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Abbreviation
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IM-MS Ion-Mobility Mass Spectrometry
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IMS Ion-Mobility Spectrometry

IR Infrared

IT Ion Trap

K2CO3 Potassium carbonate

KOH Potassium hydroxide
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LED Light Emitting Diode

MALDI Matrix-Assisted Laser Desorption/Ionization

MeOH Methanol

MnO2 Manganese dioxide

MP Melting Point

MS Mass Spectrometry

m/z Mass-to-Charge ratio

N2 Nitrogen Molecule

SOCl2 Thionyl Chloride

NaCl Sodium Chloride

NaH Natrium hydroxide

NMR Nuclear Magnetic Resonance

PFP Pentafluorophenyl

RT Retention Time

SPE Solid-Phase Extraction

SPME Solid-Phase Microectraction

TLC Thin Layer Chromatography

TOF Time-of-Flight

TosOH p-Toluenesulfonic acid

TEA Triethylamine

THF Tetrahydrofuran

TIMS Trapped Ion-Mobility Spectrometry

TWIMS Traveling Wave Ion-Mobility Spectrometry

UV Ultraviolet
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QqQ Triple Quadrupole
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Literature Section

1 Introduction

The literature section of this thesis provides a review of ion-mobility spectrometry with the

focus  on  separation  of  isomeric  molecular  species.  Ion-mobility  spectrometry  (IMS)

development started in 1950 with the introduction of low field drift cells.1 Traditionally, it has

been used for  fast  trace analysis  of  small  molecules,  like explosives,  drugs  and chemical

warfare agents. Since the system analyses ionic gas phase compounds, it can be conveniently

hyphenated  with  various  types  of  mass  spectrometers.  Conventional  mass  spectrometric

instruments separate analytes based on the mass-to-charge ratio, and thus are incapable of

discriminating  between isobaric  species  (ions  of  identical  mass).  In  contrast,  ion-mobility

spectrometry  separate  the  analytes  based  both on  mass-to-charge  ratio  and their  size  and

shape.  This  unique  selectivity  feature  has  opened  up  doors  for  a  broad  range  of  new

applications, and is especially useful to accomplish challenging separations. The aim of this

literature  section  is  to  provide  an  overview of  different  IMS techniques  and  their  recent

applications,  with special  emphasis  being placed on the field  of  small  molecule  isomeric

separation.
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2 Ion-Mobility Spectrometry

2.1 General overview of ion-mobility spectrometry

Ion-mobility spectrometry is a separation technique in analytical chemistry. In this technique,

analytes are ionized in gas form, and then guided through a flying tube by an applied electric

field.2 This concept is similar to that operating in mass spectrometry, but with ion migration

occurring at ambient air pressure with a constant flow of gas against the movement of the

analytes. The separation principle underlying IMS is similar to that of electrophoresis, but

takes place in the gas phase, while in electrophoresis the separation of charged analytes occurs

in the liquid state. In IMS, the analytes experience upon collision with the drift gas molecules

size and shape-based separation: Depending on their size and shape, the analyte ions flying

through the drift tube have distinct probabilities of being slowed down due to impact with the

counter flowing drift gas molecules, and thus experience physical separation through changes

in  their  overall  migration  times.  Thus,  in  IMS  the  separation  emerges  due  to  spatial

differences of the analytes, such as size and shape, i.e. differential collision cross sections

(CCS).3 Naturally,  compact  analytes  have  smaller  CCS  values,  and  thus  they  are  more

“aerodynamic” and can travel against the gas flow more easily than spatially more demanding

analytes with larger CCS values, which suffer a higher number of impacts with gas molecules

and a more pronounced slowing down of the molecules.

The basic operational elements of the IMS instrument are outlined in Figure 1.4 The analytes

are introduced into the system through the gas inlet. Next, the analytes are ionized and then

introduced into the drift tube. In this tube, the ionized analytes are accelerated by an electric

field towards a detector device positioned at the opposite end of the flight path. All of these

features  resemble  those  implemented  in  conventional  time-of-flight  mass  spectrometer.

However, in an IMS instrument a stream drift gas is allowed flowing against the migration

direction, causing collision-induced changes in the overall migration times of the traveling

analyte  ions.  As  a  consequence,  the  analytes  featuring  different  CCS  will  arrive  at  the

spatially fixed detector unit at different times.
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Figure 1 General structure of an ion-mobility spectrometry. First, the gas phase analytes are

introduced into the ionization chamber. After ionization, the analytes are concentrated and

released into the drift tube in batches. With the aid of the drift gas, the ionized analytes are

separated  according  to  their  specific  CCS characteristics  and detected  by  a  Faraday  cup.

Reprinted with permission from De Gruyter.4

Since  the  operational  principles  of  IMS  instruments  are  similar  to  those  of  mass

spectrometers,  the  resolution  of  IMS  is  defined  in  the  same  way.5 Over  the  years,  IMS

resolution has been defined using a variety of different approaches, such as plate height theory

established for chromatographic separation. However, due to fundamental differences in the

various  IMS  techniques,  different  theoretical  approaches  are  necessary  to  describe  the

resolving power for each systems. Especially with homemade systems, validation issues are

frequently seen as they may differ significantly from other instruments and the level of data

reproducibility may be poor. With an increasing number of commercial IMS systems arriving

at the analytical instrument market, this problem has become less of an issue. However, due to

the fundamental differences in different IMS techniques, the reported resolutions for given

sets of analytes may not be perfectly comparable.

9



2.2 Operational parameters affecting the CCS

As mentioned earlier, the CCS value depends on the size and shape of the analyte ion. CCS

values of ions can be determined experimentally or predicted by either computation or from

existing  data  sets  using  artificial  intelligence  (AI)  approaches,  such  as  machine  learning

(ML).6 The basic formula to calculate the CCS value for two given molecules is shown in

Equation 1, in which σ is the CCS, π is the number pi, and d averaged radius of the target

area.7 The averaged radius d can be calculated from Equation 2, where dA and dB stands for

the diameters of the colliding molecules.

σ = πd ²                                                              (1)

d =
1
2
(d A + dB)                                                        (2)

For  the  experimental  determination  of  CCS  value  Ω  (for  IM  application  σ  is  generally

replaced by Ω, the ion-neutral collision cross section), first the ion-mobility is measured using

the the respective IMS instrument. The relationship defining the ion-mobility K is shown in

Equation 3, where ν is the speed on the ion, and E stands for the electric field strength.8

K =
ν
E

                                                              (3)

Since  CCS values  are  affected  both  by  temperature  and pressure,  measured  ion-mobility

values  must  be  normalized  to  standard  temperature  and  pressure  conditions  as  shown in

Equation 4, where K0 is the normalized ion-mobility, p and T are the is operational pressure

the temperature, respectively, and p0 and T0 are the is standard pressure and temperature.

K0 = K
p T 0

p0 T
                                                        (4)
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Finally, the CCS value Ω can be calculated using the Mason-Schamp relationship as shown in

Equation 5, where μ is reduced mass, kB is the Boltzmann’s constant, z is the ion charge, e is

charge of an electron and N0 is the drift gas density. The formula for the reduced mass is

shown in Equation 6, where m1 and m2 are the masses of the molecules.

Ω =

3
16

(
2π

μkB T
)

½

ze

N 0 K 0

                                                   (5)

μ =
m1 m2

m1 + m2

                                                         (6)

As can be seen from Equation 5, the CCS value for a given analyte is also affected by the

nature of the buffer gas, which offers an interesting option for tuning ion migration and thus

separation, respectively.

Computed  CCS  values  can  be  especially  useful  for  predicting  IM  selectivity  for  given

molecules or the identification of unknown compounds. With the use of machine learning

CCS value predictions becomes remarkably reliable. CCS values accessed by this approach

have been shown to be  remarkably precise  once by comparing  the predicted  values  with

experimentally measured values.9 These predicted CCS values may be implemented into data

bases, which in turn can then be used to quickly and effectively identify compounds by IM.

An example for such data base is the online database called CCSbase, which is maintained by

the Libin Xu Lab at the Department of Medicinal Chemistry at the University of Washington.

Figure 1 shows large data set of metabolites for which the predicted CCS values were plotted

against  the  respective  molecular  masses.  It  demonstrate  that  low-molecular-weight

biomolecules with  identical  molecular  mass  may display substantially  differences  in  their

CCS values.
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Figure 1 Graph showing the relationship between (predicted) CCS values and the respective

molecular  masses  for  a  large  set  of  biological  relevant  metabolites.  It  demonstrates  that

molecules  of  identical  mass  may  differ  significantly  in  spatial  size  and  shape,  and

consequently  ion-mobility  spectroscopic  characteristics.  Reprinted  with  permission  from

CCSbase.9

2.3 Types of IMS techniques and instruments

Currently, a number of different IMS techniques are employed in analytical sciences. Since

the development of IMS started in the 1950, several innovative IMS approaches have been

introduced, with the newest addition being cyclic systems. In the following section, a brief

overview of these IMS techniques will be provided.

Drift tube ion-mobility spectrometry (DTIMS) represents the traditional design, where the

ionized analytes are flying in a cylinder-shaped tube.5 Along the wall of the flying tube, ring-

shaped electrodes are installed to produce a constant electric field, which is required to guide

the analytes from the inlet position to the detector unit located at the opposite end of the tube

as shown in Figure 2A. The used drift gas in the system is often either nitrogen or helium.

This is the most straightforward IMS technique where all analytes entering the system are

separated in a linear fashion according to their CCS values, manifested in distinct drift times.10

This makes this system the most convenient configuration for coupling it with different types

of mass spectrometers.
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Traveling wave ion-mobility spectrometry (TWIMS) is similar to DTIMS, but the applied

electric  field  is  not  constant.5 In  this  case,  the  electric  field  is  being  switched with  high

frequency  between  negative  to  positive  polarity  in  a  sideways  manner,  which  causes  the

charged analytes to travel in wave formation as illustrated in Figure 2B. Larger analytes will

travel more slowly through the tube as compared to smaller analytes. The main advantage of

this system is that the physical length of the IM separation system is shorter as compared to

DTIMS instruments, while displaying a similar level of resolving power.10 As a downside, the

separation is no longer linear between analytes as they are continuously being accelerated and

decelerated.

Field  asymmetric  ion-mobility  spectrometry  (FAIMS),  as  the  name  implies,  uses  an

asymmetric electric field.5 The drift gas used in this system moves into the same direction as

the analytes, and as such, works as carrier gas. The tunable asymmetric sideways electric field

affects different analytes in a different way. Under these conditions, only a specific analyte

travels in a straight line to arrive at the detector, while all others will be quenched at the wall

of the IM tube as shown in Figure 2C. This concept is similarly to that of a quadrupole mass

spectrometry analyzer, which means the analytes must be scanned individually one by one.

This impacts the speed of data acquisition, but also provides the advantage of being capable

of separating analytes existing in complex mixtures. While neutral molecules, like the drift

gas, are not affected by the electric field, they can form clusters with the analyte ions.10 This

cluster  formation  modifies  the  size  and shapes,  and thus  the  separation,  which  allow for

additional selectivity based on the analyte ions affinity to the drift gas.

The differential mobility analyzer (DMA) is yet another type of IMS.5 In principle, it works

similarly to FAIMS. In this case, the ions are introduced into the separation tube sideways and

they travel from one wall  to the other wall.  Collisions with the drift gas in the system is

displaces the trajectory analytes across the tube axis towards an opening at the opposite wall

of the tube, through which the desired analyte can pass to the detector unit, as is shown in

Figure 2D. As it is the case with FAIMS, the analytes must be scanned through, but once

again the technique offers the advantage of enhanced selectivity. Since in this technique the

analytes are moving from wall to wall through a small offset slit, the number of analytes that

can be analyzed is restricted by the instruments limits of adjustments.3
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Trapped  ion-mobility  spectrometry  (TIMS)  works  the  other  way  around  as  compared  to

DTIMS or TWIMS in terms of role of the drift gas.5 In this particular system, the drift gas is

used to carry the analytes instead of slowing them down, as it is the case with FAIMS and

DMA, but the electric field is designed to trap the analytes within the tube. After trapping, the

electric field is gradually attenuated, causing the analytes to travel towards the detector unit

located that the other end of the tube according to decreasing CCS values (i.e. with large CCS

ions being detected first), as shown in Figure 2E. Thus, while the separation is similar to

DTIMS and TWIMS, the order in which the analytes arrive at the detector unit is reversed. As

an additional advantage, TIMS provides much higher resolving power as compared to DTIMS

and TWIMS.10

Figure 2 Illustration of different IMS techniques. Reprinted with permission from John Wiley

and Sons.5

Cyclic  IMS (cIMS) is  an advanced version from IMS where the ionized analytes  can be

passed through a cyclic IMS unit multiple times.11,12 The number of IMS cycles applied to the

ionized analytes can be controlled, and this effectively makes this system very flexible. This

allows for setups in which compact drift tube designs can be adjusted to virtually any length

according to the actual needs, and thus the separation power can be greatly enhanced. An
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instrument scheme of Q-cIM-TOF is shown in Figure 3a. Typically, ESI is used to ionize the

analytes, which are then guided by a quadrupole filter into a trap cell. The trapped analytes

can be then injected into a looping multi-function array of electrodes (see Figure 3c), where

the analytes can be cycled for a defined number of passes,  with each pass increasing the

resolution. A 3D illustration of the loop is shown in Figure 3b. After the cIMS separation, the

analytes are released into TOF-MS analyzer for further mass-based discrimination.

Figure 3 Illustration of Q-cIM-TOF instrument. Reprinted with permission from ACS 

Publications.11

2.4 Hyphenated IMS techniques

While IMS was initially used as a fast stand-alone analysis instrument, it has since then been

hyphenated to other separation and detection techniques. This section will cover some of the

most commonly used hyphenated IMS system configurations.

IMS is  analyzing ionized molecules  in  gas  form, which are essentially  identical  with the

analytical species relevant to MS. However, while both techniques are separating molecules

based on the mass-to-charge ratio, IMS is in addition capable of separating analytes with the

same  molecular  mass  (i.e.,  isobaric  or  isomeric  compounds).  In  order  to  gain  the  full

operational  benefits  from coupling  separation  systems,  the data  collection capacity  of  the

“downstream” technique should be faster than that of the “upstream” technique. While IMS

15



separation is  fast  and typically operated at  the millisecond scale,  state-of-the-art  MS data

acquisition can be conducted even faster.13 This makes the coupling of IMS with MS very

convenient. Ideally, the MS system to be coupled with IM techniques needs to be very fast,

which means that TOF analyzers are the most attractive MS options. However, other fast MS

techniques can also be used. The advantage of hyphenated IM-MS systems over LC-MS is

that the analysis time is much faster, and that IM-MS allows for in situ analysis.14 However, it

should be noted that  the separations achieved with these techniques  is  often modest,  and

certainly not comparable to those accessible with chromatographic techniques. However, full

benefits of IM-MS configuration can be realized with the use of cyclic IMS.

IMS can be also hyphenated with GC. As the analysis time of IMS is significantly faster than

that  of  GC separation  system,  the  favorable  system configuration  will  be  GC-IMS.  The

hyphenation is operationally very convenient.  As the analytes emerge from the GC capillary

columns as gas phase species, these can be directly introduced into the ionization chamber,

from where the ionized compounds are guided through the IMS analyzer to the detector.15

While GC×GC-TOF is a very powerful tool for separation and profiling of complex mixtures,

in some cases GC-IMS can achieve similar results with lower operational complexity, and

may then serve as an alternative analysis technique.16 There are also reports on the use of GC-

IM-MS systems, but GC-IMS coupling appears to be currently the more popular option.17

In the case of LC-IM-MS, the benefits of hyphenating LC with IM-MS are more evident.10 As

outlined above,  in hyphenated systems the first  analytical  dimension should be slower in

terms data acquisition than the following, and this is certainly the case with LC, which works

at the minute time scale, whereas IMS operates at the millisecond time scale. Compared to

GC×GC-TOF, where fast thermal modulators in combination with short second dimension

columns  can  be  employed,  the  coupling  of  different  LC  dimensions  is  much  more

challenging. However,  2D-LC configurations provide much greater flexibility for tailoring

specific  selectivity  profiles  through  proper  choice  of  columns,  whereas  the  selectivity

modulation in IMS is essentially limited to the choice of the drift gas. While the 2D-LC is still

the best performing choice in terms of selectivity for the most complex matrices, LC-IM-MS

provides a viable alternative with the added advantage of faster analysis times.14
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3 Applications of Ion-Mobility Spectrometry

3.1 Forensics

This chapter aims at  giving an overview of the different fields of analysis  in  which IMS

applications are increasingly implemented as standard tools. The importance of IMS as a fast

and robust analytical technique is certainly undisputed in the field of forensics. As mentioned

earlier, IMS has been initially used for trace analysis of illicit chemicals like drugs, explosives

and warfare chemicals. It has been widely employed in military settings as well as at airports

as fast and effective way of tracking and identifying explosives and illicit drugs.18 These low-

sophistication IMS instruments typically use APCI for ionization, which works well for, e.g.,

nitro-organic molecules encountered as constituent of a broad range of explosives. Samples

are  typically  taken by swiping the  surface  of  suspicious  items  with  samplers  made from

different materials, from where the analytes are directly released into the IMS system. The

sampler materials are typically made from cotton, special papers, or TeflonTM . While this way

of fast sampling a crucial requirement for the mentioned applications, it is prone to errors and

efforts towards improvements remain an active field of research.19 Currently, more accurate

and easy-to-use IM-MS instruments are being developed for these applications.20

3.2 Omics 

Most recently, IMS has been seen growing popularity for applications in the various fields of

comprehensive  bioanalysis,  which  often  collectively  referred  to  as  “omics”,  such   as

foodomics, metabolomics, lipidomics, glycomics, and proteomics. The formidable analytical

challenges  associated with omics  emerge  from the  high complexity matrices,  the need to

provide reliable analytical data on a very large number of compounds, and the difficulty to

discriminate  efficiently  between isobaric  analytes.  By coupling IMS with MS techniques,

exceptionally  powerful  analytical  platforms  have  emerged,  combining  the  benefits  of

increased  sensitivity  and  new dimensions  of  selectivity.21 Many  aspects  of  omics-related

research address large molecules, such as glycans, peptides, proteins, DNA and RNA. These

molecules exhibit distinct differences in sizes and shapes, i.e. features that can be favorably

addressed and distinguished by IMS separation techniques. However, the following sections

will focus preferentially on IMS application for low-molecular-mass analytes.
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IM-MS has attracted attention in the field of foodomics in support of research associated with

food safety and quality control, as capable of rapidly detecting contamination with pesticides

and environmental pollutants.22 Traditionally, the analysis of complex food samples has been

addressed by with chromatographic techniques, and while stand-alone IMS often does not

achieve comparable levels of selectivity, the coupling IMS with MS improves its capabilities.

IM-MS analysis  works  well  for  lipids  and carbohydrates,  and provides  separation  of  the

respective  isomers.  When  IM-MS are  coupling  with  LC,  the  separation  power  is  greatly

enhanced. These advanced platforms become suitable for the analysis of complex mixtures,

and provide rich outputs from which databases for facilitating compound identification and

screening  can  be  established.23 GC-IMS can  also  be  employed,  as  an  example  of  recent

application  concerns  the  combined  use  with  SPME sampling  for  the  analysis  of  volatile

compounds  from  finger  citron  fruits.24 This  SPME  approach  allowed  non-destructive

sampling and obviated the need of additional sample preparation prior to GC-IMS analysis.

