the CBS fragment, it was further ana-
lysed by NOCV theory. By this method, the electron flow in-
duced by bond formation can be visualised and quantified.
The by far most important NOCV (Figure 9a and b) term Ap,;
could be assigned to the o(CBS—o* 4 ) bond. This term is
nearly identical for 9d and 9j with 36.0 and 35.6 kcal mol™', re-
spectively. This can be traced back to the number of participat-
ing chlorine atoms. In both structures, just three chlorine
atoms seem to engage in donor-acceptor interaction. The ax-
ially positioned fourth chlorine atom (Cl4) in the SnCl,-~CBS
adduct 9j does not contribute to donor-acceptor interaction
and does not show any electron-density change (Figure 9b).
Accordingly, this complex geometry leads to a similar orbital
interaction as in the AICI;-CBS adduct 9d. Even if this confor-
mation does not allow efficient interaction with the Lewis
base, it seems to be sterically favoured due to a lower necessa-
ry preparation energy AE,.,(SnCl,) of 20.7 kcalmol™" for the
axial conformation compared to 38.8 kcalmol™ (entry 9j fixed
in Table 3, see discussion below) necessary for the equatorial
conformation.

Furthermore, it allows direct stabilising interaction of the tin
atom with one of the phenyl rings of the CBS backbone contri-
buting to AE, .. With 3.9 kcalmol™. This situation changes
dramatically when 1,4-naphthoquinone (10) coordinates to
SnCl,-CBS adduct 9j resulting in 13j. The fourth chlorine atom
changes from an axial to an equatorial conformation. EDA cal-
culation of 13j now show an interaction energy AE;, similar to
13d due to a disproportional increase in orbital (—56.6 to
—88.4 kcalmol™") and electrostatic interaction. The increase of
the orbital term can be attributed by NOCV calculation to the
conformational change and a concomitant participation of the
now equatorial chlorine atom (Cl4) in donor-acceptor interac-
tion. The most important interaction Ap,; with —58.8 kcal
mol~" is shown in Figure 9d, which is the 6(HOMO,_cgs— 0%,
a) bond, and it clearly verifies a participation of all four chlor-
ine atoms. In addition, the enhanced orbital interaction seems
to lead to a by 0.18 A contracted tin—nitrogen bond, which in
turn leads to a stronger electrostatic interaction. As a conse-
quence of the change from axial to equatorial conformation
seems to be clear, the question for the cause of the change
arises. Especially since a comparable increase in orbital interac-
tion could not be verified for the TiCl, adducts 13d and 13k.

In order to analyse the conformational change in more
detail, an EDA-NOCV calculation of the SnCl,~CBS adduct 9j
fixed (9j in the geometry of the corresponding 10-CBS-SnCl,
complex 13j) was carried out to determine the impact of the
conformational change without taking interactions with 10
into account. As shown in Table 3, the distortion of 9j into 9j
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Figure 9. Plots of the NOCVs with the highest eigenvalue (Ap,,) representing the donor-acceptor interaction (LP(Ncgs)—LP*(Al/Sn) + 0*(LA-Cl)) in: a) 9d, b) 9j,
c) 13d, and d) 13j at BP86/TZ2P *. b) The missing participation of the fourth chlorine atom of SnCl, in the CBS-SnCl, bond in 9j can be seen. d) The deforma-
tion-induced participation of this atom in the 10-CBS-SnCl, bond upon coordination of 10 to 9j is visible. Colour coding: red =decrease of electron density;

blue =increase of electron density.

Table 3. Overview of the energy terms given by bonding analysis (EDA-NOCV) of complexes 9e, 9j, and 9k, as well as adducts 13e, 13, and 13 k.

Lewis acid AICl; Sncl, TiCl,

energy complex 9d adduct 13d complex 9j 9j fixed adduct 13j complex 9k adduct 13k
contributions [kcalmol™'] [kcalmol ™' [kcalmol™'] [kcalmol ™' [kcalmol ™' [kcalmol ™' [kcalmol ™'
AE —60.3 —-79.8 —496 —62.0 (25.0)@ —80.4 (30.0)" —556 —65.2
AEpyi 104.2 116.9 1M1.5 140.2 (25.7) 148.8 (6.1)" 106.0 109.3

AE oia —875 —102.7 —77.2 —106.4 (37.8)" —112.8 (6.0)" —83.6 —79.1

AE, e —58.0 —72.7 —56.6 —743 (31.3)@ —88.4 (19.0)" —54.1 —67.1

AEpgp —19.0 —213 —273 —21.5 (—21.2)® —28.0 (30.2)1 —239 —283
AEprep 184 239 27.2 74.7 (174.6)" 445 39.2 39.0

AL prepun™ 10.3 17.1 20.7 38.8 (87.4)¢ 38.8 28.0 334
AEpong (—D)9 —41.9 —56.0 —225 12.7 (—156.7) —35.9 (135.4)1 —16.4 —26.2
Evonorces) —0.283 —0.254 —0.290 —0.280 (3.4) —0.251 (11.8)1 —0.282 —0.253

[a] AE; = AEpyy+ AEqga+ AEop, + AEp,. [b] Contribution of the preparation energy from the LA fragment to AE,,. [l AEpqng = AEiy + AEy,. [d] Energy of
the HOMO of the respective CBS fragment [eV] at M06-2X/def2-TZVP. [e] Change [%] from 9j to 9] fixed. [f] Change [%] from 9] fixed to 13j.

fixed has two important impacts on interaction energies. First,
the attractive interaction energies AE,, and AE,, are ampli-
fied. In particular orbital interaction is increased to —74.3 kcal
mol™" (+31%) due to participation of all four chlorine atoms
in donor-acceptor interaction, which is in line with the results
for 13j. Even if the Pauli repulsion is increased by 28.7 kcal
mol™', AE,, is 12.4 kcalmol™" (25.0%) higher in energy than in
the relaxed structure of 9j. However, the increase in AE,, is
overcompensated by a disproportional increase of the prepara-
tion energy AE,., by 175% resulting in a bonding energy
AEyong Of +12.7 kcalmol™'. This means that although the at-
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tractive interaction in 9j fixed is somewhat higher than in 9j,
high AE,., and an increase in AE;,,; makes this conformation
unstable, forcing SnCl, to adopt a trigonal bipyramidal confor-
mation 9j.

Only after introduction of naphthoquinone, the equatorial
conformation becomes thermodynamically stable mainly due
to an increase of orbital interaction by 19%. The increase in
AE,,, can be assigned to the enhancement of Lewis basicity of
the CBS fragment 1b upon coordination of 10 which can be
seen in the increase of AE.omono-cas) PY 12 % after coordination
of 13.
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Apparently, the increase in Lewis basicity of the 10-CBS frag-
ment leads to exceeding a threshold, which only allows effi-
cient interaction of all four chlorine atoms of SnCl, with the
CBS fragment. In complex 13j (Figure 9d) the distortion of the
complex geometry leads to an enhanced Lewis acidity where
all four chlorine atoms show participation in electron density
delocalisation. This results in an increased Lewis acidity of
SnCl, in 13j compared to 9j, which can be observed in a high
koa value making SnCl, in the equatorial conformation a similar
potent Lewis acid as AlBr,.

Although the threshold in Lewis basicity for efficient interac-
tion is the main factor that influences the interplay between
both conformations, a second interaction that pushes 13j to-
wards the equatorial conformation could be found by analy-
sing the NOCV interactions in 13j. An C—H--Cl interaction Ap
between the hydrogen atom of 10 at position 5 with the chlor-
ine atom CI3 could be found, which contributes about
—1.9 kcalmol ™" (Figure 10). This further stabilizes the equatorial
conformation and might be a reason for the high enantioselec-
tivity of 9j in the model Diels-Alder reaction. A similar halo-
gen—hydrogen bond has been found by Fujimoto in his de-
tailed theoretical study on AIBr;—CBS adduct 9e in the reaction
of methacrolein with cyclopentadiene.'

Figure 10. Plot of the NOCV interaction Ap, between the SnCl, chlorine
atoms and the hydrogen atom at position 5 of 10 in adduct 13j with frag-
ments 10-CBS and SnCl, at BP86/TZ2P*.

Conclusions

In conclusion, by combining H NMR spectroscopic studies
with in situ-IR kinetic measurements, we could demonstrate
that several Lewis acids are able to activate CBS catalyst 1b ad-
equately for Diels—Alder reactions. This suggests the use of less
aggressive acids than the commonly employed AlBr; or HNTF,.
The low experimentally quantified activation Ad(*H) of 1b but
large catalytic activity of SnCl,~CBS adduct 9j could be attrib-
uted to a conformational change of the chlorine atoms of
SnCl, upon coordination of 1,4-naphthoquinone (10). This
leads to a massively enhanced Lewis acidity of SnCl, within the
10-SnCl,—~CBS complex 13j and thereby to a higher activation
of 10 in the Diels—Alder reaction. This behaviour could only be
observed for SnCl,. Trivalent Lewis acids such as AICl,, but also
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the tetravalent Lewis acid TiCl, did not show such a behaviour
as they adopted only trigonal pyramidal or in case of TiCl,
quadratic pyramidal conformation. The conformational change
could be attributed to a more efficient Lewis acid base interac-
tion upon complexation of 1,4-naphthoquinone (10) by raising
the electron density within the CBS fragment and thus allow-
ing an efficient donor-acceptor interaction of all four chlorine
atoms of SnCl,, which overcompensates the high necessary
preparation energy. Furthermore, interactions of the hydrogen-
atom in position 5 of the naphthoquinone with one of the
chlorine atoms could be found which further stabilises the
equatorial conformation.

