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Abstract

Plastics and fuels are used in multimillions of tons every year, and the consumption is constantly
increasing. This demand is met by fossil oil as raw material for monomers and gasoline, diesel,
kerosene, etc. In agreement with the principles of green chemistry, resources such as biomass
or side streams of industrial processes are considered as a sustainable alternative. During the
last decades various bio-based fuels, for example bio-ethanol and bio-diesel, have been
established. In addition, bio-based polymers were introduced to the market, representatively
polyamides based on castor oil and polyesters from lactic acid. However, challenges remain as
these “green” alternatives often suffer from low availability of the bio-source, comparably low
performance, high costs, competition with the food industry, and others.

In the first part of this work, isoprene is converted to a B-lactam that is successfully converted
into a polyamide with a side chain barring a terminal alkene, which could be further
functionalized to tailor the polymer properties. The 7y was 97 °C and T, was 240 °C. A o-
lactone and isoprene epoxide for polyester or polyether were also produced.

The potential of bio-based isoprene as precursor for fuels is evaluated in a review, focusing on
the chemical methods for linear dimer- and trimerization. Palladium catalysts, Ziegler Natta
catalysts and other methods, such as ionic liquids, are the reported methods for this reaction.
Although some promising processes were described, the costs and relatively low selectivity are
challenges that need resolving before isoprene can be considered as a bio-precursors for fuels.
Within the second part of this work, monoterpenes were identified as a highly abundant class
of bio-molecules with outstanding structural variety, enabling chemical modification for the
generation of new monomers. As the unique chemical structures lead to new substituent patterns
in the polymer backbone, new properties compared to classical polyesters and polyamides were
expected. Thermal high-performance properties, caused by rigid cyclic structures in the
polymer backbone, were focused on in particular. Some of their most prominent
representatives, namely limonene, a-pinene, and (+)-3-carene were investigated. Limonene and
(+)-3-carene were converted to diols, which are considered as one of the most important class
of monomers as they are used in polyesters and polyurethanes. The first step of the conversion
was an oxidative olefin cleavage, leading to ketoaldehydes which were subsequently reduced
to the desired diols. Exemplary enzymatically and chemically catalyzed polymerizations were
successfully performed with commercial aromatic and aliphatic dicarboxylic acids, underlining
the general potential of terpene-based diols. The application of the obtained ketoaldehydes as

platform chemical for hydroxy carboxylic acids, amido acids and diamines was also outlined.



(+)-3-carene and a-pinene were also utilized as precursor for B- and e-lactams, which can be
used as monomers for polyamides of the type polyamide 2 (PA 2) and polyamide 6 (PA 6). The
B-lactams were obtained in a one-step reaction with chlorosulfonyl isocyanate. The anionic ring
opening polymerization was accomplished; however — in particular the a-pinene based
polyamide — was challenging to characterize, and the obtained materials seemed unsuitable for
classical polyamide applications. Nonetheless, their potential as co-monomer for classical
polyamides is worth exploring. The synthesis of the e-lactams was achieved in a multi-step
reaction following the synthesis pathway of caprolactam, which is the monomer of
polyamide 6. These steps are: initial oxidation of an olefin to an alcohol, ketone formation,
conversion to the corresponding oxime and Beckmann rearrangement to the lactam. The a-
pinene based g-lactam could only be oligomerized, and the polymerization conditions need to
be optimized for better results. Poly-3R-caranamide, obtained from the (+)-3-carene based 3R-
caranlactam was amorphous and possessed a glass transition (7y) at 120 °C and molecular
weights above 30 kg/mol, which is well in the range of industrial polyamides.

The synthesis of the (+)-3-carene based lactam was optimized, the key step being the ketone
formation by epoxidation and subsequent rearrangement instead of hydroxylation and
oxidation. Depending on the epoxidation method, stereoisomeric epoxides were obtained. The
establishment of a diastereoselective rearrangement led to the selective synthesis of two
different lactams; the previously mentioned 3R-caranlactam and a methyl-group diastereomer,
3S-caranlactam. The corresponding polyamides poly-3R-caranamide and poly-3S-caranamide
highly differ in their properties, as poly-3S-caranamide is semi-crystalline instead of
amorphous, with a high-performance melting temperature (7m) of up to 280 °C. The production
of 3S-caranlactam was scaled to four liter in a sustainable one-vessel process, reaching a total
yield of 25w% over four steps. Co-polymerizations with caprolactam and laurolactam were also
investigated, and the integration of the bulky three-membered ring of 3S-caranlactam in the

polymer backbone led to increasing amorphousness and 7.



“When we see that we may produce hundreds of compounds
from simple hydrocarbons and chlorine and that from

each one of them we may obtain a great number of others...
we ask with some anxiety whether, in a few years’ time, it
will be possible to find our way in the labyrinth of organic
chemistry.” Auguste Laurent, 1854
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Introduction

1 Introduction

During the last decades, as a consequence of dwindling resources, the investigation of
alternative raw materials for a medium-term replacement of fossil-oil based fuels and plastics
has become a focus of research. In this regard, isoprene, which probably will be industrially
accessible from bio-resources or CO2 on medium-term, was identified as a promising
C5-diolefine. In this context, biogenic dimers of isoprene, which are called monoterpenes, are
another high abundant ‘green’ feedstock that could be utilized, especially for bio-based plastics.
The following section describes the general properties and applications of these compounds and
outlines the potential in the context of new bio-based products. For this, some relevant aspects
of polymer chemistry are briefly addressed, as well as a state-of-the-art overview of already

existing monoterpene-based polymers.

1.1 Isoprene: General background

Isoprene (2-methylbuta-1,3-diene) is a colorless, volatile liquid with a boiling point of 34 °C.
It is one of the most abundant organic substances in nature, as it is produced by animals, plants,
bacteria or fungi. Over 500 Mt are released into the atmosphere each year, accounting for 40%
of all biogenic isoprenoid emissions.! However, its concentration in these organisms is
relatively low.' The reasons for organisms to emit isoprene are still a topic of ongoing
research. The self-cooling of plants could be involved, as heat-stress has been shown to induce
the release of isoprene.* Apart from its role as a building block for terpenes, the functions in the
organisms seem to be diverse. Isoprene has been suggested as a trait against thermal and
oxidative stresses and drought or as electron-transfer support in the photosystem I1.*~® Despite
the great variety of isoprene producing organisms, only two different pathways for natural
occurring isoprene have been identified so far— the methylerythritol phosphate (MEP) and the
mevalonate (MVA) pathway.

1.2 Biosynthesis of isoprene

The MEP pathway is found in plants, bacteria, and eukaryotic parasites, whereas the MEP
pathway occurs in archaea, bacteria, and most eukaryotes. The usual initial carbon source are
sugars.” Both ways lead to isopentenyl pyrophosphate (IPP) and dimethylallyl pyrophosphate
(DMAPP), which are isomers interconverted by an isomerase (Scheme 1.1).>7 In the MEP
pathway, the first reaction step is the formation of an oxidized C6 molecule from pyruvate and
glyceraldehyde, which is subsequently reduced and rearranged by various enzymes to give the
desired product.’ From a chemists’ perspective, the formation of an eight-membered ring in 2-
C-methyl-D-erythritol-2,4-cyclodiphosphate is worth mentioning, as a similar synthesis would

be very challenging with chemical methods. The strategy in the MVA pathway is different, as
1
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the C6 molecule mevalonate is built up from identical C2-units (3 x Acetyl-CoA) and is then

reduced to IPP/DMAPP under application of adenosine triphosphate (ATP). In the last step,

DMAPP is converted to isoprene by isoprene synthase. >’
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decarboxylase, MVD diphosphomevalonate decarboxylase.