The field of metabolomics involves the detection and quantitation of a wide spectrum of low-

molecular-weight  compounds  originating  from  metabolic  processes.25 The  challenges

encountered in this fields issues are associated with the huge diversity of molecular structures

that need to be detected and quantified, typically covering a large range polarity.  Currently,

LC-MS is the most popular analytical technique employed to this  purpose,  as it  provided

exceptional  levels  of  sensitivity  and  selectivity,  and  the  possibility  for  compound

identification on mass-based information. One key limitation of LC-MS based metabolites is

the  fact  that  many  of  the  relevant  analytes  exist  as  isomers,  which  are  often  difficult  to

separate by conventional chromatographic approaches, and indistinguishable by MS at the

molecular ion level and often even on the fragment ion level. Once again, IM-MS provides

solution to these challenges as it is capable of separating molecules based size and shapes,

while the MS discriminates analytes based on m/z ratio only. Moreover, coupling IMS to LC-

MS  provides  in  addition  to  retention  and  mass  information  also  CCS  data,  which  in

combination act like fingerprint for the unambiguous identification of compounds in complex

matrices.26
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Lipidomics is another field in which the identification of unknown compounds is challenging,

and  where  complementary  information  accessible  via  IMS  is  facilitating  identification.27

Lipidomics aims at quantifying all lipids present in given biological samples, and currently

this task is largely accomplished by LC-MS workflows involving either reverses phase or

HILIC  chromatography.  The  addition  of  IMS  to  these  platforms  holds  considerable

improvements to the performance for challenging separation and by addition of CCS-based

compound identification. In addition, stand-alone IMS have been proven a useful tool for fast

in situ analysis when coupled with MALDI.28 

Glycans  or  polysaccharides  are  molecules  composed  by  interlinked  chains  of

monosaccharides, for example glucose produced by photosynthesis, which provides the main

energy source for animals. Historically, NMR has been used for the structural analysis of

glycans, but this technique suffers from limited throughput capacity and is difficult to employ

with the minute sample amounts available in current lipidomics research.29 Another powerful

and very sensitive technique for analysis of glycans is MS, which is, however, incapable of

discrimination  between  isomeric  glycan  species  with  the  same  m/z-ratio.  IMS  has  been

proven an alternative  and complementing technique  for  glycan analysis,  providing results

comparable in quality with those obtained with the more time-consuming LC-MS protocols.

Specifically  for  glycan  analysis,  unique  instrumental  platforms  combining  IMS-IMS with

cryogenic IR spectroscopy and MS have been reported.30 In these cases, the addition a second

IMS dimension was demonstrated to improve the IMS based separations.

The consensus  within  the  current  omics  research community is  that  the main  benefits  of

including IMS to metabolomics are speed, and especially its unique ability to separate and

identify isomers. The focus of the next section is on the separation of isomers using IMS

techniques.
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3.3 Isomers

A SciFinder®  search for the keyword combination “IMS” and “isomers” indicated that the

number of publications on these topics has significantly increased over the past 15 years (see

Figure 4). This trend shows the increasing interest to implement IMS techniques as generally

applicable  analytical  tools  for  separation  and quantitation  of  isomeric  molecules  in  many

fields  of  research.31 For  example,  successful  IMS based separations  of  difficult-to-resolve

small molecules, such as the enantiomers of amino acids, have been reported.32,33

Figure 4 Number of publications reported in the SciFinder® database for the combined search

keywords “IMS” and “Isomers”.34

Another  class  of  compounds  for  which  discrimination  of   isomeric  molecules  has  been

achieved by IM-MS are saponins.35,36 These cytotoxic molecules are found in many plants,

often in form of stereoisomers and regioisomers, and could be successfully separated by cIMS

without resorting to chromatography. Appealing IMS separations have also been reported for

isomeric  complexes formed by coordinatively driven self-assembly from different transition

metal ions and an range of bidentate ligands.37 Hyphenating IMS with established LC-MS

platforms holds great promise to facilitate the structural identification of isomeric species in

complex natural compound mixtures, e.g., crude extracts of traditional Chinese medicine.38
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The separation of enantiomers of chiral compounds is a particularly important yet challenging

task in analytical chemistry. The need of separating enantiomers arise in drug development,

bio-sciences,  clinical  diagnostics,  the  study  of  natural  compounds,  fragrance  and  aroma

industry.  For  all  these  tasks,  the  availability  of  fast  and  reliable  analytical  methods  is

mandatory.39 While  a  considerable  number  of  chromatographic  and  electrophoretic

enantiomer separation techniques are available, they suffer from lack generality and limited

throughput capacity. IM-MS techniques have shown considerable promise as an alternative

technique to chiral analysis. For example, LC-IM-MS has been recently employed to analyze

amino  acid  enantiomers  for  the  classification  of  animal  milks  originating  from  different

species.40 This method was capable of generating comprehensive data sets of the enantiomer

ratios encountered the milk samples, on the basis of which the milks originating from camel,

goat, yak, buffalo, and humans could be reliably discriminated.
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4 Recent applications of IMS for the separation of isomers

4.1 IMS based separation of isomers

The aim of this chapter is to give an overview on small-molecular-mass isomers that have

been  successfully  separated  with  the  IMS.  This  review  covers  the  most  recent  IMS

applications  starting  from  2020,  and  is  organized  according  to  the  IMS  instrument

configuration employed.

Štiffelová et al. attempted the separation of positional isomers of alkoxyphenylcarbamic acid

derivatives.41 This study reports the direct introduction of samples from TLC plates into an

IMS system to achieve further separation. The studied compounds were the positional isomers

2-[2-/3-/4-hexyloxyphenyl]carbamoyloxy)ethylpiperidium chloride,  the  structures  of  which

are shown in Figure 5. 

Figure  5 The  positional  isomers  of  2-[hexyloxyphenyl]carbamoyloxy)ethylpiperidium

chloride.

The compounds were synthesized following a literature procedure42, and a homemade APCI-

DTIMS system was employed for the measurements.43 The drift gas used was atmospheric air

purified by passage through a molecular sieve trap. The authors were capable of separating

the  ortho-isomer from the two other isomers both with TLC as well as with IMS. The TLC-

to-IMS sample transfer was accomplished by positioning the IMS inlet capillary close to the

TLC spots and applying a series of pulses with a 1000 mW laser operating at 520 nm. The

laser pulses readily volatilized the sample spots and allowed effective introduction into APCI-

IMS system. The low-resolution IMS instrument was not capable of separating the meta and

para  isomers  when  applied  as  a  mixture.  However,  when  introduced  separately,  small
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differences in the respective CCS values could be observed. This led the author to conclude

that with IMS instruments offering higher resolution power, a successful separation of these

isomers might be possible.

Tozihi  et al. investigated the thermal decomposition of proline with CD-IMS.44 This study

showed that proline suffers thermal decomposition at elevated temperatures, and that isomeric

proline  gas  phase  complexes  can  be  readily  separated  using  IMS.  Supportive  theoretical

calculations were carried out to facilitate the interpretation of the experimentally observed

results. The IMS used was commercially available DTIMS IMS-300 made by TOF Tech. Pars.

Co.  The  theoretical  calculations  were  carried  out  using  the  quantum  computational

GAUSSIAN 09 package. Proline was introduced into the IMS system via a solid probe, and

ammonium  carbonate  as  dopant  through  the  headspace.  IMS  spectra  were  measured  at

conditions altering systematically the temperatures of either the injection port or the IM cell.

The corresponding IMS spectra obtained at a constant injection port temperature of 260 °C

and increasing cell temperatures (110 to 200 °C) are given in Figure 6. Depending on the cell

temperature, the IMS spectra showed 3 – 6 peaks.
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Figure 6 DTIMS spectra  of  proline  obtained at  different  cell  temperatures  using a  fixed

injection port temperature of 260 °C. Reprinted with permission from Elsevier.44

The peak assignments for the injection port/cell conditions of 260/110 °C are summarized in

Table 1: PIP1 corresponded to the cyclic imine, representing the decarboxylation product of

proline; PIP2 was the protonated proline ion; PIP3 and PIP4 were identified to be hydrogen

bonded dimers, one of them (PIP3) consisting of 2 prolines; and the other (PIP4) of proline

associated with the PIP1 ion species. The predicted mass for PIP5 was identical with that of

PIP2, and its peak intensity correlated with the latter. Interestingly, the PIP5 species was not

detected in previous studies using MS measurements.45,46 This led the authors to conclude that

this peak most probably represent a proline charge isomer, being unresolvable by MS from the

predominant proline molecular ion.
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Table  1 Drift  times,  predicted  ion  species,  and tentative  structures  of  the  5  IMS signals

observed for proline at injection port temperature of 260 °C and cell temperature of 110 °C.

Reprinted with permission from Elsevier.44

4.2 IM-MS based isomers separation

Mayorga et al. investigated the products formed from 5 volatile phenolic compounds (VOC)

upon reaction with nitrate radicals by employing an IM-MS instrument.47 Phenolic VOCs are

known to undergo oxidation with nitrate radicals  (NO3·)  in  the atmosphere.  The phenolic

VOCs investigated in this study were phenol, catechol, 3-methylcatechol, 4-methylcatechol

and  guaiacol,  the  structure  of  which  are  shown  in  Figure  7.  An  aerosol  sample  from

Centreville, Alabama, from 2013 was also analyzed. The instrument used in this study was a

hyphenation  of  commercial  DTIMS  and  TOFMS  instruments  and  equipped  with  an  ESI

source.
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Figure 7 Phenolic VOCs employed for studying the formation of isomeric products upon

reaction with nitrate radicals, employing UV-Vis and DTIMS-TOFMS.

The phenolic VOCs were mixed and reacted with nitrate radicals in a custom-made chamber,

from where samples were extracted into an mixture of ACN and 0.1 mM NaCl. The resulting

sample solutions were analyzed with both UV-Vis and IM-MS. In contrast to earlier studies,

the employed IMS system allowed the researchers to identify a large number of new multi-

functional products,  including non-aromatic products, dimers, and fragments. The IM data

allowed them to identify the produced isomers, the distribution of which was found to be

strongly affected by the amount of ozone present during the reaction chamber experiments.

The authors also could identify these products in the real-world aerosol samples. The UV-

spectrophotometric analysis detected strongly absorbing molecules, which were assumed to

be  brown carbons.  This  was in  line  with  earlier  studies  suggesting  that  brown carbon is

generated during nighttime oxidation of VOC with nitrate radicals, which can significantly

increase the level of brown carbon in atmosphere.

Castilla et al. studied the product profiles emerging through the fast pyrolysis of 5 different

types of biomass both with IM-MS and FTICR MS.48 The investigated biomass materials

were beech, hickory, miscanthus, and two branded resinous wood pellets, Crepito® and Ignis®.

The instruments used were TWIMS based Synapt G2 IMS Q-TOF from Waters equipped with

an APCI ion source, and a 12 T SolariX XR FTMS from Bruker Daltonics. The samples were

milled and introduced into the IMS via an atmospheric solid analysis probe (ASAP). The IM-

MS data were processed with MATLAB scrips to to obtain so-called van Krevelen diagrams,

i.e., plots of H/C and O/C ratios (see Figure 8). In each of the samples, approximately 1000

molecules could be detected.
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Figure 8 Diagrams showing molecule H/C ratios plotted against O/C ratios (Van Krevelen

diagrams) from the 5 biomass materials (beech, Crepito®, miscanthus, hickory and Ignis®).

Reprinted with permission from Elsevier.48

The authors concluded that the IM-MS system was a powerful tool for the analysis of the

given samples for allowing the observation of isomeric diversity of the pyrolysis products,

information  that  was  inaccessible  by  high  resolution  FTICR  MS.  The  ASAP  sample

introduction  system permitted  the  analysis  of  the  pyrolyzed  samples  in  situ.  The  authors

suggested  that  IM-MS may serve  as  a  supplementing  technique  to  Pyrolysis-GC-MS and

GC×GC-MS for the analysis pyrolyzed lignocellulosic biomasses.

Knudsen  et  al. evaluated  IM-MS  as  a  tool  for  resolving  isomers  of  nitrogen  containing

polycyclic  aromatic  compounds.49 Organic  nitrogen containing  molecules  in  crude  oil  are

usually  present  at  low  concentrations  (0.1  –  2.0%).  This  makes  their  detection  and

quantitation  with  traditional  GC-MS and LC-MS difficult  and  time-consuming.   For  this

reasons,  the  authors  decided  to  employ  IMS-MS as  analytical  platform to  this  problem.

Methanol  stock  solutions  containing acridine,  7,9-dimethylbenz(c)acridine,  2,6-

dimethylquinoline,  benzo(h)quinoline,  quinoline,  1-methylisoquinoline,

dibenzo(f,h)quinoline,  dibenz(a,h)acridine,  isoquinoline  and  benz(c)aridine  were  prepared.

The structures of these analytes are depicted in Figure 9. The IM-MS instrument used was
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TWIMS based Synapt G2-Si HDMS from Waters. In this study, multivariate curve resolution

(MCR)  and  multiway  methods  have  been  used  for  the  quantitation  of  the  overlapping

components.  Specifically,  the data sets  were subjected to PARAFAC (Parallel  Factor) and

PARALIND (Parallel  factor  analysis  with  Linear  Dependence)  modeling.  The PARAFAC

routine uses sample data sets of IM profiles and MS spectra as input. PARALIND was used to

establish linear dependency for overlapping peaks in cases where the MS spectra are very

similar.

Figure  9 Nitrogen  containing  aromatic  compounds  investigated  by  IM-MS  to  achieve

selective detection of isomers.

From the standards, 4 mixtures containing the following analytes were prepared. Mixture 1:

Acridine  and  7,9-  dimethylbenz[c]arcidine.  Mixture  2:  2,6-Dimethylquinoline  and

benz[h]quinoline.  Mixture  3:  Quinoline,  1-methylsoquinoline,  dibenzo[f,h]acridine  and
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dibenz[a,h]acridine. Mixture 4: Isoquinoline and benz[c]acridine. Injection of the individual

compounds showed very similar  IM profiles  for  the isomeric  compounds,  and no isomer

resolution was obtained when they were analyzed as mixtures. PARAFAC and PARALIND

modeling of the obtained data sets provided some additional information, but did not result in

sufficient  peak  deconvolution  for  the  analytes  of  interest. From the  results,  the  authors

concluded that for samples of such high complexity the implementation of a chromatographic

dimension is mandatory.

Li  et al. employed a chiral derivatization approach for separating the enantiomers of amino

acids by IM-MS.50 Amino acids are essential chiral metabolites found in any living organisms,

and their enantiomers have different physiological effects. The chiral selector used to enhance

the  shape  differences  between  the  amino  acid  enantiomers  by  derivatization  is  shown in

Figure 10. An U-shaped IM-MS system from Shimadzu was employed for analysis.51 After

derivatization,  the enantiomers  of  most  of the proteinogenic amino acids  were effectively

resolved by IM-MS. The corresponding IMS spectra are shown in Figure 11.

Figure  10 Chiral  selector  and  derivatization  reaction  employed  to  enhance  IM-MS

enantioselectvity for chiral amino acids. Reprinted with permission from ACS Publications.50
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Figure 11 Spectra of derivatives of proteinogenic and other physiologically relevant chiral

amino  acids  separated  and  detected  using  IM-MS.  Reprinted  with  permission  from ACS

Publications.50

This study is important as it demonstrates that well-established chiral derivatization reagents

originally developed for chromatographic separations may not necessarily be a good choice

for IMS based enantiomer separation. It is interesting that the reagent employed in this study

incorporates  a  spatially  demanding  and  conformationally  rigid  steroid  scaffold.  It  is  also

known that steroid isomers can be separated by IMS with relative ease. Thus, these particular

structural attributes may be key for designing new classes of reagents to enhance IM based

enantioselectivity.  The  authors  suggested  that  this  IMS  based  approach  to  enantiomer

separation may be applicable to  peptide drug quality  control,  and the discovery of chiral

disease biomarkers.
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In another study, Fukui et al. used chiral derivatization in combination with IM-MS to analyze

D-  and  L-enantiomers  of  2-hydroxyglutaric  acid.52 2-Hydroxyglutaric  acid  is  an

oncometabolite, the enantiomers of which bio-accumulate in course of specific diseases. For

example, in acute myeloid leukemia the blood concentration of D-2-hydroxyglutaric acid is

commonly increased. As L-2-hydroxyglutaric acid concentrations are known to vary also in

case of other metabolic diseases, analytical separation between these enantiomers is necessary

for diagnostic purposes. The IM-MS system used in this study was an Orbitrap Fusion™

Lumos™ Tribrid™ Mass Spectrometer equipped with a FAIMS Pro™ from Thermo Fisher

Scientific.  For  derivatization,  three  different  chiral  reagents  were  tested:  (S)−1-(4,6-

dimethoxy-1,3,5-triazin  2-yl)pyrrolidin-3-amine,  diacetyl-dl-tartaric  anhydride,  and  acetic

anhydride  enhanced  complex  using  (S)−1-(4,6-dimethoxy-1,3,5-triazin-2-yl)pyrrolidin-3-

amine. Out of these three derivatization approaches, the protocol using (S)−1-(4,6-dimethoxy-

1,3,5-triazin-2-yl)pyrrolidin-3-amine provided the most effective separation between the D-

and L-isomers. The structures of the derivatives and the corresponding IMS spectra are shown

in  Figure  12.  The  authors  suggested  that  this  method  could  potentially  be  employed  for

clinical diagnostics applications.
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Figure  12 Compensation  voltage  spectra  of  chiral  2-hydroxyglutaric  acid  derivatives.  a)

Racemate  derivatized  with  (S)−1-(4,6-dimethoxy-1,3,5-triazin-2-yl)pyrrolidin-3-amine

(DMT(S)A); b) D-enantiomer derivatized with DMT(S)A; c) No derivatization; d) Racemate

derivatized with diacetyl-dl-tartaric anhydride (DATAN) and e) Racemate derivatized with

acetic anhydride enhanced DMT(S)A complex. Reprinted with permission from John Wiley

and Sons.52
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4.3 LC-IM-MS based separation of isomers

Higton et al. studied the separation of isomeric species of the Diclofenac acyl glucoside (see

Figure 13) formed by non-enzymatic intramolecular transacylation reactions, using cIM-MS.14

Acyl glucosides (AG) are metabolites of acidic drugs, in which the anomeric hydroxyl group

of glucose is acylated by the acidic group of the drug compounds. Diclofenac is a popular

drug  used  in  the  treatment  of  pain  and  inflammatory  disorders.  The  studied  AG  was

synthesized following known procedure.53 Some of the isomers of these metabolites, formed

through transacylation reactions, are known to be toxic. Conventionally, these isomeric AGs

have been studied using 1H NMR or LC-MS, however, the method development for both of

these approaches is complex and time-consuming.

Figure 13 Molecular structure of the Diclofenac 1-β-O-acyl glucoside metabolite.