The dependency of the acidity of group 13 based Lewis
acids on their structure has been known for some time,”® and
has inspired the design of pre-organised tetrahedral group 13
Lewis acids.””’ A similar behaviour for group 4 and 14 Lewis
acids has only been briefly touched on.”® Through the pre-
sented study, both experimental and theoretical results could
unravel the impact of the structural change of SnCl, on its
acidity. Similar to the group-13-based Lewis acids, the design
of sterically fixed tin-based Lewis acids should therefore lead
to the development of novel, highly reactive catalysts.

Experimental Section

Procedure for the preparation of Lewis acid adducts [D,]9 of
[D,11 b with stoichiometric amounts of Lewis acid

Inside a glovebox, deuterated CBS-catalyst ([D,]1b, 32 mg,
90 pumol, 1.0 equiv) was weighed in a vial, equipped with a magnet-
ic stirring bar. The vial was sealed with a rubber septum, trans-
ferred out of the glovebox and connected to a Schlenk line. Then
CH,Cl, (0.61 mL) was added, and the solution cooled to below
—70°C. A solution of the respective Lewis acid in CH,Cl, (1.0m,
90 pL, 90 umol, 1.0 equiv) and 1 puL of CDCl; were added under
constant stirring. After 15 min an aliquot of the solution (0.50 mL,
64 umol adduct [D,]9) was transferred into a below —70°C pre-
cooled NMR tube, which was sealed with a rubber/PTFE septum.
The sample was kept below —70°C and analysed by NMR spectros-
copy at the desired temperature.

Exemplary procedure for the ReactIR kinetic analysis of the
Diels—Alder reaction of 10 with 11 by using catalysts of type
9

A 25 mL two-neck Schlenk flask was equipped with a magnetic
stirring bar and the ReactlR probe head, and was connected to
a Schlenk line. Under argon atmosphere, the flask was cooled to
—40°C and CH,Cl, (3.0 mL), an aliquot of stock solution of 10
(4.0 mL, 0.50 mmol, 1.0 equiv, CH,Cl, (c=125 mmolL™), as well as
isoprene (11, 500 pL, 4.99 mmol, 10.0 equiv) were added. Depend-
ing on the amount of catalyst solution added later, CH,Cl, (0.1 or
0.4 mL) was added. The in situ FTIR spectroscopic measurement
was started, as soon as there were at least 3.0 mL solution in the
flask. When the temperature (—40(+1)°C) as well as the intensity
of the IR carbonyl band of dienophile 10 at 1670 cm™' were stable,
an aliquot of the respective adduct 9 in CH,Cl, (0.02 mmol,
4.0 mol% active complex, preparation see below) was added
under vigorous stirring (final concentrations: ¢(10)=61.7 mmolL™',
c(11)=617 mmolL™", ¢(9)=2.5mmolL™", total volume: 8.1 mL).
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After 1 min the stirring speed was slightly reduced and the reac-
tion progress was monitored until no further increase of the inten-
sity of the IR carbonyl band of product 12 at 1696 cm™' was ob-
served. To confirm full conversion, a sample (max. 50 ul) was
taken, eluted over a small pad of silica gel with tert-butyl methyl
ether, and subjected to GC-MS analysis. The reaction was stopped
by addition of saturated aqueous NaHCO; solution (4.0 mL) and
stirred at room temperature for 15 min. The phases were separated
and the aqueous phase was extracted with CH,Cl, (4x10 mL). The
combined organic phases were dried over MgSO,, the solvent was
removed under reduced pressure, and the raw product was stored
at —20°C under inert atmosphere until HPLC analysis. The enantio-
meric ratio of the raw product was determined by HPLC analysis
(Agilent Technologies 1200 Series, Chiralpak IA column, 4.6 mm X

250 mmL, 20°C, n-hexane/isopropanol 99:1, flow rate:
1.0mLmin~', A=254nm, t;=16.0min (major), t;=17.8 min
(minor)).

Preparation of the Lewis acid—-CBS adduct solution

Inside a glove box, CBS-catalyst (1b; 28-30 mg, 79-85 umol) was
weighed in a vial equipped with a magnetic stirring bar. The vial
was sealed with a rubber septum, transferred out of the glovebox
and connected to a Schlenk line. CH,Cl, (0.54 mL) was added, the
solution was cooled to below —30°C, and a solution of the respec-
tive Lewis acid in CH,Cl, (1.0 m, 60 pL, 60 pmol) was added under
stirring. The solution was cooled to about —50°C and was ready
for use after 10 min.

Computational details

Unconstrained structural optimisation was carried out using Gaus-
sian 09 in version C.01.”® Pre-optimisations were carried out using
the B1B95? functional with the def2-SVPEY basis set. For each
structure several possible conformers were tested but only the
lowest energy conformer was used for further optimisation. Re-
fined structures were obtained by optimisation using the M06-
2XBY functional and the def2-TZVPE” basis set with an ultra fine in-
tegration grid. This choice of computational level was motivated
by previous studies of Fujimoto et al. for the CBS-catalyst."® Char-
acter of a stationary point was identified by subsequent frequency
calculation (number of imaginary frequencies (NIMAG): 0 for mini-
mum structures). Formation enthalpies (AH) including zero-point
vibrational energy (ZPVE) and thermal corrections were obtained
from theses frequency calculation with T=298.15K and P=1 atm.
HOMO/LUMO energies are given as AE,oumo/AEumo With respect to
the HOMO/LUMO energy of free CBS/naphthoquinone molecules.
EDA-NOCV analysis was carried out with the ADF program version
2014.10%% on the BP86°%/TZ2P "B |evel using the empirical disper-
sion correction scheme DFT-D3.5* All fragments were used in their
singlet ground states.
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Abstract: An electrochemical access to iodinated aromatic
compounds starting from trimethylsilyl-substituted arenes is
presented. By design of experiments, highly efficient and mild
conditions were identified for a wide range of substrates. A
functional group stability test and the synthesis of an important
3-iodobenzylguanidine radiotracer illustrate the scope of this
process.

Aryl iodides are used as precursors in contemporary carbon—
carbon bond-forming reactions,!"! for the synthesis of hyper-
valent iodine compounds,” or as radiopharmaceuticals,”’ and
a variety of approaches have been developed for their
synthesis. Most often, their synthesis is accomplished by
electrophilic aromatic substitution, either by using pregen-
erated electrophilic iodinating reagents such as N-iodosucci-
nimide (NIS) or by in situ oxidation of iodide or iodine to
reactive iodonium ions with various oxidants.l! The central
problem to all possibilities is the lack of atom efficiency as
pregenerated reagents or oxidants have to be used in
stoichiometric amounts. The electrochemical generation of
electrophilic iodinating species offers a unique solution to
reduce the amount of waste chemicals. A seminal example of
this approach was reported by Yoshida and co-workers who
directly iodinated aromatic substrates by electrochemical
generation of iodonium ions (Scheme 1).F! The only draw-
back of this and similar methods is the decreased control over
substitution site selectivity when performing the reaction in
a one-pot fashion, and the restriction to electron-rich
substrates.

An iodination method reported recently by our group
relied on the generation of reactive fert-butyl hypoiodite by
the reaction of zinc iodide with fert-butyl hydrogen peroxide
(TBHP), which was reacted in situ with trimethylsilyl arenes
(Scheme 1)) The introduction of a trimethylsilyl group
allowed for selective iodination. The major limitation was,
apart from low atom economy, a diminished substrate range,
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as mainly electron-rich substrates and preferably ortho-
substituted trimethylsilyl arenes could be employed with
satisfying yields. Nevertheless, the method showed excellent
selectivity, and the substrates were easily accessible from
regioselective cobalt-catalysed Diels—Alder reactions of tri-
methylsilyl-substituted alkynes with 1,3-dienes.”’

Herein, we describe the combination of our strategy with
sustainable electrochemical methods into a novel protocol.
We sought to introduce, in analogy to our initial iodination
procedure, a trimethylsilyl group as the directing group for an
iododesilylation reaction. The use of a directing group to
enhance selectivity combined with high reactivity and short
reaction times would outweigh the negative impact on atom
economy.