2,79
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1.3 Biotechnological isoprene production

Several procedures for isoprene production in various organisms have been described.?
Relevant organisms are B. subtilis, E. coli, cyanobacteria and S. cerevisiae.'® The most
successful approach at present was reported by Goodyear.!! An E. coli strain was engineered to
produce 60g/L isoprene in a continuous process with a volumetric productivity of 2.0 g L' h'!
and a cell productivity of 0.85 g L' h'!l isoprene/g dry cell. Still, the yield with respect to glucose
was only 11w% (theoretical maximum: 38w%). The documented challenges of the
biotechnological isoprene production are plasmid instability, multi-gene integration, the use of
cost-increasing antibiotics and glucose as carbon source, as it is competitive to food industry
and comparably expensive.? Although several big companies such as Goodyear, DuPont or
Bridgestone are involved in the research for bio-based isoprene production, only GlycosBio has

built a commercial facility so far. The maximum capacity is 40 kt isoprene annually.'

1.4 Industrial chemical isoprene production
Isoprene is almost exclusively produced from fossil feedstocks, with an annual volume of close
to 1.0 Mt in 2011.% For the industrial chemical production of isoprene there are three major

methods currently available:'>!'*

e Recovery of isoprene from Cs streams
e Dehydrogenation of iCsHi
e Synthesis from iC4Hg and formaldehyde

Isoprene can be obtained from waste streams of cracking processes. In the pyrolysis of
hydrocarbons to ethylene, a Cs side stream is formed (10w% with respect to ethylene) that
contains 15w%-20w% isoprene, which can be separated by advanced distillation methods. The
total yield of isoprene is only about 3w%.!* Therefore, it is challenging to produce enough of
the Cs fraction for the distillation plant. Additionally, the amount of side-stream isoprene will
be decreased by technical improvements of the ethylene production process, and the method
will probably lose its importance.

The catalytic dehydrogenation of iCsHi> is another approach for isoprene production that
utilizes Cs fractions from cracking. The dehydrogenation is achieved by several different
strategies, including one-step-, two-step- or oxidative dehydrogenation.'* An example for the
one-step process is the Houdry-catadiene procedure that uses CroO3/Al,Os-catalysts at about
850 K and a pressure of 7 kPa, yielding 52w% isoprene in appreciable quality.'> Other catalysts
such as Fe;03-Cr203-K2COs — at about 800 K — achieve a yield of 85w%.? In all cases, high
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temperatures are required and considerable amounts of side products are generated. Another
drawback is the use of iCsH 12, high-quality gasoline, leading to comparably high substrate costs
and low availability.

The reaction of iC4Hg and formaldehyde to isoprene can be achieved by different strategies,
namely the Kuraray-method, the DMD-method and the Eurochim-method.!* As the Kuraray-
method is not open to the public and the DMD-method has several disadvantages like bad atom
economy or high energy consumption, only the Eurochim-method is discussed briefly

(Scheme 1.2).

\i/OH
2>: + 2H,C=0 + HO0 —*= é—> 2>/—\\ + 3H0
(@)

Scheme 1.2 Eurochim-method for the synthesis of isoprene from iCsHs and formaldehyde.

Two molecules of iC4Hg, two molecules of formaldehyde and water form a substituted dioxane
compound that subsequently reacts with /BuOH to two molecules of isoprene and water. All
reactions are carried out in the liquid phase. This method was developed in the 1990ies by the
Russian company EuroChim and reached 39% of total isoprene production in 2013 in Russia,
as proclaimed by the developer.!*»!® The advantages compared to the DMD-process are:
(I) decreased energy consumption, (II) increased atom economy, (III) less emissions and (IV)
useful side products.

To summarize, the EuroChim method seems to possess the highest potential for isoprene
production and the most promising future opportunities when compared to the production

methods currently available.

1.5 Recent applications of isoprene

Isoprene is mainly utilized as a monomer for elastomers for gloves, shoes or rubber bands. The
most commonly used elastomer derived from isoprene is poly(cis-1,4-isoprene, Figure 1.1 a).
This synthetic rubber is the most suitable substitute for natural rubber, which is most commonly
used in the tire industry.'> The trans-isomer is used mainly for cable insulations. Other than
that, isoprene is also a component of styrene-isoprene-styrene (SIS) block copolymers, an
important thermoplastic elastomer (Figure 1.1 a). SIS contain up to 88w% isoprene. Butyl
rubber is a copolymer of isoprene and isobutene. Only 3w% of isoprene is typically used in
butyl rubbers, but this is sufficient to lower the gas permeability significantly. About 95% of
the annual isoprene consumption is for these polymers; the remaining 5% are used as precursors

for pharmaceuticals, perfumes or additives (Table 1.1, Figure 1.1 b).
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poly(cis-1,4-isoprene) poly(trans-1 4-|soprene)

T ad

butyl rubber

n
SIS block copolymer

US5066639
—_— US20040072721
0]

b)

H
EP0854143
US5219836
L — Mot
Pe|argene Phenoxanol
Doremox

Figure 1.1 a) Important isoprene polymers and b) Several perfumes derived from isoprene.'’
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Table 1.1 Isoprene (1)-based fine chemicals and their applications as commercialized by Kuraray Co., Ltd.

Structure Name Applications (selection)

HO ™™ 0H nonane-1,9-diol Pharmaceuticals

o A)\/\)\ 3,7-dimethylocta-2,6-dienal Vitamin A
3-methylbutane-1,3-diol Cosmetics

PPN
PN

Hosl o~
OH
OH
So
o><V0H
HO/\)\/\OH
OH

\

\

A~

3-methylbut-3-en-1-ol
3-methylbutanal

3-methoxy-3-methylbutan-
1-ol
3-methylpentane-1,5-diol

3-methylbut-2-en-1-ol

Aroma chemicals

Aroma chemicals

Cleaners

Polymer additive

Aroma chemicals

1.6 General background: Polyesters and polyamides

Polyesters and polyamides are thermoplastic materials, which means they can be reversibly

reformed as they are malleable or moldable at certain temperatures without degradation.

Thermoplastics are usually divided in groups: commodity-, engineering-, and high-performance

polymers.'® This can be seen in the polymer pyramid diagram (Figure 1.2). As a rule, polymers

with high heat resistance and exceptional mechanic properties — associated with high prices —

are on top of the pyramid. However, depending on the focused properties, the categorization is

not fixed, and commodity materials are counted to the engineering plastics and vice versa.
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2\ i

> 50 €/kg

CcocC

PC POM PBT

Material Performance
Operating temperature

€

(]

PMMA PP <
PYR* PE-HD

PVC PE-LD

Amorphous Semi-crystalline

Figure 1.2 Polymer pyramid. Amorphous high-performance: Polyetherimide (PEI), poly(ether sulfone) (PES), polysulfone
(PSU); Amorphous engineering: Cyclic olefin copolymer (COC), polycarbonate (PC); Amorphous commodity: Acrylonitrile
butadiene styrene (ABS), poly(methyl methacrylate) (PMMA), polystyrene (PS), poly(vinyl chloride) (PVC); Semi-
crystalline high-performance: Poly(tetrafluoro ethylene) (PTFE) , poly(ether ketone) (PEEK), poly(phenylene sulfide) (PPS);
Semi-crystalline engineering: Polyamide 46 (PA46), polyamide 12 (PA12), poly(ethylene terephthalate) (PET), poly(p-
phenylene oxide), poly(butylene terephthalate) (PBT), poly(oxy methylene), polyamide 6 (PA6), polyamide 66 (PA66);
Semi-crystalline commodity: Polypropylene (PP), polyethylene high-density (PP-HD), polyethylene low-density
(PP-LD);*Depending on polyurethane (PUR) type.'8-2°

Polyesters are defined by their repetitive ester group in the polymer backbone, whereas
polyamides contain an amide group instead. In general, polyesters are synthesized by a
polycondensation reaction between a diacid and a diol; in polyamides, a diamine replaces the
alcohol. The resulting polymers are so-called AA/BB-types, with AA/BB describing the pattern
of the functional groups in the main chain. Alternatively, cyclic esters (lactones) or amides
(lactams) can be converted to their corresponding polymer by ring-opening polymerization
(ROP)?! to produce AB-type polymers.