To obtain a mixture of the corresponding intramolecular transacylation isomers, the parent AG

was  incubated under  slightly  basic  conditions,  which  produced  the  2-,  3-,  and  4-O-acyl

isomers. These mixtures were then analyzed using LC-IM-MS, LC-cIM-MS, and with in situ

cIM-MS. The IM-MS instruments used in this study were TWIMS based SYNAPT XS and

SELECT SERIES Cyclic IMS from Waters. The conventional IMS instrument was not able to

separate the isomers; however, the cIM-MS instrument was able to separate 2 out of the 4

isomeric forms after 8 passcycles, thus leaving 2 isomers unresolved. The corresponding cIM-

MS spectra are given in Figure 14.
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Figure 14 Separation of the Diclofenac 1-, 2-, 3- and 4-O-acyl glucoside isomers using cIM-

MS  after  different  numbers  of  passcycles.  Reprinted  with  permission  from  ACS

Publications.14

This study demonstrated that cIM-MS instruments may offer an alternative to the traditional

NMR and LC-MS methods for the analysis of isomeric AG-type metabolites by offering the

advantages of speed and in situ analysis.

Lu  et  al. employed  LC-IM-MS  to  resolve  isomeric  organic  compounds  encountered  in

dissolved organic matter (DOM). DOM represents the sum of all organic molecules found in

rivers, lakes and oceans.54 The mass of DOM in oceans is estimated to be equivalent to the

mass of carbon in the atmosphere. However, the structural information available on the DOM

compounds is  limited.  Thus,  the identified DOM molecules  from the  ocean surface  level

account for less than 30%, while in deep water the percentage of identified DOM compounds

is as low as 5% of the total masses. One reason for this lack of structural information is that

the traditional LC-MS methods employed to DOM analysis are often unable to distinguish

between  isomeric  DOM constituents.  The  DOM  samples  investigated  in  this  study  were

collected from the Gulf of Mexico, and several south Texas rivers as well as from the South
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China Sea. A DTIMS based 6560 IM LC/Q-TOF from Agilent was used sample analysis. An

example for a typical 2D DTIMS/Q-TOF spectrum for separated peptide isomers is shown in

Figure 15.

Figure 15 2D IM-MS spectrum representing the separation of isomeric peptides encountered

in DOM. Reprinted with permission from Elsevier.54

The  results  of  these  study  demonstrated  that  23%  of  the  detected  molecules  existed  as

isomeric  compounds.  However,  considering  the  limited  resolution  power  of  DTIMS,  this

figure may be still an underestimation concerning the true proportion of isomeric species in

DOM. It is reasonable to assume that the resolution of the DTIMS/Q-TOF platform may be

further improved through the implementation of cIMS. Thus,  this  new approach certainly

offers new opportunities for DOM research, and may prove particularly powerful when used

alongside with comprehensive GC×GC-MS.

Fenclova  et al. studied isomeric flavonoids and flavonolignans in silymarin using LC-IM-

MS.55 Silymarin is a standardized extract of the milk thistle plant (Silybum marianum), and is

used  to  treat  liver-related  diseases,  but  also  in  herbal  teas  and  as  food  supplements.

Flavanoids  and  flavanolignans  are  the  major  constituents  found  in  the  silymarin  extract.

Similar  to  the  previous  study,  the  authors  employed  an  analytical  platform combining  a

DTIMS based 6560 IM with a LC/Q-TOF instrument from Agilent. In total, 11 compounds
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could be resolved and identified,  including several  isomeric  compounds,  and 5 additional

compounds of unknown structure could be detected. The chromatographic, MS and IMS data

of the identified compounds and isomers are summarized in Table 2. The results of this study

demonstrated that LC-IM-MS could readily separate several isomers that co-eluted under the

employed HPLC conditions.

Table  2 Silymarin-derived  flavonolignans  and  taxifolin  constituents,  including  isomeric

structures,   detected in commercial  milk thistle extracts using LC-IM-MS. Reprinted with

permission from Springer Nature.55
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Rister  and  Dodds  analyzed  mixtures  of  isomers  of  steroid  hormones  using  LC-IM-MS.56

Hormones  are  challenging  to  analyze  because  they  are  often  encountered  as  mixtures  of

isomers,  show poor ESI ionization efficiency, and are typically  present  in the samples of

interest  at  low concentrations.  Earlier  work  on chromatography-free  separation  of  steroid

hormone isomers by IM-MS have used derivatization or metal adduct formation to enhance

resolution. In this study, the authors employed a LC-IM-MS platform to achieve enhanced

resolution.  The  experiments  were  conducted  with  a  mixture  of  hormones,  containing

androsterone, corticosterone, corticosterone-4d, cortisone, 11-deoxycortisol, epiandrosterone,

hydrocortisone and testosterone. The salts added to the solution to promote adduct formation

were lithium acetate, potassium acetate and sodium acetate. The IM-MS system employed

was a Synapt G2-S HDMS Q-TWIMS-TOF-MS instrument from Waters. Typical separation

results  obtained in  the  LC-MS and IMS dimensions  are  depicted  in  Figure  16.  The data

demonstrate that the implementation of IMS may add complementing selectivity for isomeric

species co-eluting in the chromatographic dimension.

Figure  16 Mixtures  of  steroid  hormones  separated  by  LC-IM-MS.  Top:  LC-MS  traces;

Bottom: IMS spectra. Reprinted with permission from Elsevier.56

The authors concluded that all groups of isomers could be separated with resolution values of

1.5. Interestingly, the addition of the LC dimension was found to be beneficial as it reduced

the formation of heterodimers. This pioneering study was the first application of a LC-IM-MS

platform to the analysis of isomeric hormones, showing that this approach holds significant

promise to facilitate the analysis of this important class of metabolites.
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McCullagh et al. employed LC-IM-MS for the non-targeted screening of the constituents in

several Passiflora species, namely Passiflora alata, Passiflora caerulea, Passiflora edulis and

Passiflora  incarnata.57 These  plants  contain  a  considerable  number  of  readily  detectable

compounds  of  yet  unknown  structure.  The  IM-MS  system  employed  in  this  study  was

TWIMS based Synapt G2-Si IM-MS. A machine learning routine was used to predict CCS

values to aid compound identification. The samples were prepared by drying the leaves at 35

°C for 48 h, followed by ambient temperature maceration with an ethanol-water mixture for

24  h.  Prior  to  analysis,  the  extracts  were  concentrated  and  pre-cleaned  using  C18  SPE.

Information on chromatographic retention time, number of detected isomers, and predicted

and observed CCS values for the detected compounds are listed in Table 3. The combined use

of the experimental and predicted CCS values reduced both the time for analysis as well as

the probability for false discovery in context with compound identification. Thus, the addition

of IMS to the previously employed analysis platform proved particularly useful for separation

and identification of isomeric plant constituents.

Table  3 Tentative  identification  of  endogenous  Passiflora flavonoids  including  isomeric

structures based on predicted and experimental CCS values. Reprinted with permission from

Elsevier.57

38



McCullagh  et al. studied the separation of charge site isomers of pesticides using LC-IMS-

MS  and  LC-cIMS-MS  platforms.58 Conventional  methods  using  LC-MS  for  pesticide

screening have currently by EU regulations a large tolerance of 30% in the relative abundance

of the characteristic product ions to address observed variabilities. One reason contributing  to

these variability in the relative abundance could be the existence of charge site isomers. To

investigate  this  phenomenon,  a  set  of  pesticides  was  selected  (spinosyn  A,  spinosyn  D,

indoxacarb,  epoxiconazole, metaflumizone, fenpyroximate and avermectin B1a, see Figure

17) and used to fortify rice, green tea, black tea, coriander, and leek. These samples were then

extracted according to establishes methods.59
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Figure 17 Pesticides selected for the study of charge site isomers employing LC-IMS-MS and

LC-cIMS-MS.

The samples were analyzed using either an IMS or a cIMS (TWIMS based Synapt G2-Si and

SELECT SERIES Cyclic IMS, respectively). The extracts were screened using a reference

database for spinosyn sodium and potassium adduct species. The measured CCS values were

found to be reproducible, and thus could be used for non-targeted analysis. When analyzing

the pesticide standards with IMS, metaflumizone E- and Z-isomers could be separated, but the

other pesticides showed unresolved peaks. Using cIMS instead of IMS dramatically increased

the quality of the charge isomer separations. Spinosyn A and D produced 4 baseline separated
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peaks (2 sodium and 2 potassium adducts). Epoxiconazole, showing with with IMS only one

board peak, could be resolved by cIMS into 4 peaks. Avermectin B1a could be separated to

produce 3 peaks, and the authors suspected more unresolved charge isomers may still exist.

Fenpyroximate could be separated to produce 2 peaks, and for idoxacarb, 2 distinct protomers

could be fully resolved.

4.4 Study of photoisomerization processes using IM-MS

Prüfert  et  al. investigated  the  efficiency of  different  photocatalysts  for  the  in  situ E-to-Z

isomerization of an ethyl cinnamate derivative by hyphenating combining microchip flow

reactors  with ESI and IR-MALDI IMS.60 The investigated molecule was the E-isomer of

ethyl-3-(pyridine-3-yl)-but-2-enoate, which was subjected to photoisomerization in either a

microchip or a capillary flow reactor in presence of different photocatalysts and light sources

(see Figure 18). A considerable set of photocatalysts was used in these screening experiments,

including [Ru(bpy)3](PF6)2,  [Ru(phen)3]Cl2,  Rose Bengal,  [Ru(bpz)3](PF6)2,  Mes-Arc+ClO4
−,

9-fluorenone,  Eosin  Y,  [Ir(dtbbpy)(ppy)2]PF6,  Rhodamine  6G,  4CzIPN,  fac-Ir(ppy)3,

Riboflavin, [Ir[dF(CF3)ppy]2(dtbbpy)]PF6 and [Cu(dap)2]Cl.

Figure 18 Photo-induced isomerization reaction of ethyl-3-(pyridine-3-yl)but-2-enoate.

Acetonitrile solutions of the E-isomer and the respective photocatalyst were mixed within the

flow reactor or microchip reactor, and radiated with LED light sources operating either at 404

nm or  365  nm.  The  system used  for  analyte  ionization,  separation  and  detection  was  a

homemade  IR-MALDI/DTIMS  instrument.61 The  IR-MALDI  unit  could  be  optionally

replaced  by  ESI,  and  in  both  cases,  separations  between  the  E-  and  Z-isomer  could  be

achieved. However, the authors gave preference to IR-MALDI due to its tendency of forming

primarily  singly  or  doubly  charged  ions,  and  the  softer  ionization  and  higher  sensitivity

obtainable with pulsed analysis methods, such as TOF. Out of the 14 tested photocatalysts,

4CzIPN,  fac-Ir(ppy)3, Riboflavin, and [Ir[dF(CF3)ppy]2(dtbbpy)]PF6 were found to promote
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the  E-to-Z isomerization  of  the  model  compound.  This  innovative  study shows that  IMS

instruments  can  readily  be  hyphenated  with  flow  reactors  and  IR-MALDI  for  on-line

detection of product formation. Thus, the effect of the photocatalysts could be evaluated in

matter of minutes rather than hours, which are typically required when using off-line LC-MS

methods. This study is nice demonstration that IMS is an attractive option for following the

kinetics of reactions involving isomerization processes in real-time.

Carrascosa  et  al. employed  a  tandem  IMS-IMS  coupled  with  MS  platform  for  the

investigation the mechanism underlying the light-promoted photoswitching of an azo dye.62

These types  of  dyes  are  of  significant  interest  for  potential  medical  and pharmacological

applications.  The  investigated,  reversibly  photo-switchable  molecule  was  an  azobenzene-

stilbene dye (see Figure 19). The first IMS separation cell contained a near-infrared and blue-

green photon source for triggering gas phase isomerization, while the second IMS cell was

employed to resolve the formed isomers.

Figure 19 Reversibly isomerization of a photoswitchable azobenzene-stilbene dye studied by

IMS-enabled  photoisomerization  action  spectroscopy. Reprinted  with  permission  from

Elsevier.62

This  particular  technique  is  called  photoisomerization  action  spectroscopy  (PISA

spectroscopy). The isomerization from the E,E- to the E,Z-state and the reverse reaction was

accomplished by using specific radiation at 680 nm and 440 nm, respectively. The authors

concluded  that  the  isomerization  of  the  investigated  dye  occurred  predominately  through

exited state dynamics. Certainly, platforms combining  laser spectroscopy with IM-MS system

could be useful for analyzing other photo-switching molecules as well.
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5 Conclusion & Outlook

In the analytical community, there is an increasing interest in IMS applications, especially in

the fields of separation of isomeric molecules. While a considerable number of studies are still

carried out with homemade instruments prone to validation issues, there is now an increasing

number of commercial options available. It is clear that current stand-alone IMS instruments

do not provide exceptional resolving power, and are capable of separating a limited number of

isomers.  Yet,  IMS is  very  useful  when  combined with  LC and MS,  as  in  terms  of  data

acquisition rates IMS fits nicely into the middle ground between these separation techniques.

Currently, various major analytical instrumentation vendors (e.g., Agilent, Bruker and Waters)

are offering MS systems with either optional or integrated IMS functionality. Waters is also

offering a cIM-MS instrument, which currently seems to be the most favorable option for

challenging isomer separation, like for very small isomeric molecules with similar CCS or

mixtures of multiple isomers. Cyclic IMS can greatly increase the resolving power by simply

cycling  the  ionized  analytes  through  the  system for  a  long  enough  time  for  the  desired

separation  to  be  achieved.  While  for  the  majority  of  applications,  IMS does  not  provide

separations that would be unattainable with any other platform, it is an alternative, and offers

the ability for fast and efficient separation for in situ studies. It should also be noted that IM-

MS  offers  an  attractive  option  for  the  screening  of  highly  complex  mixture  that  have

traditionally  been  addressed  with  comprehensive  GC×GC-TOF  or  2D-LC.  In  these

applications, IMS strongly profits from reliably predictable CCS values, which are accessible

either by first principle calculations or machine learning routines. LC-IM-MS offers a more

straightforward  alternative  to  2D-LC,  which  suffers  from  limitations  arising  from  the

hyphenating separation dimensions operating at similar speed.

43



Indisputably, IMS has reached a high level of maturity as a tool for the separation of many

classes  of  isomeric  compounds.  Recently,  successful  separation  of  enantiomers  has  been

achieved after either derivatization with chiral  reagents or in presence of chiral  additives.

With  an  advanced  understanding  of  the  specific  structural  requirements,  dedicated  chiral

derivatization strategies may be developed for IMS based enantiomer separation, and possibly

make the emerging IM approaches  competitive with the well-established chromatographic

techniques.

In  terms  of  resolution  power,  the  performance  of  cIMS  instruments  is  already  fit  for

addressing  exceptionally  difficult  separation  challenges.  It  can  be  anticipated  that  the

resolution power of current  IMS instruments will  be further  improved in the near  future,

which will make this separation technique even more attractive for analytical chemists.
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Experimental Section

6 Introduction

Piperettine and piperettyline (structures are given in Figure 20) are minor alkaloids occurring

in a variety of Piperaceae species. Structurally, these compounds are similar to other pepper

alkaloids  (piperine,  piperyline,  and  piperlonguminine),  which  are  all  responsible  for  the

pungent taste and smell of the fruit of  Piper nigrum.63 While piperettine was first isolated

from black pepper fruits as early as 1950, it has seen considerable less scrutiny with regard to

its biologically activity than piperine.64 Most recent studies, however, indicate that piperettine

may offer  beneficial  pharmacological  properties for the treatment  of a variety of medical

conditions.  Thus,  piperettine  has  been  demonstrated  to  act  as  a  potent  inhibitor  for  5-

lipooxygenase  (5-LOX),  an  enzyme  that  is  crucially  involved  in  the  pathways  of

inflammation,  cell  proliferation  and  apoptosis.65 In  particular,  piperettine  has  been

demonstrated to exhibit 5-LOX inhibition at a potency similar to that of Zileuton, one of the

few effective drugs currently available for the treatment of asthma. Considering that Zileuton

produces  in  certain  patient  populations  a  range  of  harmful  side  effects,  piperettine  may

potentially offer an alternative for asthma treatment. Piperettine also displays nuclear factor-

κB (NF-κB) inhibitory effects, making it a potential candidate for the development of anti-

cancer drugs.66 Similar to piperine, piperettine stimulates melanocyte proliferation, rendering

it  a  promising  agents  for  the  topological  treatment  of  disorders  associated  with  skin

depigmentation, such as vitiligo.67

Figure 20 Molecular structures of piperettine and piperettyline.
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Unfortunately,  the  access  to  piperettine  from natural  sources  is  limited,  as  in  contrast  to

piperine, it exists in pepper fruits as a minor alkaloid only, and is encountered as a mixture of

isomers. Preliminary studies into the biological activity of piperine have provided evidence

that its favorable biological activities reside with the corresponding E,E-isomer, and similar

may be true for piperettine. The separation of piperettine from its isomers is challenging, and

has not been accomplished so far. For example, in an effort to resolve piperettine isomers in

extracts of black, white, green and red pepper fruits with reversed phase LC-MS, Friedman et

al. could only detect 4 peaks corresponding to the mass of piperettine.68 Lacking piperettine

standards,  these  researchers  were  unable  to  locate  piperettine  (i.e.  the  E,E,E-configured

isomer) within the peak cluster unambiguously.

Currently, there is no satisfactory explanation available for the co-occurrence of isomers of

pepper alkaloids along with their parent compounds (i.e. all-E-isomers). Recently, Schnabel et

al. reported key enzymes involved in the late stage biosynthesis of piperine from piperoyl

coenzyme A and piperidine.69 Using a genome mining approach, this group could identify in

the developing pepper fruits two enzymes, piperine synthase and piperamide synthase, both

being capable to catalyze the formation of piperine from its biological precursors. However,

while piperine synthase appears to be highly selective to produce piperine, essentially free of

isomers,  the  second  enzyme  shows  a  high  level  of  promiscuity  in  terms  of  substrate

specificity.  Thus, piperamide synthase catalyzes the formation of a broad range of related

amides from various acyl-CoA donors and amines. This most recent findings point to the

possibility that piperettine and its isomers may be products emerging from the activity of this

rather  unspecific  enzyme.  Alternatively,  the  naturally  co-occuring  piperettine  isomers

observed in pepper fruits may be formed through photoisomerization due to the exposure of

sunlight during growth, or at some later stage during harvesting and post-processing.
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Aims of the research project of this thesis

• Synthesis of chemically and isomerically pure piperettine and piperettyline to be used 

as analytical standard materials

• Analysis and optimization of the synthesis method

• Investigation of the thermal and photochemical stability of piperettine and 

piperettyline

• Development of a chromatographic separation method for piperettine and piperettyline

isomers

• Development of a chromatographic method for separating in black pepper extracts 

piperine, piperyline, piperlonguminine, piperettine and piperettyline

• Development of a method for quantification of piperettine in pepper fruit samples

• Quantification of piperettine in commercially available pepper fruit
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7 Theory

Discussion of synthesis approaches for piperettine

Piperettine was first first isolated from black pepper fruits by Spring and Stark in 1950.64 To

support structure confirmation, they synthesized piperettine according to the strategy shown

in  Scheme  1.  The  key  step  involved  Reformatsky-type  coupling  between  an  appropriate

aldehyde and allyl  bromide component,  followed by ester  hydrolysis,  acid  activation and

amide coupling. The synthesized piperettine and the isolated molecule were demonstrated to

be identical by measuring the mixture melting point, which matched the melting points the

individual compounds. If the mixture had consisted of two distinct compounds, the melting

point would have been suppressed. Although the late steps in the synthesis approach produced

good yields, the Reformatsky-type coupling provided a very poor yield of 9%, reducing the

overall yield to 8%.
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Scheme 1 Piperettine synthesis reported by Spring and Stark from 1950.
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Dallacker and Schubert reported in 1975 a new method to synthesize piperettine, which is

illustrated in Scheme 2.70 Readily available and inexpensive piperonal was used as a starting

material. The authors used a very elegant way for extending the aldehyde with double bond

equivalents to the desired length. While the individual steps of this approach proceeded with

high yields, the synthesis involves 9 steps, and the overall yield amounted to 17% only. Thus,

from the view point of economy and time requirements, this synthesis approach holds little

attraction.