As part of the optimisation, a number of preconditions
were drawn to guarantee the design of a simple, mild, green,
and inexpensive process. The reaction should be conducted at
room temperature, no inert conditions should be necessary,
and the iodine source should be potassium iodide as we were
hoping to thereby obviate the need for an additional
supporting electrolyte. Furthermore, a constant current
density of 6.7 mAcm™' was applied to allow for a chemo-
selective electrochemical reaction and to keep the reaction
times relatively short.

In a first test reaction with trimethyl(phenyl)silane (1) as
the substrate, no product was detected upon using an
undivided cell (Table 1, entry 1). Therefore, the screening of
commonly used solvents (entry 2-5) and all following reac-
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Table 1: Electrochemical iododesilylation of trimethyl(phenyl)silane 1.

©/SiMe3 ©/|
1 2

I* source

solvent, current

Communications

rt, 6.7 mA .cm?

Entry Solvent Kl Applied charge Yield

[equiv] [Fmol™] [%]
16 MeCN 1.0 2.0 0
2 MeCN 1.0 2.0 40
3 (MeOCH,), 1.0 2.0 10
4 CH,Cl, 1.0 2.0 37
5 MeOH 1.0 2.0 10
6 MeCN/MeOH (1:1) 1.0 2.0 64
7 MeCN/MeOH (7:3) 1.0 2.0 80
8 MeCN/MeOH (7:3) 1.1 2.2 84
9 MeCN/MeOH (7:3) 1.1 2.4 97
10 MeCN/MeOH (7:3) 1.2 2.4 86
n MeCN/MeOH (7:3) 1.2 2.6 94
120! MeCN/MeOH (7:3) 1.0 2.0 48
130 MeCN/MeOH (7:3) 1.1 2.4 iy
14 MeCN/MeOH (7:3) 1.1 2.4 1
150 MeCN/MeOH (7:3) 1.1 2.4 87

Unless otherwise stated, a divided cell with platinum electrodes with
0.5 mL conc. H,SO, in the cathode compartment was used. The yields
were determined by GC analysis using mesitylene as the internal
standard (for experimental details, see the Supporting Information).

[a] An undivided cell was used. [b] Graphite electrodes were used.

[c] Instead of H,SO,, acetic acid (1 mL) was used. [d] Instead of H,SO,,
methanesulfonic acid (0.5 mL) was used. [e] Instead of H,SO,, LiClO,
(3 mmol, 0.3 M) was used. [f] No conductivity observed.

tions were performed in H-type divided cells. Disappoint-
ingly, the best yield of 2 was quite low (40%) even when
acetonitrile was used as the solvent. When CH,Cl,, methanol,
or dimethoxyethane were used, the yields amounted only to
10-37% (entry 1-5). The low yields were attributed to the
formation of large quantities of the protodesilylation side
product benzene. Only a solvent mixture of acetonitrile/
methanol (1:1) led to an improved yield of 64 %, mainly
owing to a significant decrease in the protodesilylation side
reaction.®! A slight decrease in the methanol content to a 7:3
mixture further increased the yield to 80 %. A final improve-
ment was achieved by slightly increasing the KI loading to
1.1 equiv and adjusting the applied charge to 2.4 Fmol*,
which resulted in an almost quantitative yield of 97%.
However, a further increase in the amount of the iodine
source or the applied charge (entries 10 and 11) led to
decreases in yield. Unfortunately, changing the electrodes
from platinum plates to graphite decreased the yield to 48 %
(entry 12). Finally, the acid or supporting electrolyte that was
used in the cathode compartment to lower the cell potential
was changed from sulfuric acid to acetic acid, methanesul-
fonic acid, or lithium perchlorate, but all of them led to
reduced yields (entry 13-15).

To our disappointment, when we applied our optimized
reaction conditions to substrates other than trimethylsilyl
benzene, the yields were only moderate (68-71%; see the
Supporting Information). The main reason was determined
by profound GC/MS analysis of the reaction products:
Significant quantities of the starting materials were found to
be methoxylated at the benzylic position, if present. Control

Angew. Chem. Int. Ed. 2018, 57, 442 —445

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Internati

experiments without an iodonium source in the reaction or
with a substrate without a TMS group (toluene) suggested
that the methoxylation occurs mainly under participation of
iodonium ions and only when TMS-substituted substrates are
present.

To improve the yields and decrease the extent of
methoxylation, we investigated the influence of the iodide
loading and the solvent in more detail. To cover the
methoxylation side reaction as well, (para-tolyl)trimethylsi-
lane was used as a test substrate for this series of experiments.
To be able to address all important interactions between the
parameters, we used a design of experiment approach
applying a central composite plan.*'”! Parameters being
optimized were a)the methanol concentration (1:1-9:1
acetonitrile/methanol (lower methanol concentrations were
excluded because they lead to poor conductivity and there-
fore need an additional electrolyte)), b) the KI stoichiometry
(1.0-1.2 equiv), and c) the applied charge (2.2-2.5 Fmol ') as
those three parameters seemed to have the biggest impact on
yields according to our previous optimization. The resulting
plan contained 18 reactions covering one- and two-factor and
quadratic interactions (Table 2).

Table 2: Optimisation by design of experiments.!

110-{;
105

100 -| e
9

L 990 90

2 [96.2 85

101.8] 80

65
60
T8 o2 XYoo 2 383 8TER
1 Ratio 23
eq. Kl MeCN/MeOH F/mol
Factor p Value
MeCN/MeOH ratio 0.0000
(applied electricity)? 0.0001
amount of Kl 0.0003
applied electricity x MeCN/MeOH ratio 0.0031

[a] All reactions were carried out on 0.5 mmol scale using a divided cell
and platinum electrodes. The yields were determined by GC-FID analysis
using mesitylene as the internal standard (see the Supporting Informa-
tion for details). Numbers in grey indicate the optimal values for the
three parameters and the corresponding yield (with its confidence
interval in brackets). The p values indicate the probability of whether the
respective effect can be explained by the null hypothesis (effects below
0.01 are regarded as significant).

Four important interactions returning a model with an
R?value of 0.95 (which confirms that there are only slight
differences between the observed and predicted values) were
found: a) the methanol concentration, b) the quadratic term
of the applied electricity, ¢) a two-factor interaction between
methanol concentration and charge consumption, and d) the
KI equivalents. According to the obtained model, the optimal
values for the three parameters are a methanol concentration
of 10 vol% in acetonitrile, 1.0 equiv of KI, and an applied
charge of 2.3 Fmol .

These observations are in line with the previously
obtained results as a minimal iodide loading and a minimal
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methanol concentration should supress methoxylation. The
greater applied charge than the theoretically needed
2.0 Fmol ' can be ascribed to partial oxidation of the solvent.
This can be seen in the two-factor interaction, which shows
that the necessary applied electricity is higher (and the yields
are lower) for higher methanol concentrations as oxidation of
methanol becomes more decisive.

The optimised reaction conditions were tested on a variety
of ortho-, meta-, and para-functionalized TMS-substituted
arenes (Scheme 2) with electron-donating and electron-with-

N SiMe; Kl (1.0 eq.) N I
R _ > R-— P
2.3 F/mol, Pt electrodes

3 6.7 mA.cm2 4
RT, MeCN/MeOH (9:1)
4a R=Me 96%0l R I
| 4b R=OMe 73%F! O/
/©/ 4c R=F  88%M
R 4d R=Br 97%k 49 R=F 85%]2]
4e R=Ph 78% 4h R=0OMe 31%l
4f R=CN 50%!
R
Me Me Ph
4i R=F 84%al
4k 77%! 4] 92%lb]

4j R=0OMe 65%!

CC
Br

4m 80%!

l |
Me O
Cl

an 73%!

Scheme 2. Results of the electrochemical TMS—iodine exchange reac-
tion. [a] Yield determined by GC-FID analysis using mesitylene as the
internal standard. [b] Yield of isolated product.

drawing substituents. Good to excellent yields of 70-97 %
were mostly obtained for both electron-deficient substrates,
such as (4-fluorophenyl)trimethylsilane (4¢, 88%), and
electron-rich substrates, such as (4-methoxyphenyl)trimethyl-
silane (4b, 73%). A steric influence as in our initial paper
could not be detected as the yields for para- and ortho-
substituted substrates were comparable. Very electron-poor
substrates (3 f) showed diminished reactivity, leading to low
yields or extended reaction times. Furthermore, (3-methoxy-
phenyl)trimethylsilane (3h) gave the corresponding product
in a poor yield of 31 %, which, according to GC-MS analysis,
can be explained by direct iodination between the methoxy
and the TMS group without affecting the trimethylsilyl group.

To check for further functional group tolerance, a method
developed by Glorius and co-workers was used." This
method is based on the addition of additives containing
a certain functional group. To test the reaction compatibility,

www.angewandte.org
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the yield of the desired product and the amount of additive
recovered after the reaction are determined, which gives an
indication for the stability of the respective additional func-
tional group under the applied reaction conditions (Table 3).

Table 3: Functional group tolerance test using (para-tolyl)trimethylsilane
as the substrate.l!