In most polyesters, either the acid or the diol contains an aromatic domain to enhance the
thermal and mechanic properties. The most abundant polyester resin is poly(ethylene
terephthalate) (PET), with a total consumption of almost 2.2 Mt in 2018 in western Europe
alone. The global demand was 76.8 Mt.?> PET is mainly used for fibers and in the packaging
industry, e.g. for bottles, but also for high quality construction materials. In general, especially
because of their low prices, polyesters are by far the most used synthetic fibers; for engineering

applications, the contribution is more balanced (Figure 1.3).*
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(a) I Others (b) I HT plastics
I Acrylics I Polyacetals
[ Polyamides I Others
I Polyolefins 33% Polyamides

I PBT
[ Polycarbonates

[ Polyesters

16%

2%
2% %

3% 10%

7%

8%
Figure 1.3 Contribution of plastics for synthetic fibers (a) and engineering applications (b).%3

Other polyesters containing aromatic diacids are poly(butylene terephthalate) (PBT) — with an
annual consumption of almost one Mt worldwide,?? poly(ethylene naphthalate) (PEN), or
Tritan, consisting of terephthalic acid, 2,2,4,4-tetramethyl-1,3-cyclobutanediol, and
cyclohexanedimethanol (Figure 1.4).2> As can be seen by comparison of the properties of PET
and PBT (Table 1.2), increasing the chain length of the aliphatic linear monomer unit (ethylene
glycol versus 1,4-dibutanol) results in a decreasing glass transition temperature (7) and melting
temperature (7m). Purely aliphatic examples are polycaprolactone (PCL), polylactic acid (PLA),
and polyhydroxy butyrate (PHB). A special case is polycarbonate (PC) — derived from phosgene

1’24

and diols — that are often considered to be polyesters as well,”* although the carbon atom of the

repeating functional group possesses a higher oxidation state.
(@) (b)
o 0 o}
OH OH
Ethylene glycol 1,4-butanediol

o
Adipic acid Isophthalic acid

SO
o HO Ho/ﬁ/OH
1,6-hexanediol

0] O : 0]
0] HO OH HO >< OH

Propylene glycol

Phthalic acid Terephthalic acid HO OH Ho O~ 0H
Pentaerythritol Diethylene glycol
(c)
0 OH
) I ﬂ\OH
OH O
%L’)J\OH HO HO
OH ”"H]\/U\OH 2,2 4 A-tetramethyl- Cyclohexane-

Capro- S o 1,3-cyclobutanediol dimethanol
lactone Lactid acid 3-Hydroxybutyric acid

Figure 1.4 Selection of typical diacids (a) and diols (b) for AA/BB-type polyester and AB-type monomers (c).?2
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Table 1.2 Technical data of PET, PBT and PC.2!"%

Property [unit] PET (crystalline) PBT PC
Tensile modulus [MPa] 2800 2500 2400
Stress at yield [MPa] 80 60 66
Elongation at break [%] 70 200 >80
Glass transition [° C] 70 47 147
Melting Point [° C] 250 225 -
Deflection temperature at 1.8 MPa [° C] 60-70 50-65 125-135
Minimal use temperature [° C] -50 -50 -100
Density [g/cm?] 1.40 1.30 1.20
Transparency Opaque Opaque Clear
Resistance to chemicals®
Aliphatic solvents + + +
Aromatic solvents + 0 -
Acetone 0 - -
Hot water (hydrolysis resistance) - - -
Weak/strong mineral acids +/0 +/0 +/0
Weak/strong organic acids +/- +/- +/0
Weak/strong alkalis 0/- 0/- -/-
UV light and weathering 0 0 0

Although aromatic high-performance polyamides (usually called aramids, such as Kevlar® or

Nomex®) exist,?%?7 by far the most common polyamides are aliphatic and linear. The most

prominent examples are PA6 and PA66, formed from caprolactam or the polycondensation of

hexamethylene diamine and adipic acid, respectively. The worldwide demand for polyamides

was 7.4 Mt in 2016, the sales reached almost 25 billion US dollars (USD) in 2014, and the

predicted annual increase is 2.3%-5.4% until 2022.%* In general, polyamides are engineering or

high-performance polymers that are characterized by their toughness, chemical resistance, high

strength, temperature stability, and good processability (Table 1.3); they are used in all types

of industry (Figure 1.5).%8

9.8%

I Others
Appliances
I Consumer
I Electonics
[ TIndustrial/
machinery
[ Film/coating/
cable
I Automotive

35.9%

Figure 1.5 Applications of polyamides.?

PCL and PAG6 are structurally similar, apart from the ester/amide group. Nonetheless, the

melting temperature of PCL is only 60 °C, which is 160 °C below PA6. This is caused by the
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hydrogen-bonding of the amide groups. The ability to form -NH:--O=C- bonds between the
polymer chains is the key aspect of polyamides. Many of their properties, e.g. melting
temperature and water uptake, can directly be attributed to these bonding and the ratio of CNOH
to CHa in the main chain, as illustrated by comparison of the melting temperature of PA610 and
PA46 (Table 1.3, Figure 1.6). Additionally, the structure of the main chain is important, which
can be described by comparing PA6 and PA66. Both polyamides possess the same CH,/CNOH
ratio, but the increased symmetry of PA66 facilitates the formation of hydrogen bonds.

Consequently, the melting temperature also reaches higher values.

300 . o AA/BB types
1 ©PA46 o ABtypes
2801
1 PAG6L._
260 4
O 240
= 1 A PAG10™._
= 220 ] B g *\ OPAG12
200 1 e PAT
] T PA12
180 oo
4 5 6 7 8 9 10 M
CH,/CNOH
10 ] PA4 o AA/BB types
{1 o. 6 o AB types
91 .. oPAs6
gl PAB6. .
® 6 N Y
x 4 N ~
S 5 "
Q. J b e
o 49 B "
[0 g N pN
= ] PA610D ", ~
g 9 OPAB12 T
24 N AN
N . PAtfo o PA12

T v T T T T T T T g T v T v T

4 5 6 7 8 9 10 11
CH,/CNOH

Figure 1.6 Dependence of Tm (upper) and the water uptake (lower) of the CH2/CNOH ratio for various polyamides.?!?8

11



Table 1.3 Technical data of AA/BB and AB type polyamides.?!>> ND = no data.