Scheme 2 Piperettine synthesis reported by Dallacker and Schubert from 1975.
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Li et al. presented a new synthetic approach towards pepper alkaloids, including piperettine,

in which the aryl and amide fragments were connected under generation of a trans-configured

double  bond  using  a  modified  Ramberg-Bäcklund  reaction.  The  reaction  scheme  for  the

synthesis of piperettine is outlined in Scheme 3.71 Also here piperonal was used as a key

intermediate  in  the  synthesis.  However,  the  implementation  of  the  crucial  thio-ether

functionality  was rather  elaborated.   In  total,  this  method involved 6  steps,  providing an

overall yield of 31%. While this yield is more favorable than those of the previously discussed

methods,  the  execution of  this  approach is  time-consuming and requires  rather  expensive

reagents.

Scheme 3 Piperettine synthesis reported by Li et al. from 2004.

The piperettine synthesis reported by Ribeiro et al., using the major and relative inexpensive

pepper alkaloid piperine as starting material, is shown in Scheme 4.72 This synthesis involves

the hydrolysis in piperine, followed by reduction to the corresponding alcohol, its oxidation to

the aldehyde, and a Wittig reaction to introduce the additional double bond. The resulting

51



ester was hydrolyzed to the acid, which in turn was activated and coupled with piperidine to

finally obtain piperettine. While all these steps are easy to perform and generally proceed with

satisfactory yields, the large number of steps amounted in a rather modest overall yield of

33%.

Scheme 4 Piperettine synthesis reported by Ribeiro et al. from 2004.

Several groups have used a more straightforward synthetic strategy for piperettine involving

an aldol-type condensation between piperonal and appropriate sorbic acid amide (Venkatsamy

et al. in 2004, Dawid et al. in 2012 and Nandakumar et al. in 2017).63,66,73 This strategy is very

appealing with respect  to  the limited number of steps involved,  and the use of  relatively

inexpensive starting materials, i.e., piperonal and sorbic acid. The latter is first activated by
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acid  chloride  formation,  and  coupled  with  piperidine  to  the  corresponding  amide.  This

synthesis approach is shown only once for the conditions reported by Nandakumar  et al. in

Scheme 5.66

Scheme 5 Piperettine synthesis reported by Nandakumar et al. from 2017.

The condensation reaction with piperonal  has  been carried out  by the individual  research

groups  using  slightly  different  conditions.  While  Nandakumar  et  al.  employed  for  the

condensation step potassium tert-butoxide as base in DMSO, Venkatsamy et al. used phase

transfer catalysis promoted with aliquat 336, K2CO3 as a base, and a minute amount of NaH,

and  toluene  as  a  solvent.  Under  these  conditions,  the  condensation  reaction  produced
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piperettine in yields of 14% and 46% (overall yields: 8% and 27%, respectively). Dawid et al.

employed conditions similar to those of Venkatsamy et al., but found it necessary to increase

the amount of applied aliquat 336 dramatically to obtain a yield of 59%, and an overall yield

of 27%.

The structure of piperettine incorporates three conjugated double bonds, which means that this

molecule  may exist  in  8  possible  isomeric  configurations.  The aromatic  group in  pepper

alkaloids, e.g.,  piperine and piperettine, acts like an antenna capable of absorbing a broad

spectrum  of  radiation,  which  in  turn  promotes  double  bond  photoisomerization.68 It  is

remarkable  that  none  of  the  synthesis  papers  encountered  (or  reported)  any  issues  with

piperettine photoisomerization or stressed to need for strict exclusion of light to prevent it.

The goal in context with the research work of this thesis was to synthesize chemically and

isomerically  pure  piperettine  suitable  as  standard  material  for  analytical  quantification  in

pepper fruit samples. For selection of an appropriate synthetic approach, purity requirements

were given more weight than overall  yield considerations.  Still,  to arrive at  a  sustainable

synthesis protocol, emphasis was on the use of easily accessible, inexpensive and sustainable

starting materials and conciseness.  Therefore, an effort was made to reproduce the synthesis

approach reported by Venkatsamy et al., using piperonal and N-sorboyl piperidine as starting

materials. Unfortunately, this procedure worked poorly in our hands, producing a low yield of

piperettine (less than 10%), being heavily contaminated with isomers and other byproducts.

By  reviewing  the  specifications  of  commercial  aliquat  336,  we  learned  that  the  reagent

contains  approximately  5%  of  water.  One  explanation  for  our  failure  to  reproduce  the

literature results could be that we used carefully dried reagents and solvents, and a highly pure

crystalline  phase  transfer  catalyst  instead  of  the  less  expensive  purum grade  aliquat  336.

Thus, there is the possibility that under the tested conditions, the water content was too low to

allow for an effective transfer of the base from the surface of the solid carbonate to the apolar

environment of toluene. Due to time constraints, we did not further investigate this issue, but

instead adapted the conditions reported in the patent literature by Schulze and Oediger for a

related  aldol-type  condensation  reaction.74 This  patent  described  the  base-catalyzed

condensation of piperonal with crotonic acid amides in DMSO, and we were pleased to find

that it worked also surprisingly well with sorbic acid amides. The new synthesis method is
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shown in Scheme 6.  As an added benefit, these conditions also worked comparably well for

the synthesis of piperettyline. One issue encountered in implementation of this approach is the

fact  that  piperonal,  while  being  commercially  available  at  reasonable costs,  is  in  Finland

regulated and a special permission is required for its purchase. Therefore, piperonal was first

synthesized from vanillin, which is also very cheap and was accessible in-house. It is worth

mentioning that our piperettine method is also “green” in the sense that the starting materials

are all natural compounds.

55



Scheme 6 Synthesis approach for piperettine and piperettyline developed in this thesis.
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A comparative  analysis  of  the  discussed  synthesis  methods  for  piperettine,  including  our

approach, is given in Table 4, detailing the total number of steps and the overall yields. Note:

Since piperonal is a readily available and inexpensive chemical, any steps associated with its

preparation have been neglected for the calculation of overall yields.

Table 4 Comparison of the synthesis methods for piperettine.

Synthesis method Year Starting material Number
of steps

Total yield
(%)

Spring and Stark 1950 3,4-Methylenedioxycinnamaldehyde 4 8

Dallacker and Schubert 1975 Piperonal 9 17

Li et al. 2004 Piperonal 6 31

Ribeiro et al. 2004 Piperine 6 33

Venkatsamy et al. 2004 Piperonal 3 27

Dawid et al. 2012 Piperonal 3 29

Nandakumar et al. 2017 Piperonal 3 8

Synthesis developed in
this thesis

2022 Piperonal 3 49
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8 Experimental

8.1 Reagents and instrumentation

Reagents and solvents used in the research project are listed in Table 5. Instrumentation used

in the work are listed in Table 6. Mobile phases used for HPLC analysis were as follows:

Mobile  Phase A: MQ-water-ACN-FA (1000-50-0.5,  v/v)  and Mobile  Phase B:  ACN-MQ-

water-FA (1000-50-0.5,  v/v).  Details  on  HPLC  and  LC-MS  methods  can  be  found  in

Appendix A. The software versions used for data acquisition and processing were as follows:

Agilent Technologies ChemStation Rev. B.01.03-SR2 [204], Bruker Daltonics DataAnalytics

version 3.4, Agilent Technologies MassHunter version B.08.02 and Mesterlab Research Nova

version 14.2.2-28739.

Table 5 Reagents used in the work.

Compound CAS-number Manufacturer

Acetone 67-64-1 VWR Chemicals

Acetonitrile 1975-05-08 Honeywell

Aluminium chloride 7446-70-0 Acros Organics

Dibromomethane 74-95-3 Merck KGaA

Dichloromethane 1975-09-02 Honeywell

Dimethylformamide 1968-12-02 Fisher Scientific

Dimethylsulphoxide 67-68-5 LAB-SCAN

Ethyl acetate 141-78-6 Honeywell

Formic acid 64-18-6 VWR Chemicals

Heptane 142-82-5 Sigma-Aldrich

Hydrochloric acid 0.1 M 7647-01-0 VWR Chemicals

Hydrochloric acid 37% 7647-01-0 VWR Chemicals

Methanol 67-56-1 Fisher Scientific

Methyltrioctylammonium
chloride

5137-55-3 Sigma-Aldrich

n-Hexane 110-54-3 Honeywell

Natrium chloride 7647-14-5 Meira

Oxalyl chloride 79-37-8 Sigma-Aldrich

Piperidine 110-89-4 Sigma-Aldrich
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Table 5 continues

Potassium carbonate 0584-08-07 PROLABO

Potassium hydroxide 1310-58-3 Fisher Scientific

Potassium permanganate 7722-64-7 VWR Chemicals

Pyridine 110-86-1 VWR Chemicals

Pyrrolidine 123-75-1 Sigma-Aldrich

Sand – low iron 14808-60-7 Fisher Scientific

Silica gel 40 – 63 μm 7631-86-9 VWR Chemicals

Sodium hydride 7646-69-7 Aldrich

Sodium hydrogen carbonate 144-55-8 Fisher Scientific

Sodium hydroxide 0.1 M 1310-73-2 VWR Chemicals

Sorbic acid 110-44-1 Sigma-Aldrich

Toluene 108-88-3 Acros Organics

Triethylamine 121-44-8 Sigma-Aldrich

Vanillin 121-33-5 TCI

Table 6 Instruments used in the work.

MilliQ-water MILLIPORE, Direct-Q 3 UV with Pump (Cat No ZRQSVP030) 

in in-house water supply

Scale Mettler AE 200

UV-lamp Mineralight lamp UVGL-15

Multiband UV-254/366nm

220-240 volts, 50/60 Hz

0.15 AMPS @ 240 volts, 50 Hz

TLC Supelco Analytical 56524-25EA Silica gel on TLC Al foils with 

fluoresence indicator 254 nm

Rotavapor Büchi, Rotavapor R II with attached Büchi Plastic Glass 

condensor

GC Oven (For heating) HEWLETT PACKARD 5890 SERIES II
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Table 6 continues

LC Agilent Technologies 1260 Infinity

1260 HiP Degasser (G1322A, Serial No. JPAAL86774)

1260 Bin Pump (G1312B, Serial No. DEACB10897)

Injector 1260 ALS (G1329B, Serial No. DEAAC43050)

UV-Vis DAD G1315A, Serial No. DE91605610

Ion Trap MS BRUKER DALTONICS Esquire 3000 plus

LC Agilent Technologies 1260 Infinity

1260 HiP Degasser (G4225A, Serial No. JPAAA00422)

1260 Bin Pump (G1312B, Serial No. DEACB02601)

Injector 1260 ALS (G1329B, Serial No. DEAAC06456)

Quadrupole MS Agilent Technologies 6420 Triple Quad LC/MS

C18 column Luna 5um C18(2) 100 Å

LC Column 100 x 3 mm

H17-160508

5291-0149

P/No OOD-4252-YO

C18 column (long) TYPE LUNA 3u C18(2)

P/NO 00F-4251-B0

SIZE 150 × 2.00 mm 3u micron

S/NO 348052

Chiralpak IA column CHIRALPAK IA

Column No. IA00CD-ME008

Chiralpak IB column CHIRALPAK IB

Lot No. IB00CD-PD002

Part No 81324

Particle Size: 5μm

Dimensions: 4.6mmϕ × 150mmL

60



Table 6 continues

Chiralpak IC column CHIRALPAK IC

Lot No. IC00CD-QF009

Part No 83324

Particle Size: 5μm

Dimensions: 4.6mmϕ × 150mmL

Biphenyl column Kinetex 1.7 μm Bifenyl 100 Å

P/No. 00D-4628-AN

LC Column 100 × 2.1 mm

S/No. H16-119980

B/No. 5628-0020

Pentafluorophenyl 

column

Kinetex 2.6u PFP, 100A

00D-4477-E0

100 × 4.60 mm

532101-66

Kugelrohr distillator Büchi Glass Oven B-585

Melting point instrument Mettler Toledo MP50 Melting Point System with P25 Printer

IR instrument Bruker Aplha Platinium-ATR

NMR instrument Varian NMR 500

Spectrophotometer Shimadzu, Ordior, UV-1800 UV Spectrophotometer

Centrifuge (small) Heraeus Sepatech Labofuge 200

Centrifuge (big) Eppendorf Centrifuge 5810 R

SPE cartridge SUPELCO Discovery DSC-18 100 mg 1mL Tubes

Reorder No. 52602-U

Lot No. 9548601
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8.2 Synthesis of protocatechuic aldehyde

Synthesis of protocatechuic aldehyde was conducted according to the procedure reported by

Lange with minor changes.75 A portion of 18.50 g (138.74 mmol, 1.11 equiv) of AlCl3 was

added into a 500mL two-neck round bottom flask, which was fitted with a reflux condenser

carrying a drying tube packed with soda lime pellets. The rest of the chemicals were scaled

accordingly. A 200 mL volume of dichloromethane, and 19.00 g (124.88 mmol, 1.00 equiv) of

vanillin, and a 3 cm egg-shaped stir bar were added. The solution was mixed with magnetic

stirrer and the color of the mixture changed into pink. A volume of 44 mL (43.12 g, 545.13

mmol, 4.36 equiv) of pyridine was added dropwise via a pressure equalized addition funnel

over 30 min, during which the color of the mixture turned into yellow. Note: Slow addition is

crucial  as  the  complex  formation  between  AlCl3 and  pyridine  is  strongly  exothermic.

Subsequently, the mixture was refluxed for 24 h over which the color of the reaction mixture

turned into dark brown. The reaction mixture was cooled to room temperature. The solution

was transferred into a  pressure-equalized addition funnel  and fed dropwise with vigorous

magnetic stirring into precooled 200 mL of 1.0 M HCl contained in an 1000mL round bottom

flask with external cooling (ice-water bath). During the addition, a yellow solid formed on the

tip of dropping funnel. After completed addition, this solid was dissolved with 40 mL of 0.1

M HCl and combined with the rest of the mixture. The mixture was stirred for further 15 min,

and transferred into a 1000mL extraction funnel. The DCM phase containing mainly small

amount of residual vanillin was separated and discarded. Next, 6.40 g of NaCl was added to

and dissolved by shaking. The salt-saturated aqueous phase was extracted with ethyl acetate

(1 x 220 mL, then 4 x 150 mL). The organic phases were combined and washed with 60 mL

of brine solution.  After  separation  of  the aqueous  phase,  the organic  phase was dried by

filtration through a plug of magnesium sulfate, and evaporated with a rotavapor to give 15.74

g (113.96 mmol, 91%) of slightly yellowish crude material.

Following the same procedure, two additional batches were prepared at smaller scale, giving

10.98 g (79.50 mmol, 92%) and 9.52 g (68.93 mmol, 90%) of crude material, respectively.

For recrystallization, all batches of crude material were combined and dissolved 170 mL of

ethyl acetate with heating. Hexane (55 mL) was added drop-wise until precipitation started.

The mixture was allowed to cool to room temperature, and then stored at 4 °C for 12 h. The

formed crystals were collected on a 150mL glass filter funnel (medium porosity) and washed
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with with an ethyl acetate-hexane (50:50, v/v).  After drying at 60 °C, 31.1 g of an off-white

solid (224.85 mmol, 78%, MP: 155 °C) was obtained. Evaporation of the mother liquor gave

4.8 g of an yellow-greenish solid of lesser purity (79% according to HPLC). NMR and IR

data can be found in Appendix B.

8.3 Synthesis of piperonal

The synthesis of piperonal was carried out according to the procedure reported by Wang et

al.76 with some changes. The reactor used for this synthesis consisted of 500mL two-neck

round bottomed flask, equipped with a condenser, an pressure-equalized addition funnel, and

and a 5cm egg-shaped magnetic stir bar. To ensure the exclusion of air,  nitrogen gas was

passed through the reactor with a paraffin oil-filled bubbler attached. Into the reaction flask,

13.80 g (99.91 mmol, 1.00 equiv) of protocatechuic aldehyde was weighed, and 200 mL of

ACN, and 40.00 g (289.43 mmol, 1.45 equiv) of potassium carbonate were added. A volume

of 12.00 mL (30.00g, 172.58 mmol, 1.73 equiv) of dibromomethane was charged into the

addition funnel.  To the stirring mixture,  dibromomethane was added dropwise at  ambient

temperature. The mixture was then refluxed for 21.5 h. The solids were separated by filtration

through a 150mL glass filter funnel, and washed with ACN (2 x 50 mL).  The solvent was

evaporated under reduced pressure to give a dark brown oil  that started to crystallize.  To

remove residual salts, this mass was dissolved in DCM, filtered through a large pore cellulose

filter, and the solvent again evaporated to yield 14.12 g (94.05 mmol, 94%) of a yellowish

solid. A second batch of piperonal was synthesized following the same procedure, resulting

13.51 g (89.99 mmol, 90%) of a yellowish solid. The solids were combined and purified by

Kugelrohr distillation (190–200 °C at 10 Torr) to yield 25.58 g (170.39 mmol, 85%, MP: 35

°C) of white solid. HPLC, LC-MS, NMR and IR data can be found in Appendix C.
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8.4 Synthesis of N-sorboyl piperidine and pyrrolidine

For the synthesis of N-sorboyl amides, first sorbic acid chloride was prepared following the

procedure of Hata et al.77 The subsequent amid formation with piperidine or pyrrolidine was

conducted following the procedure reported by Nandakumar et al. with some modifications.66

Into a 250mL round bottom flask, 2.243 g (20.00 mmol, 1.00 equiv) of sorbic acid was placed

along with a magnetic stir bar, and 40 mL of DCM was added. The gases formed during the

reaction were guided into ventilation exhaust via a hose. The mixture was stirred while adding

3.4  mL (5.03  g,  39.61  mmol,  1.98  equiv)  of  oxalyl  chloride  dropwise  via  syringe.  Gas

formation occurred and the color of the mixture changed from clear to mildly yellow. After

stirring for 10 min, 1.0 mL of DCM containing 6 μL of DMF was added dropwise via syringe.

Within 5 min after addition,  the initially  lively formation of gases slowed down, and the

initially turbid solution became again transparent. The solution was stirred for 2 h at room

temperature. Then the solvent and the residual oxalyl chloride were removed at the rotavapor

to provide the corresponding crude acid chloride as brown oil (approximately 2.6 g).