Additive Yield Yield Yield
(starting (product) (additive)
material)

T-octene 1% 13% 0%

1-dodecyne 62% 4% 13%

benzonitrile 5% 89% 96 %

butyl phenyl ketone 0% 86% 78%

methyl benzoate 4% 82% 81%

aniline 5% 0% 0%

nitrobenzene 0% 84% 100%

carbazole 0% 83% 0%

indole 0% 65% 0%

sulfolane 0% 76% 100%

4-FC4H,-CH,-PPh,Br 12% 56% 86 %

1,2-epoxy-n-octane 37% 38% 0%

cyclopropylbenzene 86% 8% 32%

[a] If not stated otherwise, the yields were determined by GC-FID
analysis. [b] Determined by '*F NMR analysis using C¢F¢ as an internal
standard.

In general, functional groups that lack oxidative stability,
such as many heteroaromatic compounds, alcohols, and
primary amines, do not withstand the strong oxidative
reaction conditions of the electrolysis. Likewise, groups that
show reactivity towards iodonium ions, such as alkenes and
alkynes, are not compatible. However, a number of other
functional groups, such as aromatic halides, ester, amide, keto,
nitrile, nitro, or sulfone moieties, as well as phosphonium salts
were stable under these conditions.

To demonstrate an application of our method, we chose
the iododesilylation of Boc-protected 3-trimethysilylbenzyl
guanidine 5 as the Boc-deprotected variant of the iododesi-
lylation product is used as an '?'I tracer in SPECT tomog-
raphy and as a tumour therapeutic in its '*I-marked
version.'” The Boc-protected substrate was employed as we
knew from the compatibility test that primary amines are not
tolerated (Scheme 3). Nevertheless, this structure still has
a high functional group density, which renders it a challenging

NHBoc
BOCN)\N/\©/SIM63
H
5
NHBoc

KI (1.0 eq.)

BocN”™ °N

2.6 F/mol H

MeCN/MeOH (9:1), RT 6 88%

Scheme 3. Electrochemical TMS—iodine exchange for the synthesis of
the derivative of a tumour therapeutic.
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substrate for an electrochemical reaction under oxidative
conditions. Fortunately, we were able to isolate the product 6
on a 0.25 mmol scale without the need for column purification
in 88 % . This example not only demonstrates the overall good
functional group tolerance but furthermore a possible appli-
cation in the synthesis of isotopically labelled iodine mole-
cules for applications in the life sciences. As the reaction time
depends solely on the amount of used starting material and
reactions for isotope labelling are typically conducted on very
small scales, this process should be a highly useful alternative
to existing iodination methods."”

In conclusion, we have developed a new approach for the
synthesis of aryl iodides by electrochemical iododesilylation
that is atom-economic and only requires sulfuric acid as the
supporting electrolyte within the cathode compartment.
Various products were obtained in good to very good yields
upon rational optimization by design of experiments. The
broad functional group tolerance was illustrated with a large
variety of substrates and furthermore by a compatibility test.
Finally, we applied the method for the synthesis of Boc-
protected 3-iodobenzylguanidine, which yielded the product
in 88% yield without the need for further expensive
purification.

Experimental Section

General procedure for the electrochemical iododesilylation: In
an H-type cell, the anode chamber was charged with the aryl
trimethylsilane  (1.00 mmol, 1.00 equiv) and potassium iodide
(1.00 mmol, 1.00 equiv), and the cathode chamber was charged with
sulfuric acid (0.5 mL). The respective solvent was added simulta-
neously to the anode (10 mL) and cathode (9.5 mL + 0.5 mL H,SO,
conc.) chambers. The cell was equipped with platinum electrodes, and
the solutions were stirred until all solids had dissolved. The reaction
was electrolysed under constant current (6.7 mAcm ?) at room
temperature until the conversion (GC/MS monitoring; normally
complete conversion could be observed with the naked eye as the
colour of the anode chamber changed from dark red to yellow)
reached completion. The yield was either determined by GC analysis
(mesitylene as the standard) or the solution was diluted with diethyl
ether, washed with potassium carbonate and sodium thiosulfate, dried
over magnesium sulfate, and concentrated under reduced pressure. If
necessary, the crude product was purified by flash chromatography on
silica gel.
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Gerhard Hilr*

Professor Reinhart Mockel gewidmet

Abstract: Ein neuer elektrochemischer Zugang zu lodaro-
maten ausgehend von Trimethylsilyl-substituierten Aromaten
wird prisentiert. Durch statistische Versuchsplanung konnten
sehr effiziente und milde Reaktionsbedingungen gefunden und
auf eine Vielzahl von Substraten angewendet werden. Ein
Kompatibilititstest und die Verwendung der Methode zur
Synthese eines 3-lodbenzylguanidin-Derivats (Radiomarker)
illustrieren die Anwendungsbreite.

Aryliodide werden in der modernen Chemie als Edukte fiir
die Bildung von Kohlenstoff-Kohlenstoff-Bindungen,!"! zur
Synthese von hypervalenten Iodverbindungen und als Ra-
diopharmazeutika genutzt.” Folgerichtig sind eine Reihe von
unterschiedlichen Syntheserouten fiir Aryliodide entwickelt
worden. Sehr hédufig werden elektrophile Substitutionen ge-
nutzt, wobei entweder elektrophile lodierungsmittel wie etwa
NIS eingesetzt oder reaktive Iodonium-Ionen in situ durch
Oxidation von Iodid oder elementarem Iod hergestellt
werden !l Das zentrale Problem dieser Zugangswege ist ihre
fehlende Atomeffizienz, denn vorgefertigte Iodierungsmittel
oder stochiometrische Mengen von Oxidationsmitteln
miissen eingesetzt werden. Dahingegen eroffnet die elektro-
chemische Oxidation einen Weg, elektrophile Iodierungs-
mittel in situ zu generieren und die Abfallmenge drastisch zu
verringern. Ein wegweisendes Beispiel wurde von Yoshida
und Mitarbeitern beschrieben, die eine direkte lodierung von
aromatischen Edukten durch elektrochemische Erzeugung
der Todonium-Ionen realisierten (Schema 1).”! Ein Nachteil
dieser und dhnlicher Methoden ist die verminderte Regio-
kontrolle der Iodierung und die Beschrinkung auf elektro-
nenreiche Aromaten.

Eine alternative Iodierungsmethode wurde kiirzlich von
uns beschrieben, bei der das reaktive -Butylhypoiodit durch
eine Reaktion von Zinkiodid mit TBHP erzeugt und an-
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schlieBend mit Trimethylsilyl-substituierten Aromaten in situ
umgesetzt wird (Schema 1).[°!

Die Einfiihrung der Trimethylsilylgruppe erlaubt eine
selektive lodierung, wobei die hauptsichliche Limitierung,
abgesehen von der niedrigen AtomoOkonomie, eine einge-
schrinkte Substratbreite war, da hauptsichlich elektronen-
reiche Aromaten, vornehmlich mit einem Substituenten in
ortho-Position, in guten Ausbeuten umgesetzt werden konn-
ten. Nichtsdestotrotz zeichnet sich die Methode durch eine
ausgezeichnete Regioselektivitidt aus, und die Substrate sind
relativ leicht durch eine Cobalt-katalysierte Diels-Alder-Re-
aktion von Trimethylsilyl-substituierten Alkinen mit 1,3-
Dienen zuginglich.”!

Im Folgenden beschreiben wir die Kombination dieser
Methode mit nachhaltigen elektrochemischen Methoden, um
ein breit anwendbares Protokoll zu entwickeln. Dazu ver-
wendeten wir auch hier die Trimethylsilylgruppe als dirigie-
rende Gruppe, um eine regioselektive lodierung zu erhalten.
Die Verwendung der dirigierenden Gruppe erlaubt eine
vorhersagbaren Regiochemie bei hoher Reaktivitdt und
kurzer Reaktionszeit und gleicht damit den Nachteil der
verringerten Atomodkonomie aus.

Fiir die Optimierungen wurden einige Randbedingungen
definiert, um eine einfache, milde, nachhaltige und kosten-
giinstige Methode zu entwickeln. Die Reaktion sollte bei
Raumtemperatur und unter Umgebungsatmosphire stattfin-
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den. Zudem sollte das kostengiinstige Kaliumiodid als Iodo-
nium-Quelle dienen, auch in der Hoffnung, auf ein zusitzli-
ches Leitsalz verzichten zu konnen. Zusétzlich sollten die
Elektrolysen bei einer konstanten Stromdichte von
6.7 mAcm™" durchgefiihrt werden, um eine chemoselektive
elektrochemische Reaktion mit einer kurzen Reaktionszeit
zu ermoglichen.

Nachdem in einer ersten Testreaktion mit Trimethyl-
(phenyl)silan (1) als Edukt in einer ungeteilten Zelle kein
gewiinschtes Produkt erhalten werden konnte (Tabelle 1, Nr.
1), wurden alle weiteren Reaktionen zur Optimierung des
Losungsmittels (Nr. 2-5) in geteilten H-Zellen durchgefiihrt.