Introduction

Property [unit] PA46 PA66 PA610 PA6 PA12
Tensile modulus [MPa] 3300 3100 2400 3000 1500
Stress at yield [MPa] 100 85 70 80 46
Elongation at break [%] 30 40 ND 70 280
Glass transition [° C] 74 50 45 47 38
Melting Point [° C] 295 260 210 220 180
Deflection temperature at 1.8 MPa [° C] 160 70-100 60 55-80 40-50
Minimal use temperature [° C] ND -40 ND -40 -70
Density [g/cm?] 1.18 1.14 1.08 1.14 1.01
Transparency Opaque Opaque Opaque Opaque Opaque
Resistance to chemicals®
Aliphatic solvents ND + ND + +
Aromatic solvents ND + ND + +
Acetone ND + ND + +
Hot water (hydrolysis resistance) ND 0 ND 0 0
Weak/strong mineral acids ND 0/- ND 0/- +/-
Weak/strong organic acids ND 0/- ND 0/- +/-
Weak/strong alkalis ND +/0 ND +/0 +/+
UV light and weathering ND 0 ND 0 0

1.7 Polycondensation of polyesters and polyamides

Polyamides and polyesters synthesized by the polycondensation reaction of AA/BB-type
monomers (diacids, diols, diamines, etc.) or AB-type monomers (hydroxy- or amino carbonic
acids).?” The monomers form a polymer-chain under the loss of a small molecule, usually water

or methanol (Figure 1.7).

6] O 0) o)
>_< >_< + HO/\/OH e >_< >_< +H,0
HO OH 0] OtH
HO n

Figure 1.7 Polycondensation of terephthalic acid and ethylene glycol to PET under release of water.

Polycondensation reactions are so-called step-growth reactions.*® These types of reaction can

be defined by several characteristics:**

I.  No initialization of the reaction by additional, highly reactive starting reagents
II.  All molecules possess the same reactivity and participate at the reaction, leading to
many similar-growing polymer chains
III.  To reach high weight- or number average molecular weight (M and M,), a very high
conversion is necessary (Carothers’ equation (1))
IV.  The polydispersity index (PDI, ratio of My and M) of an ideal polycondensation (100%

selectivity and conversion) is 2.00.
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Characteristic II is described by Carothers’ equation (1.1) for an AA/BB-type

polycondensation, 2423132

r+1

P, = (1.1)

r—2rp+1

with P, = Average number degree of polymerization, r=naa/ngg Wwith ngp>naa,

p = conversion.

200 -

n

150 1

100

Number avarage
Degree of polymerization P
(&)}
(@)

T

60 80 100
Conversion p [%]

Figure 1.8 Graphs of Carothers’ equation for differing r-values; » = 0.5 (red), » = 0.9 (orange), » = 0.97 (blue),
7= 1.0 (dark blue).

The previously formed oligomers will react with each other to reach high molecular weights
only at conversions above 99%. Hence, a crucial parameter for a high conversion and a major
challenge for AA/BB-type polycondensations is the stoichiometry. If the AA reactant is used
in excess, at full conversion of the BB compound only oligomers of the type AA-(BB-AA)»-
BB-AA will be present, and the reaction is terminated (Figure 1.8).

Polycondensations are equilibrium reactions (Figure 1.7). To reach high values for Py, the
equilibrium needs to be shifted to the polymer side. This can be achieved by separation of the
released small molecule, e.g. by distillation during the polymerization process. The polymer
can also be removed from the equilibrium, for example in precipitation polymerization
reactions.

For the synthesis of PA66, the first step is the formation of a so-called AH salt (hexamethylene
diamine adipate) in aqueous solution and the subsequent polycondensation under the loss of
water in an autoclave at 270 °C — 280 °C.?® A positive effect is that the AH-salt can be
precipitated in perfect stoichiometry. To control the degree of polymerization, a

monofunctional acid is added that terminates the chain growth.?*
13
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For polyesters, metal catalysts (antimony, aluminum, titanium, and others) are widely used. The
amount depends on the catalyst but is typically 20 ppm - 300 ppm.* In a classical vacuum-melt
process, the diacid is mixed with a diol (in excess) under inert atmosphere at 125 °C and 220 °C
for the formation of oligomers.?? In a second step, the temperature is raised to 270 °C and the
pressure is decreased. In addition to the removal of water, the excess diol is separated, and the
oligomers are converted into polyesters by transesterification.

For the last 30 years, the application of enzymes — mostly lipases and cutinases — as catalyst for
polycondensation has been investigated.>**> The features are lower reaction temperatures, less
toxicity and high selectivity. The major drawbacks are the long reaction times and high costs.
Additionally, whereas the molecular weight for linear, aliphatic polyesters are in the range of
their classically synthesized counterparts,®® enzymatically polymerized polyamides with
sufficient molecular weight have yet to be developed. Furthermore, the reaction conditions
required for enzymes, especially the low temperature and solvents, lead to precipitation at
oligomer level if aromatic monomers are used.** For the synthesis of linear, aliphatic polyesters
of high molecular mass, an interesting strategy was reported: In the first step, dimethyl succinate
formed a cyclic compound with butanediol in toluene, catalyzed by a lipase. In the second step,

the polyester was formed by ROP in bulk, catalyzed by the same lipase.?’

1.8 Ring opening polymerization of polyesters and polyamides

Lactams and lactones can be converted in the corresponding polymeric form by ROP. The three
major routes are the hydrolytic, the cationic, and the anionic ROP. In ROPs, an equilibrium

between the opened, incorporated monomers and the closed rings can be described (Figure 1.9).

(0]
N/\/\/\[ﬁ/ NH o \[N/\/\/\[d/
H + B e H
\[ Oln @ OJn+1

Figure 1.9 Polymerization equilibrium of caprolactam and PA6.%8

According to Flory’s assumption®® that the functional groups of the growing chain ends are
independent of the chain length and equally reactive, the free enthalpy of the polymerization
AG is defined by equation (1.2) with AHy and ASo as standard polymerization enthalpy and

entropy, temperature 7, gas constant R and monomer concentration [M].40
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AG = AH, — T(AS, + RIn[M]) (1.2)

A polymerization is generally possible for AGo < 0 kJmol™!, and the signs of AHyand ASy define

the range of temperature for polymerization under standard conditions (Table 1.4).

Table 1.4 Impact of the signs of AHo and ASo on the polymerization temperature.

AHy [kJmol'] ASo [kJmol'] Polymerization

<0 <0 Possible if T < T¢ (celling temperature)
AH,
T, =
ASy + Rln [M],
<0 >0 Always possible
>0 >0 Possible if T > Tf (floor temperature)
AH,
Tf =
ASy + Rln [M],
>0 <0 Never possible

At equilibrium state (AG = 0), the concentration of the closed monomers [M]. is expressed

by equation (1.3)%

[M], = exp AHy ASO]

RT R

(1.3)

A strategy to decrease the reaction temperature and therefore lower [M]e for AHo, ASo < 0 is the
activated anionic polymerization as described for the synthesis of PA6 from caprolactam

(Figure 1.10).