Next, 50 mL of DCM and 3.35 mL of triethylamine were charged into a 250mL round bottom

flask along with a magnetic stir bar. Then, either 2.37 mL (2.04 g, 23.94 mmol, 1.20 equiv) of

piperidine, or 1.97 mL (1.69 g, 23.82 mmol, 1.19 equiv) of pyrrolidine, was added. The sorbic

acid chloride prepared as described above was transferred into dropping funnel with 30 mL of

DCM and a drying tube with soda lime pellets was fitted at the on the top of the funnel. The

mixture was stirred and cooled to 0 °C using an ice bath. The sorbic acid chloride solution

was added dropwise into the precooled mixture at a rate of 1 drop/second. White smoke was

observed within the reaction flask during the addition. After the addition was completed, the

reaction mixture was stirred for 1 h. The mixture was evaporated to dryness at the rotavapor,

allowing the bath temperature to rise to 40 °C at the end of the evaporation. The dry residue

was transferred into a 250mL extraction funnel with 100 mL of ethyl acetate and 40 mL of 1M

HCl.  After  phase  separation,  the aqueous phase  was removed and the  organic  phase  was

washed with 1.0 M HCl (40 mL), saturated aquous NaHCO3 (2 x 40 mL) and brine (2 x 40

mL). The ethyl acetate phase was passed through a plug of magnesium sulfate for drying, and

evaporated to dryness at the rotavapor. For N-sorboyl piperidine, 3.28 g (18.30 mmol, 91%)

of a white solid powder was recovered; and for N-sorboyl pyrrolidine, 2.70 g (17.74 mmol,

89%) of a white powder was obtained. Both reactions were repeated at the same scale to yield
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3.20 (17.85 mmol, 89%) g of N-sorboyl piperidine, and 2.56 (16.82 mmol, 84%) g of N-

sorboyl pyrrolidine. HPLC, LC-MS, NMR and IR data can be found in Appendix D for N-

sorboyl piperidine, and in Appendix E for N-sorboyl pyrrolidine.

8.5 Synthesis of piperonylic acid

The synthesis of piperonylic acid was scaled down from the procedure reported by Shriner

and Kleiderer.78 Briefly, a portion of 1.00 g (6.66 mmol, 1.00 equiv) piperonal was weighed

into a 250mL Erlenmeyer flask and 25 mL of MQ-water was added. The flask was placed in a

water bath with magnetic stirrer. Potassium permanganate 1.50 g (9.49 mmol, 1.43 equiv) was

weighed into another 250mL Erlenmeyer flask and 30 mL of MQ-water was added. The water

bath was heated to 75 °C. The potassium permanganate solution was then added slowly via a

Teflon capillary over 40 min to the vigorously stirred piperonal suspension. After completed

addition, the reaction mixture was stirred for an additional 1 h, forming brown precipitate.

While still hot, the mixture was filtered through a large pore cellulose filter, and washed twice

with 20 mL of hot MQ-water. The filtrate was allowed to cool to room temperature, and then

centrifuged for  20  min  at  4000 rpm.  The supernatant  liquid  was transferred  to  a  250mL

extraction  funnel.  To  the  solution,  20  mL of  0.1  M NaOH was  added,  and  the  residual

piperonal was extracted with 50 mL of ethyl acetate. The aqueous phase was transferred into a

250mL Erlenmeyer flask along with a magnetic stir bar. While stirring, about 60 drops of

conc. HCl were added, causing the product to precipitate. The precipitate was isolated by

filtration through a glass filter funnel, and washed with 3 mL of ice-cold MQ-water, yielding

658 mg (3.96  mmol,  59%)  of  a  white  solid.  The  material  was  recrystallized  in  a  40mL

headspace vial by adding 6 mL of 95% ethanol, dissolution of the solid in the sealed vial by

warming with a heat gun, and storing the vial at 4 °C for 2 days. The crystals were isolated by

filtration, and dried at 60 °C to yield 560 mg (3.37 mmol, 51%) of white solid. HPLC, LC-MS

and IR data are found in Appendix F.
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8.6 Synthesis of piperettine and piperettyline

Synthesis of piperettine and piperettyline was adapted from the patent literature describing the

preparation of the condensation of piperonal with crotonic acid amides.74 Aluminum foil was

used to exclude light from the reaction mixtures throughout the process. Into a 25mL pear-

shaped boiling flask (referred to  as addition flask),  300 mg (2.00 mmol,  1.00 equiv*)  of

piperonal was weighed, followed by either 358 mg (2.00 mmol, 1.00 equiv) of N-sorboyl

piperidine;  or  330 mg (2.00  mmol,  1.00  equiv)  of  N-sorboyl  pyrrolidine.  Then,  a  2  mL

volume of DMSO was added, and the solids were dissolved using by warming with a heat

gun. Next, a 100 mg portion of KOH was weighed into a 25mL round bottom flask (referred

to as reaction flask), followed by addition of 2 mL of DMSO and an egg-shaped stir bar. The

flasks were connected with a Teflon capillary guided through two rubber septa. Two syringe

needles  were  pierced  through the  septa  to  allow purging of  the  two-flask  assembly  with

nitrogen.  The reaction  flask was placed into a  room temperature  water  bath,  and syringe

barrels  packed  with  soda  lime  pellets  were  fitted  to  both  needles  to  ensure  moisture

protection. The reaction flask was protected from light by wrapping with aluminum foil. The

capillary was pushed into the tip of the pear-shaped addition flask, which was then moved to a

position approximately 10 cm higher than the round bottomed reaction flask. The addition

was started by applying air pressure via the needle to the pear-shaped addition flask using a

syringe.  As soon the capillary was filled with solution and dropping of liquid into the stirred

reaction flask had started, the height of the addition flask was readjusted in such a way that

the addition of the reactants would be completed within a 15 min period. The color of the

reaction mixture turned from an initially clear solution to yellow and quickly to dark reddish-

brown. After all of the solution had been transferred from the pear-shaped addition flask, the

solution still trapped in the capillary was slowly pushed into the reaction flask by adding air

pressure with a syringe. The mixture was stirred for further 1.5 h (for piperettine) and 1 h (for

piperettyline), respectively. With progressing reaction time, the the reaction mixture became

very viscous, so that the initially chosen stirring rate had to be readjusted to a higher setting.

Using this procedure, in total 3 batches (for piperettine) and 2 batches (for piperettyline) were

prepared. The second batches were prepared in the same way but at double scale. The reaction

mixtures were stored in -20 °C freezer until workup.
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For workup, the corresponding batches were combined into a 500mL separation funnel, and

120 mL of MQ-water and 100 mL of toluene were added. The reaction flasks were rinsed with

65 mL of toluene and 30 mL of 2M HCl, and the rinse solutions were also added into the

separation funnel. The combined phases were thoroughly mixed by shaking, and then allowed

to separate. To remove the dark, resinous precipitate appearing in the organic phase, the latter

was filtered through a plug of silanized glass wool. In the case of piperettyline, the aqueous

phase was extracted with two more portions of toluene (75 and 68 mL, respectively). The

toluene phases were combined, and sequentially washed with mL MQ-water (3 x 50 ml), 5%

aqueous sodium hydrogen carbonate (3 x 40 mL), and brine (2 x 30 mL). The toluene phases

were then dried with magnesium sulfate,  and evaporated to dryness to yield 1.559 g of a

brown solid for piperettine, and 1.430 g of a brown solid for piperettyline.

The preparative chromatographic purification of the crude alkaloids was performed using a 6

cm diameter column equipped with a built-in glass filter plate and TelfonTM valve. For column

packing, a slurry was prepared from 50 g of silica gel (40 to 63 μm) and 500 mL of mobile

phase. For piperettine, toluene was used, and for piperettyline a mixture acetone and toluene

(10:1,  v/v)  was  employed as  initial  mobile  phase,  respectively.  The  silica  gel  slurry  was

transferred into the column via a funnel, the valve was opened and the eluting mobile phase

was collected and reapplied onto the column until the silica gel had homogeneously settled.

The height  of  silica  gel  bed  was 6 cm.  Next,  a  sufficient  amount  of  sand was  added to

generate  a 1.5 cm top layer.  The mobile  phase level  was lowered just  to  the upper  sand

boundary, and the piperettine or piperettyline raw materials, dissolved in 25 mL of toluene

(for piperettine) or toluene-acetone mixture (10:1, v/v, for piperettyline), were applied to the

column via a Pasteur pipette, respectively. Then, elution was started, and 50 mL fractions

were collected in 100mL Erlenmeyer flasks. In case of piperettine, after 500 mL, the initial

mobile phase was changed to a mixture (1:19, v/v) of acetone and toluene. The fractions were

monitored by spotting small volumes of the fractions onto TLC plates, and as soon as UV-

quenching spots were detected, the fractions were wrapped in aluminum foil. For piperettine,

after collection of 1.5 L of elutate, the mobile phase was changed to a mixture acetone-toluene

(1:9, v/v) to speed the elution. For piperettyline, the mobile phase composition was changed

to  a  acetone-toluene  mixture  (1:9,  v/v)  after  800  mL.  All  TLC-positive  fractions  were

analyzed with HPLC by taking a  50  μL sample  of  the  respective  fraction,  removing the
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solvent under a stream of nitrogen, and reconstituting with 0.5 mL of ACN. After completed

elution,  the fractions  consisting  mainly of  isomerically  pure product  were combined,  and

evaporated under reduce pressure. This gave 691 mg (2.22 mmol, 37%) of piperettine, and

743  mg  (2.50  mmol,  41%)  of  piperettyline.  These  materials  were  further  purified  by

recrystallization  from  14  mL of  an  ethyl  acetate-heptane  mixture  (50:50,  v/v)  in  40mL

headspace  vials.  The  solids  were  dissolved by heating  the  sealed  vials  with  hot  air  gun,

allowed to cool to ambient temperature, and then stored at 4 °C in a fridge for 24 h. The

crystals  were  isolated  by  filtration  and  washed  with  precooled  mixture  of  ethyl  acetate-

heptane mixture (50:50, v/v). After drying at 60 °C, for piperettine 626 mg (2.01 mmol, 34 %,

MP: 150 °C) of yellowish brown crystsals were obtained; and for piperettyline 637 mg (2.14

mmol, 35%, MP: 153 °C) brightly yellow needles obtained. The molar absorbance coefficient

of piperettine in ACN was determined as 56700 mol-1cm-1 at the absorption maximum at 356

nm; and 64200 mol-1cm-1 at the absorption maximum at 355 nm for piperettyline. HPLC, LC-

MS, NMR, IR and UV-Vis data can be found in Appendix G for piperettine and in Appendix

H for piperettyline.

*2.00 equiv of piperonal is recommended for higher yields.

8.7 Optimization of piperettine and piperettyline synthesis

To improve the yields, additional synthesis experiments were carried out with excess amounts

of piperonal  relative to  the sorbic  acid amides.  When 1.50 equivalents  of  piperonal  were

employed, the reaction yield was increased from 38% to 63%, and with 2.0 equivalents, the

reaction  yield  was  further  increased  to  68%.  In  the  case  of  piperettyline,  using  2.00

equivalents  of  piperonal  increased  the  yield  from 41% to  68%.  The crude  yield  was  for

piperettine 378 mg (1.21 mmol, 63%) and for piperettyline 422 mg (1.42 mmol, 72%). After

chromatographic  isolation  and  recrystallization,  the  final  yield  for  isomerically  pure

piperettine was 326 mg (1.05 mmol, 54%) and for piperettyline 368 mg (1.24 mmol, 62%).

The elution profiles corresponding to the preparative chromatographic purification of these

batches are given in Appendix I.
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8.8  Column screening for isomerized piperettine and piperettyline

For these experiments,  ACN solutions  containing 1.0 mg/mL piperettine and piperettyline

were employed. To generate mixtures of the respective isomers, 1.0 mL volumes of these

stock solutions were transferred into clear glass HPLC vials, and then exposed for 2 h to

bright sunlight shining through a doubled layered glass window. Screening experiments were

conducted  using  C18,  Chiralpak  IA,  Chiralpak  IB,  Chiralpak  IC,  biphenyl  and

pentafluorophenyl columns as stationary phases. Information on source and geometry of the

employed columns can be found in Table 6. Isocratic methods composed of ACN-MQ-water-

FA were employed as mobile phases, with the ACN content ranging from 30% to 60% (v/v).

8.9  Photostability and thermal stability of piperettine and piperettyline

The isomerization kinetics of the alkaloids upon exposure to sunlight were conducted with 1.0

mg/mL ACN  solutions  of  isomerically  pure  piperettine  and  piperettyline.  The  exposure

experiments were conducted by transferring the stock solution into clear glass HPLC vials,

sealing the vials  with septum caps,  and exposing them to bright sunlight  shining through

double  layered  window  glass.  The  distance  between  the  window  and  the  vials  was

approximately 5 cm.  Complementary exposure experiments were also conducted using UV-

filtering amber HPLC vials.

For testing the photostability of alkaloids in crystalline state, 1.0 mg amounts of the solid

alkaloids were spread in a thin layer at the bottom of clear glass HPLC vials, and exposed to

sunlight for 24 h in the same manner as described above.

Solvent  effects  on the photostability  were studied with 1.0 mg/mL stock solutions  of  the

isomerically  pure  alkaloids  prepared  in  ACN,  MeOH  and  toluene.  These  solutions  were

transferred into clear glass HPLC vials, and then exposed side-by-side to bright sunlight for 3

minutes.
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In-lab  photostability  was  studied  by  allowing  1.0  mg/mL  ACN  stock  solutions  of  the

isomerically pure alkaloids contained in clear glass HPLC vials to sit on a table being either

exposed to ceiling LED light, or positioned at shadowy spot, in both cases for 24 h. During

these  experiments  the  window  shutters  were  closed  to  avoid  simultaneous  exposure  to

sunlight.

The thermal stability of the alkaloids were studied by charging clear glass HPLC vials with

1.0 mg/mL solutions of the isomerically pure compounds in ACN, MeOH and toluene, and

sealing them tightly with septum caps. Then, these vials were incubated at 65 °C in a GC-

oven for either 2 h or 24 h under strict exclusion of light. The thermal stability of the alkaloids

in MQ-water-ACN-FA (40-60-0.05, v/v),  i.e.  in an typical RP mobile phase medium, was

evaluated in the same way by incubating the solution at 65 °C for 2 h.

8.10  Separation of all possible piperettine isomers using off-line 2D-LC

A sample solution containing all possible geometric isomers of piperettine was produced by

exposing  2.0  mL of  a  10  mg/mL solution  of  piperettine,  contained  in  a  sealed  40  mL

headspace vial, to 254 nm light for 20 h, using a TLC lamp. The resultant mixture of isomers

was injected repeatedly (15 μL x 15 runs) into a Luna C18 column (100 x 3.0 mm i.d.)

operated with a mobile phase consisting of ACN-Water-FA (40-60-0.05, v/v). The three peaks

of the isomer cluster were isolated preparatively by manual heart cutting at 50% signal height,

with collection being guided by the UV-detector response at 280 nm. The heart cut fractions

(C18 fraction 1; C18 fraction 2; and C18 fraction 3) were dried at ambient temperature with

stream of nitrogen under strict exclusion of light, and reconstituted into 500 μL ACN. The

concentrated fractions were reinjected (20 μL) into a Chiralpak IA (150 x 4.6 mm i.d.) column

employing a dedicated RP gradient  (see Appendix A, Method C) to resolve fraction C18

fraction 1 into 5 isomer peaks; fraction C18 fraction 2 into 2 isomer peaks; and fraction C18

fraction 3 was found to give a single peak, i.e. was present as pure isomer.
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8.11 Sample preparation of the investigated pepper fruit samples

The analyzed  pepper  fruit  samples  were  purchased from local  retailers  and markets,  and

included samples of black, white, green, and red long pepper, respectively. In addition, from

the black pepper sample, a core and crust fraction was prepared by manually peeling the crust

from 25 randomly selected seeds with an art knife. Information on the investigated samples

with regard to the type of pepper, source and identifier code is given in Table 7.

Table 7 Pepper fruit samples analyzed within the thesis research project.

Sample Source Code

Black Pepper Whole Priima, Tokmanni BP090921

Black Pepper Whole Priima, Tokmanni BP-core

Black Pepper Whole Priima, Tokmanni BP-crust

Black Pepper Whole TRS Asia’s Finest Foods BP070919-2

White Pepper Whole Priima, Tokmanni WP170921

White Pepper Whole East End WP070919-2

Green Pepper Whole Priima, Tokmanni GP170921

Red Long Pepper Whole Gewuerzeck, Naschmarkt, Vienna RLP010619-1

For  liquid  extraction  of  pepper  fruits,  a  in-house  method  developed  in  previous  pepper

alkaloid studies was employed.79 First, the pepper fruit samples were minced with a coffee

blender into fine powders (particle size < 200 μm). A 2.000 g amount of the respective milled

sample  (~0.7  g  for  core  and ~0.6  g  for  crust  fractions)  was  accurately  weighed  into  an

cellulose extraction thimble, and secured in place with a plug of cotton wool. The extraction

thimble was then transferred into a hot extraction adaptor, which was fitted onto of 100mL

round-bottom flask containing a 2cm egg-shaped magnetic bar. A 70 mL volume of MeOH

was poured into the sample-loaded extraction thimble.  A heating mantle was fitted to the

boiling flask of the apparatus, and a reflux condenser to the extraction adaptor. The solvent in

the extraction flask was heated to reflux with magnetic stirring for 2 h. The entire extraction

apparatus  was  wrapped  with  aluminum foil  for  light  protection.  After  completion  of  the

extraction, the extract was allowed to cool to room temperature. The extract was transferred
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quantitatively into a 100mL volumetric flask (50 mL volumetric flasks for core and crust

samples), filled to the mark with MeOH, and homogenized by shaking. The extracted pepper

fruit samples were stored in room temperature with exclusion of light.

Subsequently, a sample clean-up step involving C18 RP SPE was conducted to separate the

analytes  of  interests  from  the  residual  matrix  components.  This  was  done  by  slightly

modifying the original procedure by adding an additional elution step (with ACN-MQ-water,

55-45, v/v).79 Briefly, the sample for the SPE procedure was prepared by transferring 2.000

mL of the pepper fruit extract into a 10mL volumetric flask, which was then filled with MQ-

water, and homogenized by shaking. Then, a 100 mg C18 SPE cartridge was conditioned with

2 mL of ACN and 2 mL of MQ-water, after which 1.00 mL of the diluted crude extract was

loaded.  Defined volumes of  ACN-MQ-water  mixtures  of  increasing elution  strength were

applied to the cartridge, and fraction were collected according to the elution protocol detailed

in Table 8. The sample for subsequent HPLC analysis were obtained by removing the solvent

from fraction F3 with a stream of N2 gas under exclusion of light,  and reconstituting the

residue into 0.8 mL of ACN.

Table 8 RP SPE procedure for crude pepper fruit extracts.

Fraction Volume (mL) Mobile phase (ACN-MQ-water, v/v)

F1

2 20-80

1 30-70

2 35-65

F2 3 40-60

F3 1 55-45

F4 5 0-100

72



8.12 Qualitative analysis of selected alkaloids in black pepper fruit extracts

Qualitative analysis of alkaloids in black pepper extracts were conducted using HPLC. For

retention time-based identification of alkaloids, first 1.0 mg/mL ACN standards solution of

piperine, piperyline, piperlonguminine, piperettine and piperettyline were prepared. In-house

synthesized standard materials for piperine, piperyline and piperlonguminine were available

from previous studies.79,80 The black pepper extracts as well as the standard solutions were

analyzed by HPLC before and after 2 h of sunlight exposure. The extracts obtained from the

core and crust fractions of black pepper fruits were also analyzed under the same conditions to

elucidate potential compartmentalization of the alkaloids within the seeds.