Leider war die beste erhaltene Ausbeute des Produkts 2
mit 40 % bei Verwendung von Acetonitril als Losungsmittel
nur moderat. Die Reaktionen in Dichlormethan, Methanol
oder Dimethoxyethan als Losungsmittel ergaben noch ge-
ringere Ausbeuten zwischen 10 und 37% (Nr. 1-5). Die ge-
ringen Ausbeuten sind auf eine unerwiinschte Protodesily-
lierungsreaktion zuriickzufiihren, die Benzol als Nebenpro-
dukt generiert. Einzig eine Mischung aus Acetonitril und
Methanol (1:1) ergab eine verbesserte Aubeute von 64 %,
vornehmlich durch eine deutlich verringerte Tendenz zur
Protodesilylierung.®! Eine geringfiigige Verringerung des
Methanolgehalts zu einer 7:3 Mischung ergab eine deutlich
bessere Ausbeute von 80%. Eine nahezu quantitative Aus-
beute (97%) wurde erreicht, indem die Menge an KI auf
1.1 Aquivalente und die verwendete Ladungsmenge auf

Tabelle 1: Ergebnisse der elektrochemischen lododesilylierung von Tri-

methyl(phenyl)silan 1.
|
7,

I*-Quelle

©/81Me3
1

Lésungsmittel,

Strom
rt, 6.7 mA.cm2

Nr. Lésungsmittel Kl Ladungsmenge Ausbeute

(Aquiv.) [Fmol™] [96]
16 MeCN 1.0 2.0 0
2 MeCN 1.0 2.0 40
3 (MeOCH,), 1.0 2.0 10
4 CH,Cl, 1.0 2.0 37
5 MeOH 1.0 2.0 10
6 MeCN/MeOH 1:1 1.0 2.0 64
7 MeCN/MeOH 7:3 1.0 2.0 80
8 MeCN/MeOH 7:3 1.1 2.2 84
9 MeCN/MeOH 7:3 1.1 2.4 97
10 MeCN/MeOH 7:3 1.2 2.4 86
11 MeCN/MeOH 7:3 1.2 2.6 94
12" MeCN/MeOH 7:3 1.0 2.0 48
139 MeCN/MeOH 7:3 1.1 2.4 iy
149 MeCN/MeOH 7:3 1.1 2.4 .y
15 MeCN/MeOH 7:3 1.1 2.4 87

Soweit nicht anders erwihnt, wurde eine geteilte Zelle mit Platinelek-
troden und mit 0.5 mL H,SO, konz. in der Kathodenkammer genutzt.
Die Ausbeuten wurden durch GC-Analyse mit Mesitylen als interner
Standard bestimmt (siehe Hintergrundinformationen). [a] Eine unge-
teilte Zelle wurde verwendet. [b] Graphitelektroden wurden verwendet.
[c] Anstatt H,SO, wurde 1 mL Essigsidure verwendet. [d] Anstatt H,SO,
wurde 0.5 mL Methansulfonsiure verwendet. [e] Anstatt H,SO, wurde
3.0 mmol (0.3 m) LiClO, verwendet. [f] Keine Leitfahigkeit der Lésung.
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2.4 Fmol ! erhoht wurde, wohingegen weitere Erhohungen
der Menge an KI oder der verwendeten Ladungsmenge
wiederum zu einer Verschlechterung fithrten (Nr. 10/11).
Auch der Ersatz der Platinelektroden gegen Graphitanoden
fiihrte zu einer Ausbeuteverringerung auf 48 % (Nr. 12). Zum
Schluss wurde der Elektrolyt im Kathodenraum variiert und
Schwefelsdure gegen Essigsdure, Methansulfonsdure oder
Lithiumperchlorat getauscht was jedoch in allen Fillen zu
einer Verringerung der Ausbeute fiihrte (Eintrdge 13-15).

Leider stellte sich heraus, dass diese fiir 1 optimierten
Bedingungen sich nicht in dem MaB auf andere Substrate
iibertragen lieBen und eher moderate Resultate erhalten
wurden (68-71%, sieche Hintergrundinformationen). Der
Hauptgrund fiir die verringerten Ausbeuten konnte durch
griindliche GC/MS-Analyse der Reaktionsmischung aufge-
deckt werden. Es stellte sich heraus, dass unter den Reakti-
onsbedingungen eine Methoxylierung in der benzylischen
Position eintrat, insofern eine solche vorhanden war. In
Kontrollexperimenten konnte gezeigt werden, dass die elek-
trochemische Methoxylierung in Abwesenheit einer Iodoni-
um-Quelle nicht stattfand. Auch wurde eine benzylische
Methoxylierung nicht beobachtet, wenn keine Trimethyl-
silylgruppe im Molekiil vorhanden war.

Um die Ausbeute weiter zu optimieren und den Grad der
Methoxylierung zu minimieren, wurde der Einfluss der lodid-
Beladung und des Losungsmittels im Detail untersucht. Um
die Methoxylierungsnebenreaktion zu erfassen, wurde dies-
mal (p-Tolyl)trimethylsilan als Substrat gewihlt.

Um in der Lage zu sein, alle relevanten Interaktionen der
Reaktionsparameter (Faktoren) zu erfassen, nutzten wir sta-
tistische Versuchsplanung in Form eines zentral zusammen-
gesetzten Plans.™” Die Parameter, die fiir die Optimierung
untersucht wurden, waren: a) die Methanol-Konzentration
(1:1-9:1 Acetonitril/Methanol (geringere Methanol-Konzen-
trationen wurden ausgeschlossen, da diese zu geringer Leit-
fahigkeit fithren und somit ein weiteres Leitsalz benotigen
wiirden)), b) die KI Beladung (1.0-1.2 Aquiv.) und c) die
verwendete Strommenge (2.2-2.5 Fmol™'). Ausgehend von
der vorangegangenen Optimierung erschienen diese drei
Parameter den groBten Einfluss auf die Ausbeute zu haben.
Der daraus resultierende Versuchsplan umfasste 18 Reak-
tionen, um ein- und zweifaktorielle als auch quadratische
Interaktionen abzudecken (Tabelle 2.).

Es konnten vier signifikante Interaktionen gefunden
werden, die ein Modell mit einem R* von 0.95 ergaben (wo-
durch gezeigt ist, dass nur geringe Schwankungen zwischen
beobachteten und vorhergesagten Werten auftreten sollten).
Diese sind: a) die Methanol-Konzentration, b) der quadrati-
sche Term der verwendeten Strommenge, c) eine zweifakto-
rielle Wechselwirkung zwischen der Methanol-Konzentration
und der verwendeten Strommenge und d) die KI-Beladung.

Dem erhaltenen Modell zufolge sind die optimalen Werte
fiir die Methanol-Konzentration 10% in Acetonitril,
1.0 Aquivalente KI und eine verwendete Strommenge von
2.3 Fmol .

Diese Beobachtungen sind in Einklang mit den bisherigen
Erkenntnissen, die zu einer minimalen Iodid-Beladung und
einer moglichst geringen Methanol-Konzentration fiihrten,
um eine Methoxylierung zu unterdriicken. Die hohere ver-
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Tabelle 2: Ergebnisse der Optimierung mittels statistischer Versuchs-
planung.®
110
105
£99.0
2962,
21018
75
70
65
60
A TR EEE
1 Verhaltnis 23
Aquiv. KI MeCN/MeOH F/mol
Faktor p-Wert
MeCN/MeOH-Verhiltnis 0.0000
(verwendete Strommenge)® 0.0001
Kl-Beladung 0.0003
verwendete Strommenge x MeCN/MeOH-Verhiltnis 0.0031

[a] Alle Reaktionen wurden in einem 0.5-mmol-Mafstab in einer geteilten
Zelle mit Platinelektroden durchgefiihrt. Die Ausbeuten wurden mittels
GC-Analyse mit Mesitylen als interner Standard ermittelt (weitere De-
tails, siehe Hintergrundinformationen). Die Zahlen in grau geben die
optimalen Werte fiir die drei Parameter und die zugehérigen optimalen
Ausbeuten an (Vertrauensbereich in Klammern). Die p-Werte geben die
Wahrscheinlichkeit an, ob der betreffende Effekt durch eine Null-Hypo-
thesenannahme erklirt werden kann (Effekte mit p-Werten unter 0.01
werden als signifikant betrachtet).?

wendete Strommenge (>2.0 Fmol ™) ist wohl auf eine teil-
weise elektrolytische Zersetzung des Losungsmittels zuriick-
zufithren. Dies kann an der zweifaktoriellen Wechselwirkung
der verwendeten Strommenge mit der Methanol-Konzentra-
tion abgelesen werden, die bei hoheren Methanol-Konzen-
trationen eine hohere erforderliche Strommenge zeigt, was
durch einen Zugewinn der Relevanz der Methanoloxidation
als Nebenreaktion erkldrt werden kann.