Initiation
® ©)

o © 0 \© N2 Na-Q o \O Na—O

»\ L\ O\¥ />_ L\ :\\ @

N + N _— =N + N = 0O N

@XQ
Propagation
Na -0 © Na®

@@C elle) @M G
@Mh

Figure 1.10 Initiation (dimer formation) and propagation of the activated aROP of caprolactam with acetyl-caprolactam as
activator and sodium caprolactamate as initiator.3
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The initiation step — which is also the rate-determining step of the polymerization — is the
nucleophilic attack of a lactamate (e.g. sodium lactamate) on the carbonyl group of the amide.
The lactamate, which is usually referred to as initiator, can be formed in situ by adding hydrides
or alkalis, or they can be pre-synthesized. In activated anionic ROP (aROP), small amounts of
an additional activator such as acetylated lactams (imides) or other highly reactive electrophiles
are added. The rate of the initiation step is therefore much increased as the formation of the
initial dimer (attack of the lactamate at the electrophilic center) is more facile compared to the
attack at the carbonyl group of a regular lactam. As these dimers are the starting points of the
growing polymer chain, the molecular weight can be adjusted by the initial concentration of
lactamate and activator. The propagation occurs as a sequence of nucleophilic attacks at the
newly-formed imide groups after addition and subsequent ring-opening of each lactamate via a
tetrahedral bicyclic intermediate (Figure 1.10). The negatively charged lactam group in the
main chain deprotonates a lactam monomer and subsequently the ring opens, leading to a
constant regeneration of the lactamate concentration. In the initiation and the propagation, the
cation of the lactamate coordinates the imide/amide groups and facilitates the reaction.’® As the
temperature and the reaction time of the activated aROP are considerably reduced compared to
standard methods, the amount of side reaction is drastically decreased.*!

Besides the temperature, many additional parameters influence the ROP, such as the ring size,
substituents, ring strain, polymer/monomer miscibility, catalysts, solvents, and others.*
Especially substituents are crucial, as even a small methyl group and its position in the ring
considerably affects the conversion (Figure 1.11).** In general, substituents shift the
polymerization equilibrium to the monomer side, increasing [M]e: (I) substitution at tetragonal
atoms favors ring-closure (increase of AHy), (II) the rate of the initial dimerization may be
lowered due to steric effects, and (III) substituents restrict the rotation in the polymer chain

(decrease of ASo).
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Figure 1.11 Influence of a methyl substituent on [M]e at the a-¢ positions in a bulk polymerization at 250 °C.*

Polyesters are formed by ROP from lactones of all ring sizes. For small (four- to six-membered
rings) and medium rings (seven- to twelve-membered rings), various kinds of chemical and
enzymatic catalysts are applied, such as Sn-catalysts, metal aliphatic alkoxides, carboxylates,
alkali metals, and lipases from mammals (porcine pancreatic lipase, PPL), fungi (Candida
antarctica, CA; Aspergillus niger, AN; Rhizopus delemar, RD, and others) or bacteria (manly

Pseudomonas  family).*°

For ring-sizes above 13, functionalized monomers, and
enantioselective polymerizations, lipases are the commonly preferred catalysts as they are
superior in terms of large-ring lactam conversion, chemo-, and enantioselectivity.*** However,

with the exception of PCL, these aliphatic polyesters are of little industrial significance.

1.9 Bio-based polyesters and polyamides

Polymers, formed either partially or entirely from renewable (carbon) sources other than fossil
oil are called bio-based polymers.*> This includes naturally occurring polymers such as
polysaccharides or lignin and also polymers from chemically modified biogenic monomers.
Sometimes, bio-polymers that have been developed in the last 30 years are referred to as “new
economy plastics”.*® Consequently, well established bio-based polymers such as rubber,
cellulose acetate, celluloid, and others are often excluded from market research. Polyurethanes
(PUR) are also sometimes neglected, as the actual amounts of bio-compounds in polyurethanes
remains to be unclear.*’ As a result, the market data is not always consistent and comparable.
However, the future of bio-polymers is generally estimated to be positive. #4850

In 2018 — according to the German nova institute GmbH — the consumption of all bio-plastics
combined was about 2% (7.5 mt) of the total plastic consuumption.® For fossil oil and bio-
based polymers, the forecasted compound annual growth rate is about 4%. Bio-based polymers
are used in various industries; consumer goods, building and construction, and automotive and

transports are the three dominating sectors (Figure 1.12).%°
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Figure 1.12 Bio-based polymers and their fields of application.>

Polyesters are high-volume bio-based polymers (Figure 1.13) and are mainly used as
commodities (price-driven). Polyamides only reach comparably small volumes but are used as

engineering or high-performance materials (performance-driven).

18.2% I Other (bio-based / non-biodegradable)
o I PHA
11.6% e I Other (biodegradable)
I PBS
0,
\26.6% o DEAT
I PTT
N PE
0.9% [MPLA
1.4% I PA
15% Starch blends
92%  72% 4.6% V7 TPET

10.3%

Figure 1.13 Global production capacities of bio-based polymers 2018 (only new economy plastics, without PUR).
Poly(butylene succinate) (PBS); poly (butylene adipate terephthalate) (PBAT); poly (trimethylene terephthalate) (PTT);
polyethylene (PE); poly (hydroxy alkanoate) (PHA).*

They can be either completely new polymers or so-called drop-in polymers. Drop-ins are
structurally equivalent to their fossil-oil-based counterparts and therefore exhibit the same
properties. Common examples are bio-polyethylene from bio-ethanol or PET with bio-based
ethylene glycol (Figure 1.14); however, the mass content of the green diol is only 27%.
Nonetheless, bio-ethylene glycol is the most-used sustainable building-block for bio-based

polymers.
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Figure 1.14 Synthesis pathway to bio-based ethylene glycol. Green: Land use; blue: Water use.

The advantage of drop-in candidates is that starting from the monomer level, all established
processes — processing, value chains, recycling, etc. — can be used without any adaptions.* In
addition, long-term ecological aspects and toxicities are well-known. However, no new fields
of application can be addressed with drop-in solutions, and the crucial factor for
commercialization is the overall production price. Therefore, no polyamide drop-in has been
commercialized to date, even though caprolactam is accessible from renewable feedstocks.>!+>
The most relevant non-drop-in, 100% bio-based polyester is PLA. Glucose from corn, wheat or
potatoes is usually used as raw material.***® It is used in medical, textile, packaging and
plasticulture.>

Other important building blocks for polyesters are 2,5-furandicarboxylic acid and the diols
ethylene glycol, 1,3-propanediol and 1,4-butanediol, being the main drivers for future market
growth. >

Bio-based AA/BB-type polyamides usually contain C10 or C12 di-acids or -amines from castor
beans. The only currently available AB-type is PA11 from the same feedstock (Figure 1.15);
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although bio-based routes from palm kernel oil by one-step fermentation to the PA12 monomer

12-aminodedaconicacid exist,>* they have not been commercialized to date.

Castor bean
(seeds) o
595t
e i ; :
HoN
4 = 2
| OH Pyrolysis /\(%U\OH V\HgU\OH
Castor oil | Hydrolysis ,| Ricinoleic 900 °C | undecylenic . Amino-
2.38t l acid l acid T l undecane acid
2.02t 50% conv. 1.09 t
Glycerol Heptanal NH, H,
0.62t 0.09t 0.01t

]E{ (o)
Bio-PA11

Figure 1.15 Conversion of ricinoleic acid from castor oil to bio-PA11. Green: Land use; blue: Water use.*®

The commercial bio-polyamides and bio-polyesters are, with the exception of the chiral
hydroxyl group in PLA and PHB, aliphatic linear polymers that differ only in chain length from
the fossil-based materials. Therefore, the differences are rather small. For example, the
polyamides PA410, PA1010, PA1012 are “property bridges” between the small chain PA46
and the long chain PA1212;* they are essentially “bio-replacement” materials.*> They can be
used instead of fossil-based polyamides in some applications, but do not offer real novelty.
Naturally occurring, more complex molecules contain structural elements that might lead to
polymers with completely new, outstanding properties — “bio-advantaged” polymers.*’

Monoterpenes often contain motifs that are not easily synthesized from fossil oil, such as
bicyclic structures, well-defined aliphatic side chains, or enantiopure substances. The utilization
of these compounds could greatly enhance the portfolio of common bio-based polyesters and

polyamides.