8.13 Quantification of piperettine in pepper fruit samples

The quantitative analysis of piperettine in the selected pepper fruits samples, including the

core  and crust  fractions  from black  pepper  fruits,  was  performed by HPLC employing a

Chiralpak  IB  column.  Quantitation  of  piperettine  was  based  on  an  external  calibration

function with 0.01, 0.05 and 0.1 mg/mL ACN standard solutions.

8.14 LC-MS identification of reaction byproducts

The structure of byproducts formed during of piperettine synthesis was investigated by LC-

MS.  For this purpose, the crude DMSO reaction mixture was diluted with ACN (100 mg with

10 mL ACN), filtered through a 0.2 micron syringe filter, and analyzed by an improvised

HPLC-UV/ESI-IT-MS setup. To obtain quasi-simultaneous signal output from both detection

devices, a homemade post-column splitter was constructed, consisting of a T-unit and peek

tubings  of  appropriate  length  and  diameter.  The components  of  the  post-column splitting

device were optimized to  deliver  approximately 70% of  the post-column flow to the UV

detector, and 30% to the ESI-IT-MS. In addition to the reaction mixture, standard solutions of

piperettine, piperettyline, piperonal, N-sorboyl piperidine, N-sorboyl pyrrolidine, piperonylic

acid, and in-house available piperonyl alcohol were also analyzed. The HPLC and LC-MS

data for the piperonyl alcohol are found in Appendix J.

The  formation  of  dimerization-type  byproducts  through  sunlight  exposure  of  crystalline

piperettyline was confirmed using HPLC-ESI-QqQ-MS, essentially the same employing the

LC-MS conditions as for the HPLC-UV/ESI-IT-MS experiments.
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9 Results and Discussion

9.1 Synthesis of piperettine and piperettyline

Piperettine  and piperettyline  of  analytical  standard  quality  were  required  for  the  planned

analytical study of pepper fruits. These are rare chemicals and were commercially unavailable

at the time of this research project. Therefore, it was decided to prepare these the standards in-

house. Several synthesis approaches have been reported in the literature, as outlined in detail

in Chapter 7. Unfortunately, essentially all of these approaches suffer from limitations with

regard of efficiency, the need for expensive of starting material, considerable number of steps,

and  relatively  poor  overall  yields.  The  synthetic  approach  developed  in  this  thesis  was

inspired  by  procedures  accessing  the  target  alkaloids  via  an  aldol-type  condensation  of

piperonal with the respective sorbic acid amide.63,66,73 The new synthesis approach is outlined

in Scheme 6, and the individual steps shall be discussed in the following in more detail.

The synthesis of protocatechuic aldehyde from vanillin according to the procedure of  Lange73

using an AlCl3-pyridine complex in DCM worked well. However, the literature protocol was

modified  concerning  the  post-reacting  quenching  step  to  improve  both  operational

convenience and safety. Specifically, the described quenching procedure recommending the

addition of aqueous acid to reaction mixture was very exothermic, causing boiling, and led in

our hands to the formation of a difficult-to-dissolve precipitate that adhered firmly to the wall

of reaction flask. Inverse addition quenching, involving slow introduction of reaction mixture

to precooled aqueous acid avoided this complication, and allowed for convenient control of

the exothermic nature of the process. Based on HPLC analysis, the yield of product after ethyl

acetate extraction was 88%, which is consistent with literature. However, some material was

lost in the subsequent recrystallization step, with final yield amounting to 78%. The measured

melting point of the prepared materials (155 °C) was consistent with literature data (155 °C).81

The  preparation  of  piperonal  following  the  procedure  by  Wang  et  al.76 proceeded  very

satisfactory.  The  reaction  involved  the  alkylation  of  protocatechuic  aldehyde  with

dibromomethane in presence of potassium carbonate. The crude product contained a minor

amounts  of  inorganic  impurities,  which  could  be  easily  removed by dissolving  the  crude

material in a less polar solvent and filtration. Subsequent Kugelrohr distillation effectively
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removed minor amount of polymeric condensation products, yielding piperonal in high purity

as a white  crystalline solid.  The measured melting point  (35 °C) was consistent  with the

literature (35 – 36 °C).82 Gratifyingly, two consecutively performed runs produced essentially

the same yield (90 and 94%).

The literature protocols described for the preparation of the sorboyl amides typically include

the formation sorbic acid chloride and the subsequent reaction with piperidine or pyrrolidine.

The  protocols  reported  by  Venkatsamy  et  al.73,  Dawid  et  al.63 and  Nandakumar  et  al.66

delivered  moderate  yields.  Inspection  of  these  protocols  revealed  that  rather  forcing

conditions were employed for the preparation of the acid chloride (excess SOCl2 and heating),

which may compromise product stability. For this reason, we adopted the milder conditions

((COCl)2-DMF) reported by Hata  et al.77. This approach employs a close-to-stoichiometric

amount  of  the  chlorination  agent,  and  is  performed  at  ambient  temperature.  For  the

subsequent amidation reaction, we used an inverse addition protocol (adding the acid chloride

to the amine) at low temperature, ensuring fast conversion of the acid chloride to the products,

thus suppressing potential ketene formation, double bond rearrangement and isomerization.

Implementing these modification enhanced the yields (89 – 91%) of the N-sorboyl piperidine

considerably as compared to the literature protocol (58%).65 The modified protocol worked

similarly well for N-sorboyl pyrrolidine, giving with similar yields (84 – 89%). The product

could be easily isolated by a simple extractive workup, with the respective amides  being

obtained  as  crystalline  materials  and  in  high  purity.  NMR  spectra  of  both  compound

demonstrated  that  neither  double  bond  migration  nor  isomerization  had  occurred.  It  is

important to note that the compounds can be stored at -20 over for extended periods without

decomposition. However, when stored at ambient temperature on air and being exposed to

day light, the initially colorless and crystalline amides turned quickly into brown oils, most

probably due to oxidation, condensation or polymerization processes. However, because of

time constraints, these stability issues could not be further investigated.

Small  amounts of piperonylic acid was required as standard material  for the study of the

potential  byproducts  formed in the final  step  of  our  alkaloid  synthesis.  Therefore,  it  was

synthesized following a literature procedure of Shriner and Kleiderer.78 This reaction involved

the oxidation of piperonal with an aqueous solution of potassium permanganate. As only a
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small amount of the acid was required, the literature protocol was down-scaled. The yield of

piperonylic  acid  obtained  at  this  reduced  scale  was  modest  (51%)  as  compared  to  that

reported for the large-scale literature procedure (78 – 84%).78 This could have been caused by

the use of different reactor types and mixing modes (magnetic vs mechanical stirring). Under

our conditions, stirring may not have been as vigorous as in the literature protocol. Thus, the

required level of dispersion of (the poorly water soluble) piperonal in the aqueous reaction

medium may not have been efficient enough. The melting point of the piperonylic acid could

not be measured, because the compound decomposed prior melting.

Next, with the required reactants in hand, the synthesis of piperettine and piperettyline by a

base-catalyzed aldol-type condensation of the respective sorbic acid amides with piperonal

was investigated. The reaction was carried out by slow addition of a DMSO solution of the

amides and piperonal to a stirred mixture of KOH in DMSO at ambient temperature. The

mixture was sampled at  defined reaction times and analyzed by HPLC. The kinetic plots

representing the level of product formed with progressing reaction time are shown in Figure

21.  The  product  concentration  increased  rapidly  in  the  initial  phase  of   substrate/reagent

addition, but started leveling off after 40 min. The chromatograms of the reaction mixture

showed  a  crowded  peak  cluster,  within  the  targeted  alkaloids  represented  the  major

components (90% and 95% for piperettine and piperettyline, respectively). The reaction of

piperonal with N-sorboyl pyrrolidine was faster than that with the corresponding piperidine

derivative,  which could be a consequence of the different stability/reactivity of the amide

enolate intermediates. It is worth mentioning that the products were remarkably stable in the

reaction mixture for extended periods, when protected from light.
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Figure 21 Reaction kinetics of the aldol-type condensation reaction forming piperettine (blue)

and piperettyline (red). Note that the addition of the piperonal/sorbic acid amide mixture was

completed after 15 min.

The isolation  of  the  formed alkaloids  was accomplished by organic-aqueous  liquid-liquid

extraction.  Toluene was chosen as a suitable organic extraction solvent because it  showed

satisfactory solution power for the target alkaloids, and because of its low tendency to co-

extract  DMSO  from  aqueous  solutions.83 The  crude  products  obtained  by  liquid-liquid

extraction were further purified with preparative column chromatography, using silica gel and

toluene-acetone mixtures as stationary and mobile phase, respectively. The chromatographic

step removed approximately half of the crude mass, and increased the stereochemical purity

by  removing  considerable  fractions  of  the  contaminating  isomers  (rising  the  content  of

piperettine and piperettyline to 95% and 98% respectively). Toluene was a prudent choice of

mobile  phase  solvent,  as  it  could  be  efficiently  recycled  through  distillation  and  reused.

Finally,  the  chromatographically  prepurified  alkaloids  were  recrystallized  from  ethyl

acetate/heptane  mixtures  to  provide  the  chemically  and  isomerically  pure  piperettine  and

piperettyline.

During the chromatographic analysis of the reaction kinetics, it was noticed that piperonal

was consumed at a significant higher rate than the corresponding amides. Interestingly, when

a control experiment in absence of the sorbic acid amide was conducted, the piperonal was
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also consumed at an appreciable rate. This indicated the existence of a reaction competing

with  the  productive  pathway.  HPLC  analysis  of  the  reaction  mixture  after  spiking  with

piperonylic  acid  and piperonyl  alcohol  were  conducted  to  test  whether  the  aldehyde was

consumed  through  a  parasitic  Cannizzaro  reaction.  Neither  of  these  molecules  could  be

detected  in  the  reaction  mixture.  Instead,  the  aldehyde  appeared  to  be  reacting  with  the

solvent (DMSO). This prompted us to perform a new series of experiments  in which the

molar amount of aldehyde was systematically increased relative to that of the sorbic acid

amides. Indeed, these runs returned considerably higher yields of the desired products. It was

also observed, that under excess aldehyde conditions, more amide was converted into product,

which resulted in a cleaner and more convenient workup of the reaction mixture. Specifically,

the amount of resinous precipitates (probably formed through oligo/polymerization of residual

sorbic acid amides, and complicating the liquid-liquid extraction steps) was reduced. Another

option  to  increase  the  product  yields  could  have  been  to  reduce  the  amount  of  DMSO.

However,  this  option  was not  pursued as  it  would  probably  have  caused issues  with  the

stirring of the already quite viscous reaction mixtures.

Deeper  insights  into  the  nature  of  the  piperonal-consuming  side  reaction  was  gained  by

analyzing the  crude  reaction  mixture  by HPLC-UV/ESI-IT-MS.  Under  positive  ionization

conditions, 5 strong signals were detected in the total ion chromatogram. Figure 22 shows an

overlay of the extracted ion chromatograms, and Figure 23 to 27 give the integrated mass

spectra corresponding to these peaks. Two of these signals (Peak 1 and Peak 5) could be

readily  identified  as  the  solvent  (DMSO,  79.1  m/z,  [M-H]+)  and  the  target  compound

(piperettine, 312.1 m/z, [M-H]+) based on the observed molecular ion masses, and through

subsequent spiking experiments. The other peaks (Peak 2 to 4) were interpreted to represent

products emerging through a base-catalyzed piperonal-DMSO condensation and subsequent

decomposition  reactions.  Specifically,  Peak  2  was  assigned  the  structure  of  the  primary

piperonal-DMSO condensation product (“hydroxy-sulfoxide”), being represented in the mass

spectrum with 250.9 m/z, i.e. as the [M-Na]+ species; Peak 4 and Peak 3 with 210.9 and 226.9

m/z were interpreted as the corresponding water elimination product, and its oxidized form

(“styryl-sulfoxide” and “styryl-sulfone”), both being detected as [M-H]+ ions.
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Figure  22 Overlay  of  extracted  ion  chromatogram  of  compounds  detected  in  the  crude

piperettine  reaction  mixture.  Starting  from left  DMSO (1),  hydroxy-sulfoxide  (2),  styryl-

sulfoxide (3), styryl-sulfone (4) and piperettine (5).  Chromatogram recorded on Luna C18

(100 x 3.0 mm i.d.) with Method B (for details see Appendix A).

Figure 23 Integrated total ion chromatogram for peak 1 (DMSO).
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Figure 24 Integrated total ion chromatogram for peak 2 (hydroxy-sulfoxide).

Figure 25 Integrated total ion chromatogram for peak 3 (styryl-sulfone).

Figure 26 Integrated total ion chromatogram for peak 4 (styryl-sulfoxide).
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Figure 27 Integrated total ion chromatogram for peak 5 (piperettine).

A schematic representation of the proposed piperonal-depleting mechanisms consistent with

the combined experimental evidence is represented in Figure 28: KOH deprotonates DMSO,

and  forms  a  carbanioic  species  which  attacks  the  aldehyde  to  form  the  corresponding

hydroxyl-sulfoxide  condensation  product.  The  latter  then  undergoes  base-catalyzed

dehydration to the corresponding styryl-sulfoxide, which may suffer oxidation to the styryl-

sulfone under the aerobic conditions used for sample preparation and/or reaction workup. A

subsequent literature search with focus on base-catalyzed condensation between aldehydes

and DMSO provided confirmative evidence for this  pathway. Specifically,  the reaction of

piperonal with DMSO has been reported by Russell et al.84 However, these authors employed

for  this  condensation  reaction  sublimated  potassium  tert-butoxide as  a  base  and  strictly

anhydrous conditions, and succeeded in isolating the formed hydroxyl-sulfoxide in 21% yield.

The  authors  mentioned  that  under  more  drastic  reaction  conditions,  formation  of  the

corresponding  styryl-sulfoxide  may  occur.  The  fact  that  the  respective  products  are  also

formed  under  the  conditions  employed  in  our  synthesis  is  remarkable,  especially  when

considering that the employed solid KOH did contain about 8% of water, and no efforts were

made to dry DMSO prior to use.
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Figure 28 Proposed reaction of piperonal with KOH/DMSO leading to “hydroxy-sulfoxide”,

and the corresponding decomposition products.

9.2 Column screening of piperettine and piperettyline isomers

The chromatographic separation of all possible double bond isomers of polyene-type natural

compounds  is  considered  a  challenging  task  in  analytical  chemistry.  To  the  best  of  our

knowledge,  this  has  not  been successfully  achieved for  piperettine.  An earlier  attempt  to

separate piperettine isomers in pepper fruit extracts with LC-MS let only to partial separations

(4 peaks out of 8 observed), and was severely hampered by lack of piperettine and isomer

standard materials.68

Considering these limitations, in this research project a more comprehensive chromatographic

screening approach was adopted, employing in addition to conventional C18 RP stationary

phases  other  options,  namely  a  set  of  cellulose  and amylose  phenylcarbamte-based chiral

stationary phases (Chiralpak IA, Chiralpak IB and Chiralpak IC); and the PFP and the BP

columns. Chiral stationary phases incorporate ligands that can form simultaneously multiple

non-covalent interactions with analytes, typically in a stereoselective manner. While having

been  initially  developed  for  the  separation  of  enantiomers,  chiral  stationary  phases  are

appreciated  for  expressing  selectivity  profiles  unattainable  with  conventional

chromatographic tools, and are often successfully employed to particularly difficult separation

challenges. In contrast to conventional RP stationary phases featuring immobilized n-alkane
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ligands,  the  aromatic  ligands  embedded  in  PFP and  BP phases  provide  additional  pi-pi

interactions, enhancing the selectivity for certain classes of olefinic and aromatic analytes.

Unfortunately,  however,  both  the  PFP and BF column performed poorly  under  the  tested

conditions, and producing only broad clusters of unresolved peaks, and thus were omitted.

The screening results are summarized in Table 9. The respective chromatograms can be found

in Appendix K. The conventional C18 reversed phase produced clusters with 3 and 4 partially

resolved peaks for piperettine and piperettyline, respectively. Gratifyingly, the chiral columns

provided  very  promising  separations  for  the  isomeric  mixtures,  giving  elution  profiles

consisting up to 6 well-resolved peaks within favorably short run times.  However, none of

the chiral columns was able to resolve all 8 isomers of piperettine.

Table  9 Best  case  results  for  the  screening  experiments  for  piperettine  and piperettyline

isomers: Stationary and mobile phases employed, retention times of isomer peak cluster, and

number of (partially) resolved isomer peaks.

Compound C18 Chiralpak IA Chiralpak IB Chiralpak IC

Piperettine
Method: 40% ACN

Number of peaks: 3

RT: ~10 min

Method: 60% ACN

Number of peaks: 6

RT: ~20 min

Method: 50% ACN

Number of peaks: 5

RT: ~15 min

Method: 40% ACN

Number of peaks: 6

RT: ~30 min

Piperettyline
Method: 40% ACN

Number of peaks: 4

RT: ~5 min

Method: 50% ACN

Number of peaks: 6

RT: ~25 min

Method: 50% ACN

Number of peaks: 5

RT: ~10 min

Method: 50% ACN

Number of peaks: 5

RT: ~20 min

Therefore, an off-line 2D-LC approach utilizing two complementary stationary phases, i.e. a

C18 and a Chiralpak IA, was adopted. For this 2D-LC experiment, a 10 mg/mL ACN solution

of piperettine was radiated with a TLC-lamp at 254 nm for 20 hours to obtain a sample in

which  all  isomers  were  represented  at  significant  concentrations.  This  sample  was  first

injected into the C18 column and the three peaks of the isomer cluster (see Figure 29) were

collected individually by heart-cutting at 50% peak height. Multiple runs (15) we performed

to accumulate sufficient material for the 2nd dimension separation on the chiral stationary

phase.  The  collected  fraction  were  dried  under  nitrogen  and  exclusion  of  light,  and

reconstituted  in  500  μL  of  ACN.  The  chromatograms  obtained  on  Chiralpak  IA upon

reinjection of the individual C18 fractions are given in Figure 30. The top chromatogram

gives the elution profile of the isomer mixtures on Chiralpak IA, producing 7 well resolved
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peaks for the isomers. The chromatogram second from the top corresponds to the first C18

fraction  reanalyzed  on  Chiralpak  IA,  featuring  5  well  resolved  isomers,  with  one  being

present only in minute amounts (2nd peak). The chromatogram third from top corresponds to

the second C18 fraction,  which gave two well  resolved peaks, and the third C18 fraction

produced only a single peak, indicating that this isomer eluted as a pure isomer even at the

C18 column. To the best of our knowledge, this is the first complete separation of all possible

piperettine double bond isomers reported.

Figure 29 Chromatogram of photoisomerized piperettine. Chromatogram recorded on Luna 

C18 (100 x 3.0 mm i.d.) with Method A (for details see Appendix A).
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Figure  30 Chromatograms  demonstrating  the  separation  of  all  piperettine  isomers  by

reinjection  of  the  fractions  obtained  on  the  C18  column.  Top:  Isomeric  mixture  of

photoisomerized piperettine. Second from top: C18 fraction 1. Third from top: C18 fraction 2.

Bottom: C18 fraction 3.  Chromatogram recorded on Chiralpak IA (150 x 4.6 mm i.d.) with

Method C (for details see Appendix A).