Die optimierten Reaktionsbedingungen wurden auf eine
Reihe von ortho-, meta- und para-funktionalisierten TMS-
substituierten Arenen mit sowohl elektronenreichen als auch
elektronenarmen Substituenten angewendet (Schema 2). In
vielen Féllen wurden gute bis exzellente Ausbeuten erhalten
(70-97 %), sowohl fiir elektronenreiche (4b, 73%) als auch
elektronenarme (4¢, 88 %) Produkte. Ein ausgeprigter ste-
rischer Einfluss auf die Ausbeuten, wie in der vorangegan-
genen Publikation, konnte nicht erkannt werden, da sowohl
para- als auch ortho-substituerte Substrate dhnliche Ergeb-
nisse lieferten. Lediglich sehr elektronenarme Substrate (z. B.
3 1) zeigten eine verringerte Reaktivitit, die zu lingeren Re-
aktionszeiten und niedrigeren Ausbeuten fithrten. AufSerdem
zeigte sich fiir das Substrat 3-Methoxyphenyltrimethylsilan
(3h) eine verringerte Ausbeute von lediglich 31 %, welche,
basierend auf der GC/MS Analyse, durch eine direkte lo-
dierung des Substrats zwischen der Methoxygruppe und der
TMS-Gruppe erkldrt werden kann.

Um die Vertréglichkeit zu weiteren funktionellen Grup-
pen zu iberpriifen, wurde ein Kompatibilitédtstest nach Glo-
rius durchgefﬁhrt.[“] Dieser Test basiert darauf, dass zu einer
Umsetzung weitere Substrate (Additive) zugegeben werden,
die eine weitere funktionelle Gruppe tragen. Um die Kom-
patibilitét zu testen, werden dann der Umsatz des Edukts in
das gewiinschte Produkt und die Menge des nicht umgesetz-
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SiMe Kl (1.0 Aquiv. I
. —'(j/ 3 ( quiv.) < @/
| _ > 1 P
3 2.3 F/mol, Pt-Elektroden 4
6.7 mA.cm
RT, MeCN/MeOH (9:1)
4a R=Me 96% R [
| 4b R=0OMe 73%!@l
4c R=F 88%!el
R 4d R=Br 97%l 49 R=F 85%]l
4e R=Ph 78%lal 4h R=0OMe 31%l
4f R=CN 50%!e
R
@/' MG:E:[I Me\Ctl
Me Me Ph
4i R=F 84%@l
o/ [b] o/.[b]
4j R=0OMe 65%0 4k 77% 41 92%
| Cr
o e
Br Cl
4m 80%!M! 4n 73%P]

Schema 2. Ergebnisse der elektrochemischen TMS-lod-Austauschreak-
tion. [a] Die Ausbeute wurde mittels GC-Analyse mit Mesitylen als in-
ternem Standard ermittelt. [b] Isolierte Ausbeute.

ten Additivs untersucht. Dies gibt einen Hinweis auf die
Stabilitdt der funktionellen Gruppe des Additivs unter den
verwendeten Reaktionsbedingungen (Tabelle 3).

Diejenigen funktionellen Gruppen, die leicht zu oxidieren
sind, wie Heterocyclen, Alkohole oder primdre Amine,
werden den oxidativen Reaktionsbedingungen der Elektro-
lyse nicht standhalten. Zusitzlich sind funktionelle Gruppen,
die eine intrinsische Reaktivitdt gegeniiber lodonium-Ionen

Tabelle 3: Funktionsgruppentoleranztest mit (p-Tolyl)trimethylsilan als
Testsubstrat.!

Additiv Ausbeute Ausbeute Ausbeute
(Edukt) (Produkt) (Additiv)
1-Octen 1% 13% 0%
1-Dodecin 62% 4% 13%
Benzonitril 5% 89% 96 %
Butylphenylketon 0% 86% 78%
Benzoesiuremethylester 4% 82% 81%
Anilin 5% 0% 0%
Nitrobenzol 0% 84% 100%
Carbazol 0% 83% 0%
Indol 0% 65% 0%
Sulfolan 0% 76% 100%
4-FC¢H,-CH,-PPh,Br 12% 56% 86 %"
1,2-Epoxyoctan 37% 38% 0%
Cyclopropylbenzol 86% 8% 32%

[a] Soweit nicht anders erwihnt, wurde die Ausbeute durch GC-Analyse
ermittelt. [b] Die Ausbeute wurde durch "°F-NMR-Spektroskopie mit C¢Fs
als internem Standard ermittelt.
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aufweisen, auch nicht kompatibel unter den Reaktionsbe-
dingungen. Trotz dieser Einschriankungen zeigt sich, dass
Arylhalogenide, Ester, Amide, Ketone, Nitrile, Nitrogruppen,
Sulfone und Phosphoniumsalze stabil unter den Reaktions-
bedingungen sind.

Um eine potentielle Anwendungsmoglichkeit zu demon-
strieren, untersuchten wir zum Abschluss die Iododesilylie-
rung von Boc-geschiitztem 3-Trimethysilylbenzylguanidin 5,
welches in der Boc-entschiitzten Variante als '*'I-markierte
Verbindung in der SPECT-Tomographie Verwendung findet;
das '"“I-Derivat wird als Tumortherapeutikum genutzt.'”

Wir verwendeten das Boc-geschiitzte Substrat 5, da wir
aus dem Kompatibilitédtstest erkannten, dass primidre Amine
nicht kompatibel mit den Reaktionsbedingungen sind
(Schema 3). Trotzdem stellt 5 ein Edukt mit hoher Dichte an

NHBoc
BocN//]\ N/\©/S|Mea
H
5
o NHBoc
Kl (1.0 Aquiv.)

> BocN” N

2.6 F/mol H
MeCN/MeOH (9:1), rt 6 88%

Schema 3. Elektrochemischer TMS-lod-Austausch zur Synthese eines
Tumortherapeutikums.

funktionellen Gruppen dar und ist eine herausfordernde
Verbindung fiir eine oxidative elektrochemische Iododesily-
lierung. Gliicklicherweise konnte das Produkt 6 in einem
0.25-mmol-MafBstab ohne sdulenchromatographische Aufrei-
nigung in 88 % Ausbeute erhalten werden. Dies demonstriert
die gute Toleranz der elektrochemischen Methode gegeniiber
funktionellen Gruppen und zeigt prinzipiell die Moglichkeit
zum Einsatz der Methode bei der Herstellung isotopenmar-
kierter Iodderivate auf, die in den Lebenswissenschaften von
grofler Bedeutung sind.

Da die Elektrolysedauer direkt mit der Stoffmenge kor-
reliert und die Mengen an Startmaterial fiir eine Isotopen-
markierung oft recht klein sind, sollten die Elektrolysezeiten
im Rahmen von einigen Minuten liegen, sodass eine Alter-
native zu den herkommlichen Markierungsmethoden reali-
siert werden konnte.['”)

Wir konnten zeigen, dass die Synthese von Aryliodiden
durch elektrochemische Iododesilylierung eine atomokono-
mische Alternative darstellt, die lediglich Schwefelsdure im
Kathodenraum verwendet, um die Leitfdhigkeit zu erhohen.
Es konnten sehr gute Ergebnisse mittels statistischer Ver-
suchsplanung erhalten werden, und die optimierten Reakti-
onsbedingungen lieBen sich auf eine Reihe von Substraten
iibertragen. Eine hohe Toleranz gegeniiber funktionellen
Gruppen konnte im Kompatibilitédtstest gefunden werden,
und letzlich gelang die Synthese eines Boc-m-iodguanidins
durch elektrochemische lododesilylierung in einer guten
Ausbeute (88%) ohne eine teure und zeitraubende Reini-

gung.
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Experimentelles

Allgemeine Prozedur fiir die elektrochemische lododesilylierung: In
einer H-Zelle wird in die Anodenkammer das Aryltrimethylsilan
(1.00 mmol, 1.00 Aquiv.) und Kaliumiodid (1.00 mmol, 1.00 Aquiv.)
gegeben. In die Kathodenkammer gibt man konzentrierte Schwefel-
siure (0.5mL). Das Losungsmittelgemisch (Acetonitil:Methanol =
9:1) wird gleichzeitig in Anodenraum (10 mL) und Kathodenraum
(9.5 mL) gegeben. Die Platinelektroden werden eingebracht und die
Losung so lange geriihrt, bis alle Feststoffe gelost sind. Danach wird
die Losung bei konstantem Strom (6.7 mA cm?) bei Raumtempera-
tur bis zum vollstindigem Umsatz (GC/MS-Kontrolle) elektrolysiert.
Der Umsatz ist meist vollstindig, wenn die Farbe der Losung im
Anodenraum von dunkelrot nach gelb umschligt. Die Ausbeute wird
entweder iiber GC-Analyse bestimmt (Mesitylen als interner Stan-
dard), oder die Losung des Anodenraums wird mit Diethylether
verdiinnt, mit wassriger Kaliumcarbonat- und wiéssriger Natrium-
thiosulfat-Losung gewaschen, iiber Natriumsulfat getrocknet, unter
vermindertem Druck wird das Losungsmittel entfernt und falls notig
iiber Kieselgel sdulenchromatographisch gereinigt.
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lodine(lll)-Mediated Electrochemical Trifluoroethoxylactonisation:
Rational Reaction Optimisation and Prediction of Mediator