1.10 General background: Monoterpenes

Monoterpenes belong to the compound class of terpenes. Terpenes are non-essential
metabolites of plants, insects, fungi, and others.’® They share a common bio-synthetic pathway
with isoprene (see above) as the general precursor (Figure 1.16): two or more isoprene units
form the corresponding terpene structures, mostly by ‘head-to-tail’ condensations (‘isoprene
rule’).’® Hence, terpenes can be classified as isoprene-oligomers — however, because of

different carbon skeletons, aliphatic substituents, olefinic structures, chiral centers, and
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functional groups, the structural diversity is immense. In addition, hydroxyl- or keto-groups are
often introduced during the bio-synthesis.

Over 8000 terpenes and 30000 terpenoids have been identified so far.>> As mentioned
previously, monoterpenes are isoprene-dimers. They are the smallest isoprene oligomer,
containing ten carbon atoms, and are still a good example for structural variety. The central

dimer from which cyclic monoterpenes are formed is the a-terpinyl-cation (Figure 1.16).>

e §T§T

B-ocimene  Myrcene Geraniol Linalool

/k/\ yd roxylation
N OPP

DMAPP
X OPP
A — -
|
/k/\OPP ®
IPP GPP Geranyl Linalyl Linalyl  o-terpinyl
cation diphosphate cation cation
Mono- Bi-
cycI|c cyclic
O
OPP
Sablnene (+)-bornyl-
Terpinolene o-terpinene y-terpinene hydrate Sabinene a-thujene diphosphate  1,8-cineole
X
a-terpineol  pB-phellan-  Limonene +)-3-carene  a-pinene  p-pinene camphene Fenchol

drene

Figure 1.16 Pathway from isoprene-precursors dimethylallyl pyrophosphate (DMAPP) and isopentenyl pyrophosphate (IPP)
to hydroxylated and purely aliphatic linear, mono-cyclic, and bi-cyclic monoterpenes.

All monoterpenes that are formed from the same biosynthetic pathway can be converted into
each other by rearrangements, condensations, cyclization, etc. (‘biogenic isoprene rule’).’®
However, as the cyclic structures rearrange relatively easily, selective conversions are generally
challenging in terpene chemistry. Especially common are Wagner-Meerwein rearrangements,
a reaction discovered during investigations of the reaction of the monoterpene isoborneol to

camphene.>’
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Mixtures of monoterpenes have been used as ‘essential oils’, pharmaceuticals, and solvents
since millennia. Carvone, limonene, menthol, and others are used in cosmetics because of their
odour.*® In macromolecular chemistry, polyterpene resins, mainly from B-pinene and usually
with a molecular weight below 1.0 kDa, are used as thermoplastic adhesives.®!~¢*

The first polyamide from a monoterpene (B-pinene) was synthesized by Hall in 1963,%* during
his investigations about the polymerizability of cyclic and bicyclic structures,®>%® but the
material was not investigated in detail. Since then, the potential of terpenes for thermoplastic

polymers has been forecasted and explored in scientific research, but commercialization of the

new polymers has not been realized yet.**7

1.11 Monoterpenes as resource for polyesters: Selected examples

Monoterpenes for terpene-based polyesters have to be functionalized before polymerization. A
suitable strategy is the conversion to anhydrides that can be polymerized with polyols or
epoxides. Deivasagayam et al. functionalized a-phellandrene with maleic anhydride in a
solvent-free Diels-Alder reaction, obtaining yields of more than 99%. The new monomer was

polymerized with diglycerol and catalytic para-toluene sulfonic acid (Scheme 1.3).”?

Grinding 0
rt 2h PTSA
O+
<§ 0 i) 100°C, 5 h W
ii) 140 °C, 19 h
0]

HO/\/\O/\(\OH
OH OH

0]
O/\/\O/\/\ o e — OW
OH CJ)}NJJ n OH
o) O/\/\O/\/\OH
OH OH
Scheme 1.3 Synthesis of a terpene-based co-polyester starting from the Diels-Alder reaction of a-phellandrene with malic
anhydride.

My was above 40 kDa, but the reaction time exceeded 28 h. 7; was between 0 °C - 30 °C,
depending on the dehydration and esterification during the reaction. The final polyester
consisted of 70%-100% renewable carbon, depending on the maleic anhydride source.”

In a similar approach, the terpene-based anhydrides were copolymerized with propylene oxide
catalyzed by complexes of Cr, Co or Al and aromatic ligands and a PNP-cation containing co-

catalyst.”* The conversion to amorphous polyesters was above 99%, M, surpassed 50 kDa and
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the PDI was between 1.1 and 1.7. The Ty reached 109 °C, which is more than 30 °C above the
T, of PET (Table 1). This underlines that bulky substituents can shift the 7§ to high values, and
aromatic compounds are not necessarily required in this regard. However, the bio-based content
is only 47%."*

Finally, Carrodeguas et al. used phthalic anhydride and terpene-based epoxides from
2-menthene, limonene, (+)-3-carene, and others.’”> With cis-limonene oxide, the Ty was 141 °C,
M, was 16.4 kDa and the conversion was above 99%. The reaction time in THF at 65 °C
catalyzed by a homogenous iron catalyst and a PNP-cation co-catalyst was 24 h. In this case
too, the bio-based carbon was only about 50%.

Another strategy is the conversion of terpenes to ketones, subsequent Baeyer-Villiger oxidation
to the corresponding lactone and ROP. Starting from carvone,’®’” limonene,”® or menthone,”
the resulting monomers are lactons containing an iso-propylene substituent and a methyl
substituent. Even when B-pinene was used,” rearrangements during the synthesis led to a
similar structure, barring the methyl group (Scheme 1.4 c¢). Another similarity worth mentioning
is that in all cases, stereoisomers of the iso-propylene group or the methyl group were formed,
consequently, the obtained polyesters were atactic, which can greatly influence the properties

compared to an isotactic structure.
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Scheme 1.4 Synthesis of terpene lactones from carvone (a),’®’” menthone (b)’® and B-pinene (c)”® and subsequent ROP to
polyesters. BHT = [4-[bis[4-[(3-sulfophenyl)amino]phenyl]methylidene]-1-cyclohexa-2,5-dienylidene]-
(4-sulfophenyl)azanium.

Lowe et al. epoxidized the terminal double bond of the iso-propylene unit before’® and after’”’
the polymerization (Scheme 1.4 a). The epoxidized monomer was also co-polymerized with
caprolactone; in both cases, Sn- and Zn-catalysts were used. The 7, was between -3 °C
and -62 °C, and Tn reached 25 °C — 55 °C. Cross-linking via the epoxide led to gel formation
in a solvent, with the volume increasing above ten times the original size. These gels reshaped
after repeated deformation and are probably biodegradable, making them promising candidates

for biomedical devices.”® It is worth mentioning that the lactone formation of the carvone
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lactone could be achieved with environmental benign KHSOs (Oxone®) in 42% yield, instead
of meta-chloroperoxybenzoic acid (Scheme 1.4 a).