9.3 Thermal and photostability studies for piperettine and piperettyline

In the early phase of light exposure (first 5 min), mainly 2 isomers were observed, indicative

of significant differences in the activation energies of the individual isomerization pathways.

Appreciable amounts of two additional  isomers appeared after  1 h,  and after  24 hours of

exposure, the isomer clusters consisted of peaks of comparable intensity. Peak asymmetries

and shoulders pointed to the presence of other yet unresolved isomeric species. At this stage,

additional  chromatographic  signals  eluting  outside  the  isomer  retention  window  started

appearing due to the formation of chemical degradation products. Remarkably, even after 24

hours the shape of the isomer clusters kept changing upon further exposure, a manifestation

that the isomerization equilibrium had not been achieved. However, no efforts were made to

extend the exposure studies beyond this time, as degradation products became increasingly

dominant  within the chromatograms.  In samples  exposed to  sunlight  over  two weeks the

isomer cluster had almost completely vanished, and a broad spectrum of both less and more

polar degradation products were detected.
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At ambient temperature, piperettine and piperettyline were found to be stable over extended

periods (>2 weeks) both in the crystalline state and as diluted ACN solutions, when stored

under strict  exclusion of light.  The same was true for the solids and solutions  in various

organic solvents (ACN, MeOH, toluene) when heated to 65 °C for 24 h. However, solutions

of both molecules are extremely sensitive to light, with isomerization starting within seconds

of sunlight exposure, even when passing through double layered UV-filtering window glass.

Chromatograms  of  ACN  solutions  in  sealed  clear  glass  HPLC vials  having  exposed  for

different periods are shown for piperettine is in Figure 31 and for piperettyline in Figure 32.

Figure  31 Chromatograms  of  piperettine  after  defined  times  of  sunlight  exposure  from

bottom to top: 0 sec, 5 sec, 20 sec, 1 min, 5 min, 1 h and 24 h. Chromatogram recorded on

Chiralpak IB (150 x 4.6 mm i.d.) with Method F (for details see Appendix).
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Figure 32 Chromatograms of  piperettyline  after  defined times of  sunlight  exposure from

bottom to top: 0 sec, 5 sec, 20 sec, 1 min, 5 min, 1 h and 24 h. Chromatogram recorded on

Chiralpak IB (150 x 4.6 mm i.d.) with Method F (for details see Appendix A).

When  followed  chromatographically  on  a  conventional  C18  column,  the  progress  in

isomerization  is  reflected  by  the  formation  of  3  peaks  for  piperettine  and  4  peaks  for

piperettyline. The first 2 isomers emerging upon light exposure can readily be detected with

this column for both alkaloids. The chromatogram obtained with the Chiralpak IB column for

piperettine after 1 min exposure is shown in Figure 33, the that observed with C18 column in

Figure 34. The corresponding information for piperettyline is displayed in Figure 35 and with

C18 in Figure 36.
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Figure  33 Chromatogram  of  piperettine  after  short-time  sunlight  exposure  (1  min).

Chromatogram recorded on Chiralpak IB (150 x 4.6 mm i.d.) with Method F (for details see

Appendix A).

Figure  34 Chromatogram  of  piperettine  after  short-time  sunlight  exposure  (1  min).

Chromatogram recorded on Luna C18 (100 x 3.0 mm i.d.) with Method A (for details see

Appendix A).
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Figure  35 Chromatogram  of  piperettyline  after  short-time  sunlight  exposure  (1  min).

Chromatogram recorded on Chiralpak IB (150 x 4.6 mm i.d.) with Method F (for details see

Appendix A).

Figure  36 Chromatogram  of  piperettyline  after  short-time  sunlight  exposure  (1  min).

Chromatogram recorded on Luna C18 (100 x 3.0 mm i.d.) with Method A (for details see

Appendix A).
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Storage of piperettine and piperettyline solutions in UV-filtering amber glass HPLC vials slow

down the photoisomerization processes significantly, but could not suppress them completely.

This  is  demonstrated  in  Figure  37  and  Figure  38,  comparing  the  chromatograms  for

piperettine and piperettyline in amber and clear glass HPLC after 5 min of sunlight exposure.

The corresponding information is given in Figure 39 and Figure 40 for 24 hours of sunlight

exposure.  Thus,  while  amber  HPLC vials  provide  some  level  of  sunlight  protection  for

solutions  of  these  alkaloids,  it  should  be  stressed  that  this  measure  in  insufficient  for  a

complete suppression of photoisomerization.

Figure 37 Chromatograms demonstrating the protective effect of UV-absorbing amber glass

HPLC vials for diluted piperettine solutions after 5 min of sunlight exposure. Blue: Clear

glass HPLC vial.  Red: Amber glass HPLC vial. Chromatogram recorded on Chiralpak IB

(150 x 4.6 mm i.d.) with Method F (for details see Appendix A).
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Figure 38 Chromatograms demonstrating the protective effect of UV-absorbing amber glass

HPLC vials for diluted piperettyline solutions after 5 min of sunlight exposure. Blue: Clear

glass HPLC vial.  Red: Amber glass HPLC vial. Chromatogram recorded on Chiralpak IB

(150 x 4.6 mm i.d.) with Method F (for details see Appendix A).

Figure 39 Chromatograms demonstrating the protective effect of UV-absorbing amber glass

HPLC vials for diluted piperettine solutions after 24 h of sunlight exposure. Blue: Clear glass

HPLC vial.  Red: Amber glass HPLC vial. Chromatogram recorded on Chiralpak IB (150 x

4.6 mm i.d.) with Method F (for details see Appendix A).
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Figure 40 Chromatograms demonstrating the protective effect of UV-absorbing amber glass

HPLC vials for diluted piperettyline solutions after 24 h of sunlight exposure. Blue: Clear

glass HPLC vial.  Red: Amber glass HPLC vial. Chromatogram recorded on Chiralpak IB

(150 x 4.6 mm i.d.) with Method F (for details see Appendix A).

Sunlight  exposure  studies  of  piperettine  solutions  in  different  organic  solvents  provided

evidence that the nature of the solvent has a significant impact on the photoisomerization

kinetics.  Picture 1 shows a series of three vials  containing piperettine solution in MeOH,

toluene and ACN at equal concentrations, being exposed to sunlight through a double-layered

glass window. Note that the MeOH solution was notably deeper yellow than the toluene and

ACN solutions,  which  is  indicative  of  distinct  absorption  spectra.  Figure  41  provides  an

overlay of chromatograms of piperettine solutions in MeOH, toluene and ACN after 3 min

sunlight exposure.  The chromatograms shows significant differences in the relative intensity

of the isomer peaks, with the relative degree of isomerization decreasing in the order MeOH >

ACN > toluene.  Evidently,  toluene  provides  some level  of  light  protection,  while  MeOH

appears  to  be the most  unfavorable solvent  choice in  this  respect.  While  it  is  difficult  to

rationalize these results without further investigations, toluene may slow the isomerization

process by acting as a sacrificial sink for activating photons. The opposite appears to be the

case with MeOH, which may absorb and/or transfer isomerization-inducing visible light (see

above)  more  effectively  to  the  alkaloids  than  ACN  and  toluene,  and  thus  promotes

photoisomerization.
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Picture 1 Appearance of piperettine solutions at 1.0 mg/mL concentration in different organic

solvents. Left: Methanol; Middle: toluene; Right: ACN.

Figure 41 Chromatograms of piperettine solutions in different organic solvents after 3 min of

exposure to sunlight. Red: Methanol; Blue: ACN; Green: toluene. Chromatogram recorded on

Luna C18 (150 x 2.0 mm i.d.) with Method E (for details see Appendix A).
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This information has practical relevance for the manipulations of piperettine solutions during

synthesis and analysis. Thus, the use of toluene in context with the synthesis of piperettine for

liquid-liquid  extraction-based  workup  and  subsequent  chromatographic  purification  is  a

prudent  choice  as  it  slows  potential  photoisomerization  while  performing  these  steps.

However, due care must to be exercised during piperettine extraction from pepper fruits and

subsequent  sample  cleanup,  as  these  operations  are  conducted  using  the  isomerization-

promoting solvents MeOH and ACN.

The impact of sunlight on the stability of solid piperettine and piperettyline was also studied.

For this purpose, the crystalline alkaloids were spread evenly in thin layers at the bottom of

clear glass HPLC vials, and exposed to bright sunlight for 24 hours (see Picture 2). After this

period, the samples were dissolved in ACN, and analyzed on the Chiralpak IB column. The

respective  chromatograms  are  displayed  in  Figure  42  and  Figure  43  for  piperettine  and

piperettyline, respectively. Interestingly, for piperettine a small amount of a single isomer was

detected. For piperettyline, while no isomers were detected, a late eluting peak cluster with a

dominating species was observed. It was speculated that this peak cluster may consists of

dimerization products emerging from in-solid photocylcoaddition of double bonds between

neighboring molecules in the crystal lattice.85 Indeed, the presence of dimeric piperettyline

species  within  this  sample  could  be  confirmed  using  HPLC-ESI-QqQ-MS.  The  mass

spectrum of the late eluting peak cluster (see Figure 44)  showed mass signals at 595 m/z and

617 m/z, corresponding to the [2M-H]+ and [2M-Na]+ species. However, further investigations

are   warranted  for  the  isolation  and  the  full  structural  characterization  of  these  dimeric

species.
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Picture 2 Crystalline piperettine (left) and piperettyline (right) being exposed to sunlight.

Figure 42 Chromatogram of the solution of crystalline piperettine after having been exposed

to sunlight  for  24 h.  Chromatogram recorded on Chiralpak IB (150 x 4.6 mm i.d.)  with

Method F (for details see Appendix A).
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Figure  43 Chromatogram  of  the  solution  of  crystalline  piperettyline  after  having  been

exposed to sunlight for 24 h. Chromatogram recorded on Chiralpak IB (150 x 4.6 mm i.d.)

with Method F (for details see Appendix A).

Figure 44 Integrated  QqQ-MS  total ion chromatogram for the late eluting peak cluster of

sunlight-exposed solid piperettyline.

Furthermore,  to  establish  the  impact  of  typical  in-lab  light  conditions  on  the  stability  of

diluted piperettine ACN solutions, a sample contained in a clear glass HPLC vial was allowed

sit  on a table at  a shadowy spot for 24 day. HPLC analysis  of this sample indicated that

neither isomerization nor any chemical degradation had occurred (see Figure 45). A sample

stored in an office with an active ceiling LED source did suffer some level of isomerization as

can  be  seen  from the  chromatogram in  Figure  46.  Similarly,  results  were  obtained  with

piperettyline  solution  as  can  be  seen  from the  chromatograms depicted  in  Figure  47  and

Figure 48.
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Figure 45 Chromatogram of a piperettine solution after having been allowed sit for 24 h on a

table at a shadowy spot. Chromatogram recorded on Chiralpak IB (150 x 4.6 mm i.d.) with

Method F (for details see Appendix A).

Figure 46 Chromatogram of a piperettine solution after having been allowed sit for 24 h on a

table in a LED-lighted office. Chromatogram recorded on Chiralpak IB (150 x 4.6 mm i.d.)

with Method F (for details see Appendix A).
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Figure 47 Chromatogram of a piperettyline solution after having been allowed sit for 24 h on

a table at a shadowy spot. Chromatogram recorded on Chiralpak IB (150 x 4.6 mm i.d.) with

Method F (for details see Appendix A).

Figure 48 Chromatogram of a piperettyline solution after having been allowed sit for 24 h on

a table in a LED-lighted office. Chromatogram recorded on Chiralpak IB (150 x 4.6 mm i.d.)

with Method F (for details see Appendix A).
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9.4 Qualitative analysis of alkaloids in black pepper fruits

To identify HPLC conditions appropriate for the quantitation of the selected alkaloids in black

pepper fruits, screening experiments were carried out with standard solutions of the individual

compounds. The set of screened alkaloids comprised piperine, piperyline, piperlonguminine

(these compounds were available from previous studies),79,80 and piperettine and piperettyline

(synthesized in this work). Overlaid chromatograms of the standard compound recorded under

the optimized isocratic conditions using a C18 column are given in Figure 49.

Figure 49 Overlaid chromatograms of standard solutions of the selected pepper alkaloids.

Peak 1: piperyline; Peak 2: piperlonguminine; Peak 3: piperine; Peak 4: piperettyline; Peak  5:

piperettine. Chromatogram recorded on Luna C18 (150 x 2.0 mm i.d.) with Method E (for

details see Appendix A).

Excellent resolution could be achieved for all alkaloids, with an elution order piperyline <

piperlonguminine  <  piperine  < piperettyline  <  piperettine.  An chromatogram of  a  diluted

methanolic  extract  of  black pepper  fruits  is  given in Figure 50,  indicating that  all  of the

selected  alkaloids  are  present  in  the  extract,  albeit  at  quite  different  concentration  levels.

While  piperine  and  piperettine  were  found  at  significant  concentrations,  piperyline,

piperlonguminine and piperettyline are present at trace levels only. Piperettine eluted within a

peak cluster, which were suspected to represent the corresponding isomers.
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Figure 50 Chromatogram of crude black pepper extract, with lines indicating the detected

alkaloids. Chromatogram recorded on Luna C18 (150 x 2.0 mm i.d.)  with Method E (for

details see Appendix A).

To confirm this assumption, standard solutions of all alkaloids were exposed to sunlight for 2

h  to  induce  the  formation  of  the  respective  isomers.  The  overlaid  chromatograms of  the

standard mixtures after sunlight exposure are  shown in Figure 51.  It  can be seen that  all

alkaloids had formed intricate peak clusters, consisting of the respective isomers, and that the

isomer clusters of piperlonguminine, piperine and piperettyline severely overlapped. Using

these chromatograms, the presence of co-occurring isomeric forms of the alkaloids in the

pepper fruit extract could be confirmed (see below for more details). In a further experiment,

the consequences  of light  exposure of the methanolic  pepper  fruit  extract  was probed by

allowing the crude extract in clear glass HPLC vials stand for 2 h in bright sunlight. The

respective chromatogram is shown in Figure 52. Comparison of the elution profiles of the

unexposed (Figure 50) and the exposed (Figure 52) extract showed that alkaloid isomerization

also occured rapidly within the crude pepper fruit extracts. This finding again stresses the

need to conduct all operational steps associated with sample treatment, sample preparation

and analysis of pepper alkaloids under strict light exclusion to avoid the formation of artifacts.
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Figure 51 Overlaid chromatograms of standard solutions of the selected pepper alkaloids

after having been exposed to sunlight for 2 h. Purple: piperyline; Brown: piperlonguminine;

Green: piperine; Red: piperettyline; Blue: piperettine. Chromatogram recorded on Luna C18

(150 x 2.0 mm i.d.) with Method E (for details see Appendix A).

Figure 52 Chromatogram of crude black pepper extract after having been exposed for 2 h to

sunlight, with lines indicating the detected isomer clusters. Chromatogram recorded on Luna

C18 (150 x 2.0 mm i.d.) with Method E (for details see Appendix A).
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To demonstrate the natural occurrence of isomeric forms of the investigated alkaloids in black

pepper extracts, the chromatogram of the unexposed extract was overlayed with those of the

sun-exposed alkaloid standard mixtures. Exploded views of these overlays are given in Figure

53 to 57. From these overlays can be concluded that, with the exception of piperyline, the

investigated alkaloids existed in black pepper as isomeric mixtures. The relative amounts of

the  isomers  to  the  parent  alkaloids  appear  to  varied  significantly.  Thus,  very  small

concentration of isomers were found for piperine,  while considerable amounts of isomers

were detected for piperettine.

Figure 53 Exploded view of overlaid chromatograms of the crude black pepper extract (blue)

and the sunlight exposed standard solutions of piperyline. Chromatogram recorded on Luna

C18 (150 x 2.0 mm i.d.) with Method E (for details see Appendix A).
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Figure 54 Exploded view of overlaid chromatograms of the crude black pepper extract (blue)

and the sunlight exposed standard solutions of piperlonguminine. Chromatogram recorded on

Luna C18 (150 x 2.0 mm i.d.) with Method E (for details see Appendix A).

Figure 55 Exploded view of overlaid chromatograms of the crude black pepper extract (blue)

and the sunlight exposed standard solutions of piperine. Chromatogram recorded on Luna C18

(150 x 2.0 mm i.d.) with Method E (for details see Appendix A).
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Figure 56 Exploded view of overlaid chromatograms of the crude black pepper extract (blue)

and the sunlight exposed standard solutions of piperettyline. Chromatogram recorded on Luna

C18 (150 x 2.0 mm i.d.) with Method E (for details see Appendix A).

Figure 57 Exploded view of overlaid chromatograms of the crude black pepper extract (blue)

and the sunlight exposed standard solutions of piperettine. Chromatogram recorded on Luna

C18 (150 x 2.0 mm i.d.) with Method E (for details see Appendix A).

To investigate the spatial distribution of the investigated pepper alkaloids within the pepper

fruits, 25 randomly selected black pepper seeds were manually dissected using a art knife to

obtain “core” and “crust” fractions. In terms of relative mass, the core fraction accounted for

roughly 55% and the crust fraction for 45% of the total mass of the seeds. Crust and core
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fraction  were  ground  and  extracted  separately  with  methanol  according  the  established

protocol, and subsequently analyzed by chromatography. An overlay of the chromatograms

corresponding to the crust, core and full pepper fruits extracts are given in Figure 58. The

relative distribution of the alkaloids in the core and crust fractions is given in Table 10.

Figure 58 Stacked chromatograms of extracts of the whole black pepper fruits (blue), the core

fraction (red) and the crust fraction (green). Chromatogram recorded on Luna C18 (100 x 3.0

mm i.d.) with Method D (for details see Appendix A).

Table 10 Percentual quantities of 5 analytes in black pepper core and crust.

Analyte Resides in core (%) Resides in crust (%)

Piperyline 71 29

Piperlonguminine 10 90

Piperine 83 17

Piperettyline 88 12

Piperettine 88 12
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These data indicated that the alkaloid are predominantly located within the core of the pepper

fruits,  accounting for 70 up to 90% of the total  alkaloid mass.  As an interesting finding,

piperlonguminine deviated from this trend. In this case, 90% of the total alkaloid was found in

the crust. Also, there appeared to be some preference in terms of the distribution of isomers,

as can be seen form the overlaid chromatograms depicted in Figure 59. It is worth mentioning

that preferences in core/crust distribution were also apparent for other compounds detected in

the investigated black pepper fruits. For example,  three unidentified lipophilic compounds

eluting after the piperettine cluster were found almost exclusively in the crust fraction, as can

be seen from the overlaid chromatograms in Figure 60.

Figure 59 Exploded view of  the  overlaid  chromatograms of  extracts  of  the  whole  black

pepper fruits (blue), the core fraction (red) and the crust fraction (green) at the elution window

of piperlonguminine and piperine. Note that piperlonguminine is found largely in the crust

fraction.  It  appears that  one isomer is  largely located in the core fraction.  Chromatogram

recorded on Luna C18 (100 x 3.0 mm i.d.) with Method D (for details see Appendix A).
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Figure 60 Exploded view of  the  overlaid  chromatograms of  extracts  of  the  whole  black

pepper fruits (blue), the core fraction (red) and the crust fraction (green) at the elution window

of piperettine. Piperettine and its isomers are largely located in the core fraction. Note that 3

unknown constituents of the extract are largely located in the crust fraction. Chromatogram

recorded on Luna C18 (100 x 3.0 mm i.d.) with Method D (for details see Appendix A).