Activity

Robert Mdckel,*™® Emre Babaoglu,®® and Gerhard Hilt*®

Abstract: A new electrochemical iodine(lll)-mediated cycli-
sation reaction for the synthesis of 4-(2,2,2-trifluoroeth-
oxy)isochroman-1-ones is presented. Based on this reac-
tion design of experiments and multivariate linear regres-
sion analysis were used to demonstrate their first applica-
tion in an electrochemical reaction. The broad applicability
of these reaction conditions could be shown by a range
of substrates and an extensive compatibility test. D

Organic electrochemistry has recently drawn much attention
due to an increased demand for more environmentally friendly
reactions, that is, the substitution of oxidants and reductants
by electricity." Electrochemical batch reactions are also easy to
implement into flow conditions which is an appealing point
with regard to industrial applications.” Although an electro-
chemical approach often simplifies reactions as oxidants or re-
ductants are avoided and often no inert conditions are re-
quired, it brings new challenges especially when it comes to
reaction optimisation. In this regard, new reaction parameters,
such as electrode material, cell design (e.g., divided, undivided,
pseudo-divided), supporting electrolytes and, most important-
ly, frequently employed mediators are noteworthy. Further-
more, the fact that special cells and power supplies have to be
used limits the number of experiments that can be carried out
in parallel which aggravates the optimisation process.”

As optimisation is a fundamental problem, not only for
chemical method development, a range of statistical tools are
available in order to accelerate, hedge and simplify optimisa-
tion processes. One tool which is well-known but nonetheless
seldom used in academic research, is design of experiments
(DOE). It deals with the challenge of distributing measuring
points as efficiently as possible within their experimental space
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in order to reduce the number of necessary experiments with
at the same time higher statistical significance.”” Another
method which has found increasing use in recent years is mul-
tivariate linear regression analysis (MLR). This tool deals with
the prediction of one or even more variables from multiple de-
scriptor variables. In chemistry it is often combined with theo-
retical methods like DFT calculations in order to predict out-
come variables like yield or enantiomeric excess from compu-
tationally accessible predictors.”

Even though these methods have been used (extensively in
case of MLR) for the optimisation of general chemical reactions
their application in electrochemistry is rare.”’ Two examples for
multivariate modelling of electrochemical reactions have been
reported by Sigman regarding reaction yield prediction of a
TEMPO-mediated oxidation® and for the prediction of the sta-
bility of anolytes.”” The only example for the usage of DOE in
an electrochemical reaction has, to our knowledge, been re-
ported recently by us in which we used DOE for the optimisa-
tion of an electrochemical iododesilylation reaction.”

On the basis of the promising results we obtained with DOE
in this reaction, we were interested in whether we could
expand the use of DOE and furthermore combine it with multi-
variate modelling to be able to optimise the used mediator in
a virtual screening.

In order to prove the concept, we chose the field of hyper-
coordinate iodine(lll) chemistry. The choice for an iodine(lll)-
mediated reaction was governed by several reasons; most im-
portantly, the fascinating reactivity of those compounds that
show reactivity patterns comparable to that of transition
metals.”’ Although iodine(lll)-mediated reactions depend on a
stoichiometric use of oxidants, only a rare number of examples
of their application as in-cell mediators in electrochemical reac-
tions has been reported. In addition, these examples cover ex-
clusively simple oxidative fluorination reactions at highly acti-
vated substrates (thioacetals, 1,3-dicarbonyls)."” More chal-
lenging reactions at unactivated substrates with more compli-
cated reaction mechanisms or efforts towards iodine(lll)-medi-
ated enantioselective electrochemical reactions have not been
reported.!'d

A substrate class that has been used before in iodine(lll)-
mediated lactonisation reactions are vinyl benzoic esters
(Scheme 1). Fujita reported a lactonisation using tosylate and
acetate as nucleophiles together with stoichiometric amounts
of the respective iodine(lll) reagent."" Jacobsen could improve
a similar reaction with fluorine as nucleophile by using meta-
chloroperbenzoic acid as oxidant and thereby facilitating a

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Scheme 1. Previous work on iodine(lll)-mediated lactonisation by Fujita™"
and Jacobsen.['?

sub-stoichiometrically use of the iodine mediator!” We
wanted to expand this type of reaction by using electrochemi-
cal conditions in order to circumvent the use of stoichiometric
amounts of oxidant or iodine(lll) reagent and furthermore by
using a different introduced nucleophile. We chose trifluoro-
ethoxylate as it is a challenging anion due to its low nucleophi-
licity and furthermore due to its potential application in phar-
macologically active compounds.'™

We started the optimisation process using a D-optimal
screening design consisting of 19 reactions (covering only
linear terms and, in case of concentrations, their corresponding
acids/electrolytes cross terms) in order to probe as many vari-
ables as possible with the lowest possible number of experi-
ments. Investigated factors were: the mediator loading (iodo-
benzene was chosen as mediator to avoid possible substituent
effects on the reaction), an additional acid, as preceding test
reactions showed an impact on the yield (acetic acid, trifluoro-
acetic acid and methanesulfonic acid) and the supporting elec-
trolyte (tetrabutylammonium tetrafluoroborate, lithium per-
chlorate and lithium hexafluorophosphate), their respective
concentrations, the electrodes (graphite and platinum), tem-
perature (6 to 35°C), the current density (2.5 to 7.5 mAcm™)
and the applied charge (1.8 to 2.4 Fmol™). The styrene deriva-
tive 1a was chosen as screening substrate in order to be able
to follow the reaction progress and determine yields using
F NMR spectroscopy.

By this means, we could exclude the current density and the
applied charge as impact factors. In case of the categorical fac-
tors, we constricted the design to the top scorers meaning lith-
ium perchlorate as electrolyte and trifluoroacetic acid as sup-
porting acid. The remaining design was expanded by only six
reactions in order to cover quadratic terms as well as the cross
interactions of the acid and the electrolyte concentration. The
resulting model consists of nine factors with a very good R? of
>0.99, p-values <0.01 and a very good lack of fit of 0.31. The
most important factor was found to be the applied electrolyte
together with its respective concentration. The single quadratic
term which is relevant is the acid concentration. The thereby
derived optimal conditions are shown in Figure 1. Not surpris-
ingly, the mediator loading showed an equally small positive
effect but was set to 25 mol % in all following investigations to
obtain catalytic conditions. Using those optimised conditions,
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Figure 1. DOE optimised reaction conditions and plot of measured versus
predicted yields. Reactions were performed on a 0.5 mmol scale. Yields were
determined by '>F NMR analysis using C¢F as internal standard (for detailed
information see the Supporting Information).

we were able to increase the yield dramatically from 27 to
78% carrying out only 25 reactions.

With these optimised reaction conditions in hand, the next
variable to optimise was the mediator. By screening a set of
commercially available aryl iodides and subsequent multilinear
regression with theoretically obtained values, a model for the
prediction of the yield was to be generated. The second step
should be a virtual screening of potentially chiral mediators to
reduce the effort invested in the synthesis of those synthetical-
ly challenging mediators dramatically. An often-occurring prob-
lem when screening new systems is an asymmetrical distribu-
tion of the predictor and connected with this of the target
values. To minimize this problem, we generated a descriptor
set for a large set of 46 mediators. Only commercially available
mediators were considered to ensure an as efficient and rapid
screening as possible. From this set we selected 18 mediators
as fitting and 6 mediators as validation set using a D-optimal
design ensuring an even distribution of the predictors and
thereby hopefully a uniform yield distribution. The selected
mediators span a broad range of electron-rich as well as elec-
tron-poor arenes with ortho-, meta- and para-substitution
(Figure 2) confirming the DOE approach. Each mediator was
used in triplicate to ensure good reproducibility applying the
optimised reaction conditions (the reaction temperature was
set to 25°C in ease of preparational simple conditions).

For the generation of the descriptor set, we calculated three
distinctive structures: the iodobenzene derivative, its dication,
and the respective hypercoordinate iodine(lll) structure with
two trifluoroacetoxy ligands."” The calculated predictors were:
the free oxidation enthalpy AG,,, the free binding enthalpy of
the trifluoroacetoxy ligands AG,,.q1a and for each structure,
respectively, the NBO charge on the iodine, HOMO and LUMO
energies. Furthermore, an IR deformation vibration in Ill and in
order to cover steric effects, various Sterimol parameters and fi-
nally the distance Ly, between the two oxygen atoms in struc-
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Figure 2. Screened iodoarene mediators for MLR. All reactions were carried
out three times (for determination of the standard deviation) on a 0.5 mmol
scale. Yields were determined by GC-FID analysis using mesitylene as inter-
nal standard at room temperature.

ture Il (for more information see Scheme 2 and the Support-
ing Information).