Wilson et al. polymerized the menthone-based lactone by cationic ROP with a magnesium
catalyst in THF (Scheme 1.4 b).”® M, did not surpass 8.5 kDa, and the highest conversion was
below 80%. Co-polyesters with ®-pentadecalactone lead to increased molecular weight
(20 kDa - 79 kDa). The T} of these co-polyesters varied depending on the monomer ratio, but
never exceeded 75 °C.

Quilter et al. converted B-pinene in a monocyclic lactone to establish a bio-based alternative to
PCL (Scheme 1.4 ¢).”” The polymerization of these monomers led to thick, colorless gels. The
T, was about -50 °C, and the highest M, was 32.1 kDa. The polymerization time was only two
hours, and 91% conversion was observed. Co-polymerizations with lactic acid were proven to
be possible and gave semi-crystalline polyesters with a 7T of about 138 °C, but the resulting
polyesters did not surpass a M, above 10 kDa.

As described above, bio-based diols are a main driver of the future market growth of bio-based
polyesters. A recent example is the application of a limonene derived diol in polymerization
with adipic acid, catalyzed by Sn or Ti catalysts.?® Ty and M, varied between -7 °C — 23 °C and
9.0 kDa — 23 kDa, respectively. The diol was also converted into a hydroxylic acid for the
generation of AB-type polyesters, but the attempt did not reach M, above 2.6 kDa; one of the

two stereoisomers obtained even preferred ring-closure (Scheme 1.5).

i. BH5 THF
ii. NaOH, H202
THF i.190°C,6h
H 0°C-rit. oH ii- Ti(OBu)4 (1 %), 230 °C
P 2h

) ii.NaClO,
i. [Cu(MeCN)4]OTf (5 %) | NaH,PO,-2 H,O
bpy / TEMPO (5 %)

H20,

NMI (10 %)

MeCN, r.t., air, 24 h tert-BuOH / H,0
0 °C, 45 min

- i. Sn(Oct), (1 %)
WOH ~_OH 180 °C o o o)
+ i.5mBar,24h _ +
n
OH OH O}\
(0] 0]

Scheme 1.5 Synthesis of limonene-based AB- and AA/BB-type homo-polyesters. TEMPO = 2,2,6,6-tetramethylpiperidin-1-
yDoxyl; bpy = 2,2"-bipyridine; NMI = N-methylimidazole.®

Another elegant approach was the whole-cell catalytic biotransformation of borneol to
hydroxyborneol by Roth et al.®! The bicyclic diol was polymerized with succinic acid dimethyl
ester. My, did not reach more than 4.0 kDa; the 7; was around 70 °C, which is caused by the
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rigid bicyclic structure. One particular detail that distinguishes this work from the others is the
synthesis and polymerization of an enantiopure monomer that is directly gained from the
synthesis, without the effort of a chiral purification. As no isomerization occurs during the

polymerization process, the polyester is also chiral (Scheme 1.6).

(0]
_ . O - o)
: Pseudomonas : i. Sn(OAc), :
:@‘\\OH put/da KT2440 N ﬂj"\\OH 190 OC, 2h - ‘\\OWJ\O
S/P buffer pH 6 ii) 250 °C, 4 h 0
(<] H ’
30°C,6 h o 90 mBar °

n
Scheme 1.6 Synthesis of hydroxyborneol and polymerization with succinic acid to a chiral terpene-based polyester.?!

1.12 Monoterpenes as resource for polyamides: Selected examples

Examples of polyamides from terpenes are rare.®? An example for the utilization of a limonene

derivative was reported by Firdaus ef al.%

Limonene was converted into diamines or diacids by
addition of amino- or carboxyl ethanethiol to the double bonds (Scheme 1.7). Therefore, the
resulting polymers can be classified as poly(thioether amides). The new monomers were used
for homo-polymerizations and for the formation of co-polyamides with succinic acid, 1,6-

diaminohexane, and other long-chain monomers.

Or isomeric form

: ol —
S/w\w(:[rls/\n/N\/\S/ﬁ\w S/\/N
(6]

oM
n 2
(o]
NH
S/\/ 2
HS/\/ NH,-CI
RorS OMe
; DMPA (5%) ﬁ(
: EtOH (
Uv,rt,4h s/\/NH2
TBD (5 %)
NH 140 °C, 10 mBar, 24 h (0]
: S ’ ’
HS/\/NH2 Cl o
B e
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EtOH
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¢}
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Scheme 1.7 Synthesis of limonene-based poly(thioether amides). DMPA = 2,2-dimethoxy-2-phenylacetophenone
(photoinitiator); TBD = 1,5,7-triazabicyclo-[4.4.0]dec-5-ene.?
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T, of amorphous limonene AA/BB-type homopolyamides was about 42 °C. Interestingly, the
stereo-configuration of the monomers had no impact on the thermal properties or Mx
(6.4 kDa — 7.9 kDa). The co-polyamides with various linear diacids or diamines preferably
resulted in semi-crystalline polyamides with a similar 7 and 7m between 50 °C and 240 °C.

The first homopolyamide of a terpene was reported by Hall.®* In the first step, the terminal
double bond of B-pinene was oxidatively cleaved. The ketone was then converted to a lactam
by oximation and Beckmann rearrangement (which is the rearrangement of a ketoxime to a
lactam)®* in basic media under application of benzenesulfonyl chloride. The cationic ROP with
phosphoric acid was successful. A melting point of 358 °C was observed, but a detailed
investigation of the polymer properties was not reported. Winnacker et al. re-investigated the

synthesis and polymerization (Scheme 1.8).%

N-OH HO
KMnO, HONH,-HCI
A|203 NaHCO3 H3PO4
_—
CH,Cl, H,0 / MeOH 125°C, 7 h
trans

H3POy4, 250 °C, 48 h

(@] (@]
n n

Scheme 1.8 Synthesis of B-pinene based homopolyamides.®

The Beckmann rearrangement was not completely selective, as the configuration of the oxime
is crucial for the direction of the nitrogen insertion; a 5:1 mixture in favor of the trans-oxime
was observed. Both lactams were polymerized by cationic ROP, using HCI1 , phosphoric acid,
and others at different reaction times and temperatures. However, M, did not surpass 7.7 kDa.
In addition, only at long reaction times (> 16 h) yields of 80% - 90% were reached. Tm was
remarkable 322 °C, and T, was at 160 °C. The expected optic activity was confirmed by light-
polarization experiments. The potential of this polyamide blended with poly(ethylene glycol)
for cell adhesion and growth was recently explored.®®

Before that, the same research group had already converted menthone into the corresponding
lactam, either by reaction with hydroxylamine sulfonic acid (HOSA)®’ or by oximation and
Beckmann rearrangement.®® The selectivity of the rearrangement also depended on the
configuration of the oxime, but the trans-oxime crystallized selectively in a yield of 56%. If
HOSA was applied, only one of the lactam isomers was obtained (Scheme 1.9). The
polymerization of the menthone-derives lactams was initially performed by anionic ROP with

in-situ generated N-benzoyl-lactam and potassium,® and later optimized as the activator was
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separately synthesized and added in a controlled manner.®” However, M, was below 3.0 kDa,
also if a cationic protocol was applied.?’ Tr reached temperatures of up to 290 °C, and a weak

Ty was observed at about 50 °C.