9.5 Quantification of piperettine in commercial pepper fruit samples

As the final objective of this thesis, an effort was made to quantify piperettine in a selected set

of pepper fruits samples, comprising black, white, green and red long pepper seeds. For this

purpose, an isocratic HPLC method using a Chiralpak IB stationary phase was employed,

allowing the baseline-separate of piperettine from both its isomers and several closely eluting

unidentified pepper constituents. The pepper fruits were ground, extract with boiling methanol

and  subjected  to  a  SPE  cleanup  following  the  procedures  described  in  the  experimental

section.  All  operations  were  carried  out  under  strict  exclusion  of  light  to  avoid  any

photoisomerization of the target alkaloid.
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Using piperettine calibrators in ACN, an external calibration function was constructed (see

Figure 61; range 9.5 to 1476 ng injected mass). The experimentally estimated LOD and LOQ

were 2 and 6 ng injected mass, respectively. A typical chromatogram for the black pepper fruit

sample  BP090921  is  depicted  in  Figure  62,  demonstrating  the  efficient  separation  of

piperettine from its isomers and three unknown compounds. The chromatograms for the other

samples are document in Appendix L.

Figure 61 External calibration curve for the quantification of piperettine in pepper samples.

The quantitative results obtained for the investigated samples are summarized in Table 11,

reporting the content of piperettine, and its isomers in the investigated pepper fruits, and the

fraction of piperettine relative to the total sum of isomers. These figures are based on the

assumption that the mass detection response factors of piperettine isomers are identical to that

of the parent alkaloid. It is worth mentioning that neither piperettine nor its isomers were

detected in the investigated red long pepper fruits.

108



Table 11 Piperettine content found in commercial pepper fruits samples, both as absolute and

relative figure to the sum of isomers.

Code Type Piperettine (mg/g) Piperettine isomers

(mg/g)

Piperettine (%)

BP090921 Black 1.40 1.65 45.9

BP-core Black 1.34 1.15 53.7

BP-crust Black 0.23 0.31 42.1

BP070919-2 Black 2.93 1.34 68.7

WP170921 White 2.70 1.92 58.5

WP070919-2 White 3.73 2.74 57.6

GP170921 Green 3.00 1.54 66.1

RLP010619-1 Red Long NA. NA. NA.

Figure 62 Chromatogram of the black pepper sample (BP090921). Note that the pipperettine

peak is  well  resolved from its  isomers  and  closely  eluting  unknown pepper  constituents.

Chromatogram recorded on Chiralpak IB (150 x 4.6 mm i.d.) with Method F (for details see

Appendix A).
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To the best of our knowledge, the analytical method presented here is the first capable of

separating piperettine from its isomers, and thus allowing unambiguous quantitation of the

true content  of this  alkaloid.  It  should be noted that  the reported data  are  preliminary in

nature,  as a complete method validation could not be carried out due to time constraints.

However,  the  established  sample  preparation  approach  in  combination  with  the  highly

selective  chromatographic  method  may  offer  a  valuable  starting  point  for  more

comprehensive studies in the future.
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10 Conclusion & Outlook

Within this research project, a new, fast and operationally simple approach was developed for

the synthesis of the commercially unavailable pepper alkaloids piperettine and piperettyline.

In contrast to most of the known synthetic procedures, the developed synthesis utilizes readily

available, inexpensive and sustainable starting materials. The target compounds are obtained

in satisfactory yields (49% for piperettine, and 55% piperettyline) and high chemical (>99%)

and isomer purity (>99%), making them excellently suited as standard materials for analytical

applications.

Dedicated stability studies demonstrated that these alkaloids are  extremely photosensitive,

with diluted solutions in various solvents suffering double bond photoisomerization within

seconds upon sunlight exposure. Under strict exclusion of light, the alkaloids were found to

be thermally stable both in solution and in the crystalline state.

Chromatographic  screening  experiments  with  a  set  of  complementary  stationary  phases

established that chiral stationary phases were the most promising option for the separation of

the double bond isomers of piperettine and piperettyline. While none of the explored single-

column approaches was capable of resolving all isomers of piperettine, this challenge was

mastered by implementing an off-line 2D-LC protocol, employing a C18 and a Chiralpak IA

column  sequentially.  This  approach  allowed  the  resolution  of  all  eight  possible  isomers,

which, to be the best of our knowledge, has not been achieved so far.

An  analytical  method  was  developed  for  the  quantitation  of  piperettine  in  pepper  fruit

samples. The method involved methanol extraction of the ground pepper fruits, followed by

SPE  clean-up  of  the  extracts,  and  subsequent  analysis  by  HPLC.  A level  of  selectivity

appropriate for resolving piperettine from its naturally co-occurring isomers and other pepper

constituents was achieved by using a chiral stationary phase (Chiralpak IB). Employing this

method to a set of black, white, green and red long pepper fruit samples gave piperettine

contents that varied from 1.4 to 3.7 mg/g pepper fruits, which represented about 50% of the

total mass of all isomers. To the best of our knowledge, this method is the first capable of

unambiguously quantifying piperettine in presence of its naturally co-occurring isomers.
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In addition, black pepper fruits were manually dissected into core and crust fractions, which

were then extracted and analyzed separately.  It  was found that  the alkaloids were mainly

located in the core and significantly less abundant in the crust. The levels of isomers in black

pepper fruits dried at sunlight were found to be not significantly different from those of other

samples, which suggests that the isomers are formed predominantly bio-synthetically within

the  plant  or  through  external  sunlight  exposure  during  growth,  and  not  during  the  post-

processing of the seeds. It is worth mentioning that the piperettyline content of the samples

was either very low or undetectable.

Further work may be needed to optimize certain aspects of the synthetic and the analytical

procedures reported in this thesis.  For improving of the synthesis approach, focus needs to be

on suppressing the solvent-induced side reactions and the establishment of chromatography-

free  isolation  and  purification  protocols.  Regarding  the  developed  analytical  method,  a

comprehensive method validation is still pending. It would also be attractive to extend the

capabilities of current analytical method by hyphenation with complementary separation and

detection  techniques,  such  as  2D-LC  and  various  MS  platforms.  Complementing  the

established  analytical  approach  with  IM-MS may have great  potential  for  separating  and

quantifying both the parent pepper alkaloids and their respective isomers simultaneously.

The results achieved in this thesis may be of relevance for a number of applications outside

the  analytical  research  arena.  Thus,  the  established synthesis  allows convenient  access  to

chemically and isomerically highly pure piperettine and piperettyline, thus making these rare

compounds  now more  readily  available  for  biological  and  pharmacological  evaluation  as

potential candidates for, e.g., drugs, skin care products, and biological plant protection agents.

In addition,  scaling the analytical protocol established for piperettine isomer separation to

preparative  dimensions  may  provide  ready  access  to  these  otherwise  difficult-to-obtain

compounds, which could have interesting biological activities in their own right. In the field

of  material  sciences,  piperettine,  piperettyline,  and  their  derivatives  may  offer  interesting

starting  points  for  the  development  of  innovative  photo-switchable  materials.  It  certainly

would be interesting to investigate whether isomerization can be controlled more precisely

(and chemical degradation avoided) by phototriggering double bond flipping with light of

specific wavelengths.
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Appendix A

Instrument settings and methods employed for HPLC and LC-MS analysis

Mobile phases

Mobile phase A: MQ-water-ACN-FA (1000-50-0.5, v/v)

Mobile phase B: ACN-MQ-water-FA (1000-50-0.5, v/v)

Column temperature

Ambient temperature (~23 °C)

Injected sample volume

1.0 uL if not specified otherwise.

UV-Detection

210, 230, 254, 280 nm; reference: 480 nm

I



HPLC Method A

Step Time (min) %B Flow (mL/min) Max. Press.
(bar)

1 0.00 40 1.000 400

2 15.00 40 1.000 400

3 25.00 100 1.000 400

4 30.00 100 1.000 400

5 31.00 40 1.000 400

6 35.00 40 1.000 400

HPLC Method B

Step Time (min) %B Flow (mL/min) Max. Press.
(bar)

1 0.00 10 1.000 400

2 20.00 10 1.000 400

3 30.00 100 1.000 400

4 35.00 100 1.000 400

5 36.00 10 1.000 400

6 40.00 10 1.000 400

HPLC Method C 

Step Time (min) %B Flow (mL/min) Max. Press.
(bar)

1 0.00 50 1.000 400

2 5.00 50 1.000 400

3 40.00 75 1.000 400

4 41.00 100 2.000 400

5 50.00 100 2.000 400

6 51.00 50 1.000 400

7 60.00 50 1.000 400

II



HPLC Method D

Step Time (min) %B Flow (mL/min) Max. Press.
(bar)

1 0.00 25 1.000 400

2 5.00 25 1.000 400

3 21.00 53 1.000 400

4 22.00 100 1.000 400

5 31.00 100 1.000 400

6 32.00 25 1.000 400

7 36.00 25 1.000 400

HPLC Method E

Step Time (min) %B Flow (mL/min) Max. Press.
(bar)

1 0.00 25 0.350 400

2 8.57 25 0.350 400

3 39.10 53 0.350 400

4 41.01 100 0.350 400

5 58.15 100 0.350 400

6 60.06 25 0.350 400

7 67.68 25 0.350 400

HPLC Method F

Step Time (min) %B Flow (mL/min) Max. Press.
(bar)

1 0.00 50 1.000 400

2 20.00 50 1.000 400

3 21.00 100 1.000 400

4 30.00 100 1.000 400

5 31.00 50 1.000 400

6 35.00 50 1.000 400

III



Instrument settings employed for HPLC-UV/ESI-ITMS

IT Value

Ion source ESI

Neb Gas Enabled

Dry Gas Enabled

HV Enabled

Polarity Positive

Trap ICC

Target 10000

Max. Accu Time 100.00 ms

Scan 50 – 1000 m/z

Averages 7

Rolling Averaging On, No. 5

Tune Value

Expert Enabled

Capillary -3800 V, 31 nA

End Plate Offset -500 V, 968 nA

Nebulizer 50.0 psi

Dry Gas 11.0 l/min

Dry Temp 360 °C

Skimmer 30.0 V

Cap Exit 90.0 V

Oct 1 DC 12.00 V

Oct 2 DC -8.00 V

Trap Drive 37.0

Oct RF 90.0 Vpp

Lens 1 -7.3 V

Lens 2 -40.5 V

Chromatogram Value

Chromatogram Type TIC, Positive

IV



Instrument settings employed for HPLC-ESI-QqQMS

QQQ Value

Ion source ESI

Time filtering Peak width enabled, 0.07 min

Scan Type MS2 Scan

Div Valve To MS

Delta EMV (+) 0

Delta EMV (-) 0

Acquisition Value

Start Mass 50

End Mass 800

Scan Time 500

Fragmentor 135

Cell Accelerator Voltage 4

Polarity Positive

Source Value

Gas Temp 350 °C

Gas Flow 10 l/min

Nebulizer 50 psi

Capillary Pos. 4000 V, Neq. 4000 V, 5027 nA

Chamber Current 1.49 μA

Chromatogram Value

Chromatogram Type TIC, Offset 0, Y-Range 1E+07

Diagnostics Value

Instrument Model G6420A

MS1 Heater 100 °C

MS2 Heater 100 °C

Rough Vac 1.64E+0 Torr

High Vac 2.46E-5 Torr

Firmware Version A.00.08.61

Turbo1 Speed 100.0 %

Turbo1 Power 132.454 W

Turbo2 Speed 0.0 %

Turbo2 Power 0.527 W

V



Appendix B 

Protocatechuic aldehyde

ATR-FTIR spectrum of protocatechuic aldehyde.

I



1H NMR spectrum of protocatechuic aldehyde (10 mg in DMSO D6).

13C NMR spectrum of protocatechuic aldehyde (10 mg in DMSO D6).
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Appendix C

Piperonal

ATR-FTIR spectrum of piperonal.

I



1H NMR spectrum of piperonal (10 mg in CDCl3).

13C NMR spectrum of (10 mg in CDCl3).

II



HPLC chromatogram of piperonal. Chromatogram recorded on Luna C18 (100 x 3.0 mm i.d.) 

with Method B (for details see Appendix A).

Integrated total ion chromatogram of piperonal.

III

m in0 2 .5 5 7 .5 1 0 1 2 .5 1 5 1 7 .5

m A U

0

1 0

2 0

3 0

4 0

5 0

6 0

7 0

 D A D 1  E , S ig = 2 8 0 ,1 6  R e f = 4 8 0 ,1 0 0  (R IK U _ M S _ B \M S _ L _ 0 0 0 0 0 4 .D )

65.2

122.9

1. +MS, 8.6-9.9min #(240-276)

0

2000

4000

6000

Intens.

100 200 300 400 500 600 700 800 900 m/z



Appendix D

N-sorboyl piperidine

ATR-FTIR spectrum of N-sorboyl piperidine.
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1H NMR spectrum of N-sorboyl piperidine (10 mg in CDCl3).

13C NMR spectrum of N-sorboyl piperidine (10 mg in CDCl3).

II



HPLC chromatogram of N-sorboyl piperidine. Chromatogram recorded on Luna C18 (100 x 

3.0 mm i.d.) with Method B (for details see Appendix A).

Integrated total ion chromatogram of N-sorboyl piperidine.
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Appendix E

N-sorboyl pyrrolidine

ATR-FTIR spectrum of N-sorboyl pyrrolidine.
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1H NMR spectrum of N-sorboyl pyrrolidine (10 mg in CDCl3).

13C NMR spectrum of N-sorboyl pyrrolidine (10 mg in CDCl3).

II



HPLC chromatogram of N-sorboyl pyrrolidine. Chromatogram recorded on Luna C18 (100 x 

3.0 mm i.d.) with Method B (for details see Appendix A).

Integrated total ion chromatogram of N-sorboyl pyrrolidine.
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Appendix F

Piperonylic acid

ATR-FTIR spectrum of piperonylic acid.

I



HPLC chromatogram of piperonylic acid. Chromatogram recorded on Luna C18 (100 x 3.0 

mm i.d.) with Method B (for details see Appendix A).

Integrated total ion chromatogram of piperonylic acid.
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Appendix G

Piperettine

ATR-FTIR spectrum of piperettine.

I



1H NMR spectrum of piperettine (10 mg in CDCl3).

13C NMR spectrum of piperettine (10 mg in CDCl3).

II



HPLC chromatogram of piperettine. Chromatogram recorded on Luna C18 (100 x 3.0 mm 

i.d.) with Method B (for details see Appendix A).

Integrated total ion chromatogram of piperettine.
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UV-Vis spectrum of piperettine (0.005 mg/mL, ACN, 23 °C)
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Appendix H

Piperettyline

ATR-FTIR spectrum of piperettyline.

I



1H NMR spectrum of piperettyline (10 mg in CDCl3).

13C NMR spectrum of piperettyline (10 mg in CDCl3).

II



HPLC chromatogram of piperettyline. Chromatogram recorded on Luna C18 (100 x 3.0 mm 

i.d.) with Method B (for details see Appendix A).

Integrated total ion chromatogram of piperettyline.
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UV-Vis spectrum of piperettyline (0.005 mg/mL, ACN, 23 °C)
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Appendix I

Preparative elution profiles for piperettine and piperettyline

Fraction data from optimized column chromatographic purification for piperettine.

Fraction data from optimized column chromatographic purification for piperettyline.
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Appendix J

Piperonyl alcohol

HPLC chromatogram of piperonyl alcohol. Chromatogram recorded on Luna C18 (100 x 3.0 

mm i.d.) with Method B (for details see Appendix A).

Integrated total ion chromatogram of piperonyl alcohol.
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Appendix K

Best performing isomer separation achieved in the screening experiments

Screened piperettine chromatogram. Chromatogram recorded on Luna C18 (100 x 3.0 mm 

i.d.) with Method A (for details see Appendix A).

Screened piperettine chromatogram. Chromatogram recorded on Chiralpak IA (150 x 4.6 mm 

i.d.) with Method C (for details see Appendix A).
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Screened piperettine chromatogram. Chromatogram recorded on Chiralpak IB (150 x 4.6 mm 

i.d.) with Method F (for details see Appendix A).

Screened piperettine chromatogram. Chromatogram recorded on Chiralpak IC (150 x 4.6 mm 

i.d.) with Method A (for details see Appendix A).
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Screened piperettyline chromatogram. Chromatogram recorded on Luna C18 (100 x 3.0 mm 

i.d.) with Method A (for details see Appendix A).

Screened piperettyline chromatogram. Chromatogram recorded on Chiralpak IA (150 x 4.6 

mm i.d.) with Method C (for details see Appendix A).
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Screened piperettyline chromatogram. Chromatogram recorded on Chiralpak IB (150 x 4.6 

mm i.d.) with Method F (for details see Appendix A).

Screened piperettyline chromatogram. Chromatogram recorded on Chiralpak IC (150 x 4.6 

mm i.d.) with Method A (for details see Appendix A).
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Appendix L

HPLC chromatograms of analyzed pepper fruit samples

Chromatogram of sample code BP090921. Piperettine eluting at 16.6 min. Chromatogram 

recorded on Chiralpak IB (150 x 4.6 mm i.d.) with Method F (for details see Appendix A).

Chromatogram of sample code BP-core. Piperettine eluting at 16.6 min. Chromatogram 

recorded on Chiralpak IB (150 x 4.6 mm i.d.) with Method F (for details see Appendix A).
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Chromatogram of sample code BP-crust. Piperettine eluting at 16.6 min. Chromatogram 

recorded on Chiralpak IB (150 x 4.6 mm i.d.) with Method F (for details see Appendix A).

Chromatogram of sample code BP070919-2. Piperettine eluting at 16.6 min. Chromatogram 

recorded on Chiralpak IB (150 x 4.6 mm i.d.) with Method F (for details see Appendix A).
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Chromatogram of sample code WP170921. Piperettine eluting at 16.6 min. Chromatogram 

recorded on Chiralpak IB (150 x 4.6 mm i.d.) with Method F (for details see Appendix A).

Chromatogram of sample code WP070919-2. Piperettine eluting at 16.6 min. Chromatogram 

recorded on Chiralpak IB (150 x 4.6 mm i.d.) with Method F (for details see Appendix A).

III

min0 5 10 15 20 25 30

mAU

0

2

4

6

8

10

 DAD1 E, Sig=280,16 Ref=480,100 (RIKU_IB_QC6\RIKU_IB_000023.D)

min0 5 10 15 20 25 30

mAU

-2

0

2

4

6

8

10

12

14

16

 DAD1 E, Sig=280,16 Ref=480,100 (RIKU_IB_QC6\RIKU_IB_000024.D)



Chromatogram of sample code GP170921. Piperettine eluting at 16.7 min. Column: 

Chromatogram recorded on Chiralpak IB (150 x 4.6 mm i.d.) with Method F (for details see 

Appendix A).

Chromatogram of sample code RLP010619-1. Small peak at 16.7 has different absorption 

profile from piperettine. Note that isomer cluster from 10 – 13 min is also missing. 

Chromatogram recorded on Chiralpak IB (150 x 4.6 mm i.d.) with Method F (for details see 

Appendix A).
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