With the theoretical as well as experimental data in hand,
multivariate linear regression analysis was applied. To cope
with the high number of descriptors we applied various tech-
niques. To initially reduce the number of relevant descriptors,
we used principal component analysis and the partial least
squares method implemented in JMP 13." Ensuing, the step-
wise algorithm implemented in JMP 13 using fivefold internal
cross validation—taking quadratic and two-way cross interac-
tions into account—was used (for further information see the
Supporting Information). The final model consists of seven de-
scriptors. It shows a high predictive power with a RMSE of 5.59
in the validation set. The model is dominated by two terms,

0-0 distance
| |

2+

0
D—CFs

AGBond O
—
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. ©
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Scheme 2. Calculated molecular descriptors for multivariate linear regression
modelling. Respective Sterimol parameters B1 and B5 were determined
along x;-axis, B1om0r B2orthor B3orthor B4orthor BSortho @Nd Lone along the x,-axis.
Distance Lo, was measured along the O—O bond axis. IR, ring deformation
vibration in x, direction was measured in Ill. All structures and electronic pa-
rameters (AG,,: free oxidation enthalpy, AG,,.q: binding free enthalpy, NBO,
HOMO and LUMO values) were determined on the M06-2X/def2-TZVPP-D3
level (for computational details, see the Supporting Information).
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the HOMO, and the HOMO,,, energy. Less important are the
B5,,, Loo, NBO, and LUMO,. Using cyclic voltammetry, some
of those terms could be attributed to two different factors that
determine the performance of the mediator (see the Support-
ing Information). HOMO, and HOMO,,, as the most important
terms could be connected to their oxidation potential which
most likely reflects their stability towards oxidative degradation
processes. LUMO,, Ly, and NBO, correlate with the peak cur-
rent ratios j, depicting the reactivity of the mediator towards
the substrate.

As we found the optimal achiral mediator to be iodoben-
zene (it possesses nearly ideal descriptor values, thus further
virtual screening is not promising) we drew our attention to
chiral mediators. This field is much more challenging as all
tested chiral mediators, commonly used in literature, decom-
posed under the reaction conditions (yields are plotted in
Figure 3 as test set, see the Supporting Information for a com-
plete list with their respective structures). According to the
model, this can be mainly attributed to their low oxidation po-
tential. That is why we calculated in a virtual screening a large
set of chiral mediators in order to find a new potential chiral
mediator that is stable under the reaction conditions. One of
the top scorers 3g which could be obtained by directed opti-
misation of a literature known mediator, is shown in Figure 3.
It shows a promising yield of 56% (compared to 71% for iodo-
benzene) and perfectly illustrates the time saving benefits in
synthesis due to a virtual screening. Current investigations on
the enantiomeric excess of this and other high yielding chiral
mediators are under way and will be reported soon.

In a last step, the performance of iodobenzene as mediator
under the optimised reaction conditions should be evaluated.
Once again, we wanted to reduce the experimental expendi-
ture by refraining from testing a large range of substrates.
Only a small number of substrates were subjected to the reac-
tion in order to check for electronic and steric effects. Electron-
ic effects were examined by modifying the aromatic core. For
electron-neutral or electron-deficient substrates no distinct de-
pendency could be observed (Figure 4).

The electron-rich substrate 2 f decomposed and only prod-
uct traces could be found. Steric effects were studied at three
positions: at the aromatic core and at the two ortho-positions
using the respective methyl derivatives 2h and 2i but no sig-
nificant effect could be observed. The vinylic position was the
third position to be modified in order to check for effects on
the yield and potential diastereomers. Unfortunately, we ob-
served a negative correlation. For sterically demanding groups,
such as cyclohexyl 21, satisfying diastereomer ratios of up to
90:10 could be observed but accompanied with low yields. For
sterically less demanding substrates like n-propyl 2j, good
yields were obtained but the diastereomer ratio was lower.

To further reduce the synthetic effort in the determination
of the functional group tolerance, a compatibility test was car-
ried out which is based on the addition of additives containing
one specific functional group to a screening reaction in order
to measure the product and the additive yield and thereby de-
termine the stability or influence on the reaction of the respec-
tive functional group.'"” A selection of results is shown in

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. Normalised multivariate linear regression model for the yield of aryl iodide mediators and structure of potentially chiral mediator 3 g (for structures

of remaining test set see the Supporting Information).
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Figure 4. Results of the electrochemical lactonisation reaction using

25 mol % iodobenzene as mediator. All reactions were carried out on a

1.0 mmol scale using the reported optimised reaction conditions. Diastereo-
mer ratios were determined by GC/MS prior to chromatographic purification.
For further information see Experimental Section.

Table 1. In general, functional groups that are labile towards
oxidative conditions or groups that show intrinsic reactivity to-
wards iodine(lll) species show low additive and/or product
yields."® This is the case for alkenes, alkynes or some heterocy-
cles like furanes or indoles. Nevertheless, a broad range of
functional groups is stable. Noteworthy are electron-deficient
heterocycles such as chinoline or pyridine, Boc-protected
amides but oxidative labile groups like aliphatic amines or al-
dehydes are stable as well (for complete list, see the Support-
ing Information).

All reactions were carried out on a 0.5 mmol scale using the
reported optimised reaction conditions. Additive yields were
determined by GC-FID analysis using mesitylene as the internal
standard. For more examples see the Supporting Information.

In conclusion, we have developed a new electrochemical io-
dine(lll)-mediated lactonisation leading to trifluoroethoxy-sub-
stituted isochromanones. To our knowledge, this is the first ex-
ample of an electrocatalytically mediated iodine(lll) reaction in
which two new bonds are formed and the hypercoordinate
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iodine species not solely serves as an oxidant. Functional
group tolerance could be demonstrated using a compatibility
test and furthermore, steric and electronic effects were investi-
gated using a range of substrates. Based on this new reaction
we could demonstrate several methods that simplify and si-
multaneously render reaction optimisation more valid and
robust. Using design of experiments theory considering seven
parameters of which three are categorical, we could reduce

Table 1. Functional group tolerance test using 25 mol% iodobenzene as
mediator with screening substrate 1a.”!
Additive Yield starting Yield Yield
material [%] product [%] additive [%]
- 0 71 -
1-dodecylamine 0 75 100
benzaldehyde 0 58 77
butanol 0 68 100
1-N-Boc-2-piperidone 0 53 69
2,6-lutidine 0 53 64
2-chlorochinoline 0 67 75
2-butylfuran 2 43 0
1-dodecyne 0 40 7
1-octene 0 33 0
2-methylanisole 86 0 0
N-methyl indole 19 10 34
sulfolane 0 68 90
benzothiazole 0 45 94
1-chlorooctane 0 71 92
chlorobenzene 0 67 87
carbazole 9 51 42
dibutyl ether 0 49 100
heptyl cyanide 0 55 100
2-butylfuran 2 43 0
nitrobenzene 0 64 100
4-(TMS)toluene 10 19 0
valerophenone 0 59 82
methyl benzoate 0 69 88
[a] All reactions were carried out on a 0.5 mmol scale using the reported
optimised reaction conditions. Additive yields were determined by GC-
FID analysis using mesitylene as the internal standard. For more examples
see the Supporting Information.
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the number of experiments needed for a statistically significant
result dramatically to 25 reactions. Using multivariate linear re-
gression, we could build up a model by which we can predict
yields for theoretically calculated mediators. This allowed us to
carry out a virtual screen yielding inter alia one potentially
chiral mediator with a promising yield of 56% doubling the
yield of literature known mediators. As far as we know, this is
the first reported example for the combination of these meth-
ods and we hope that it will be a kick-off for other groups to
use design of experiment in combination with multivariate
modelling in order to speed up the reaction and mediator op-
timisation process with simultaneously higher significance of
the results.

Experimental Section

In an H-type cell, both chambers were loaded with 10 mL of an
0.9m trifluoroacetic acid solution in trifluoroethanol and lithium
perchlorate (851 mg, 0.8 m). lodobenzene (0.125 mmol, 25 mol%)
and the respective vinyl benzoate (1.00 equiv, 0.5 mmol) were
added to the anode compartment. The cell was equipped with
platinum electrodes and the solutions were stirred until all solids
were dissolved. The reaction was electrolysed under constant cur-
rent density (7.5 mAcm™) at RT until complete conversion (GC/MS
monitoring) could be detected (normally 2 Fmol™'). The anode
compartment solution was taken up with a syringe and filtered
through a pad of neutral aluminium oxide which was rinsed thor-
oughly with ethyl acetate. The solvent was evaporated under re-
duced pressure. The crude product was purified by column chro-
matography using neutral aluminium oxide as stationary phase.
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