: i. 110°C,5h H 10min-24h
PN RN

Scheme 1.9 Synthesis and polymerization of a menthone-derived lactam by anionic ROP.%7-%

N9 -
COOH NaH 0 '
A 0 ' N
o -0°C NH 200 °C
: ol O
n

The general co-polymerizability of menthone lactam with caprolactam was also mentioned and
verified by a few experiments, but no detailed investigation was conducted.®

In general, the reported methods for homopolyamides from terpene lactams highlighted the
potential, but also suffered from low polymerization conversions, long reaction times,

unsustainable or expensive monomer synthesis, and purification issues.
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1.2 Objectives

The double bonds of isoprene and some monoterpenes can be chemically modified to convert
these precursors to new bio-products. For bio-fuels from isoprene, a linear dimer- or
trimerization, preferably with high selectivity, is required. To convert isoprene and olefinic
monoterpenes to new building blocks for polymers, hetero-atoms for polyesters, polyamides,
and others need to be integrated. The obtained monomers should be polymerized, and the
polymers should be analyzed in terms of structure and thermal properties. These aims are
addressed in five sections (Section 2.1-2.5). Within each section, the numbers of compounds

are re-assigned.

1.2.1 Isoprene as precursor for bio-fuels

The potential synthesis of isoprene oligomers as precursor for bio-fuels is addressed in a
literature review, which focuses on different catalytic methods for dimer- and trimer production
(Section 2.1). The originally reported mechanisms of these methods are also discussed briefly.

The contributions of the co-authors are listed at the beginning of the section.

1.2.2 Isoprene as starting material for monomers for new isoprene-based polymers

As described above, polyesters and polyamides are very important thermoplastics. To verify
the potential of isoprene-based polymers in this context and beyond the standard application in
rubbers, lactams and lactones should be specifically focused. A promising strategy might be the
conversion with chlorosulfonyl isocyanate in a cyclo-addition reaction, or the double bond

epoxidation. The results are discussed in Section 2.2.

1.2.3 Synthesis and polymerization of monoterpene-based lactams

Bio-based polyamides also have a huge future potential, especially as high-performance
materials. The structural variety of monoterpenes offers several possible lactams; the previously
mentioned bicyclic structures are of high interest as the thermal properties are strongly
influenced by these sterically demanding and rigid structures. The introduction of non-linear,
non-aromatic, bio-based polyamides would remarkably broaden the field of polyamides.
Appropriate lactam-monomers from (+)-3-carene and a-pinene might be accessible by reaction
with chlorosulfonyl isocyanate (B-lactams) or by a multi-step synthesis to the corresponding ¢-

lactams (Figure 1.17). The results are discussed in the sections 2.3 and 2.4.

29



i \/

H
| N ~
- i ;\

o)

ER

(+)-3-carene

Objectives

H
N

e} NH Q
- O -

a-pinene

Figure 1.17 Synthesis of B-lactams and e-lactams starting from (+)-3-carene and a-pinene.

1.2.4 Synthesis of diols from terpenes

Polyesters from natural resources are a very important class of bio-based polymers. This is true

especially for diols of AA/BB-type polymers, which are expected to be a major driving force

for future market growth. Terpenes are suitable precursors for bio-based polyesters, but diols

are still rare. Therefore, the conversion of abundant terpenes such as limonene, (+)-3-carene,

and o-pinene are of interest. This is addressed in Section 2.5. The diols are produced by an

oxidative cleavage and subsequent reduction of the cyclo-olefins (Figure 1.18). The

polymerization of a limonene-based diol to verify the general polymerizability with diacids is

also described.

P P g

Limonene +)-3-carene o-pinene

‘ Oxidative | cleavage ‘

General precursor

Aliphatic O
substituents

Aliphatic OH
substituents

Figure 1.18 Oxidative cleavage of limonene, (+)-3-carene, and a-pinene and subsequent conversion to diols.
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2 Results

2.1 Oligomerization of isoprene to linear dimers and trimers for advanced bio-fuels

Title: Oligomerization of isoprene to linear dimers and trimers for advanced bio-
fuels

Status: Manuscript draft

Journal: -

Publisher: -

DOLI:

Authors: Paul N. Stockmann, Prof. Olga Garcia Manchefio, Prof. Volker Sieber

This manuscript draft comprises the methods for the linear dimerization and trimerization of
isoprene accessible from renewable feedstock as precursor for advanced bio-fuels. Academic
literture as well as patents have been included. The methods were categorised in three sections;
palladium catalysts, Ziegler-Natta catalysts and other methods. The results reported in the
literature were summarized and the originally published mechanisms were briefly discussed.
As major draw-backs, unsufficient selectivity towards linear oligomerization and complex and

expensive reaction systems were identified.

Paul N. Stockmann reviewed and categorized the literature and wrote the manuscript and made

all tables, figures and schemes. Olga Garcia Manchefio and Volker Sieber revised the work.
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The production of sustainable, bio-based isoprene (2-methyl-but-1,3-diene) as a precursor for
bio-fuels has been a matter of recent intense research.!™!! Usually, synthetic strategies from bio-
resources to access isoprene under the application of chemical or biotechnological methods are
investigated. As hydrogenated, linear dimers or trimers of isoprene are structurally similar to
fuels and its handling to produce fine chemicals and synthetic rubber is already established in
the industry in scales of hundred thousands of tons per year, isoprene oligomers indeed seem to
be a valuable drop-in candidate to replace fossil-based fuels.'? A patent from 2012 describes a
complete production chain from bio-based isoprene to fuels.'® The physical data of some of
these isoprene oligomers are displayed in Table 1.'* To use isoprene oligomers as a fossil fuel
replacement, a convenient chemical method to convert isoprene to fuel candidates in a scale of
industrial relevance and sufficient selectivity is required. Despite isoprene’s high abundance
and industrial importance, isoprene-based fuel has not been commercialized yet. One reason
for this might be the challenging selective synthesis of isoprene dimers and trimers. Although
numerous articles concerning the conversion of isoprene to rubber (polyisoprene) or about the
telomerization of isoprene to hetero-atom containing oligomers have been published, a high-
yielding selective method to produce pure C1o-Cs oligomers is still a topic of ongoing research.
The general draw-back of the established methods are the use of expensive or toxic (metal)
catalysts, the low selectivity due to the formation of higher oligomers (> Czp), the formation of
cyclic by-products and high production costs. The crucial reason, however, are the high costs
of isoprene. Nonetheless, some recent publications point out the value of isoprene as a fuel

precursor instead of a building block for polymers or terpenes. '3!3
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Table 1 Overview about selected isoprene dimers and trimers and their physical properties relevant for their application as

fuels.”
Formula Boiling Density  Vapor AHe Lower Higher  Octane
point (g/em®)  pressure (kJ/ heating heating Cetane
°C) (hPa, mol) value value
25°C) (kBtw/gal) (kBtw/
gal)
m 177 0.848 2.05 6167 130.6 137.9 88
>_O 170 0.806 2.16 6531 126.5 134.9 75
186 0.782 1.22 6196 121.1 127.8 110
R
)\/\A( 160 0.728 4.47 6778 116.5 124.7 97
O/ 183 0.860 1.45 6234 134.0 414.4 95
/O/ 179 0.830 1.77 6464 131.6 139.4 90
/O/ 159 0.800 1.85 6527 1254 133.8 85
W\( 247 0.766 0.05 10040 121.7 130.1 65
278 0.850 0.010 9957 135.7 144.6 40
3:1 mixture of linear : 255 0.787 0.043 10020 125.2 133.7 59
cyclic Cis (BIF-15)

Figure 1 is a process scheme of how isoprene, its linear oligomers and the cyclic structures
might be utilized as a fuel replacement or additive.!* This review covers the years 1959-2018
and focuses on the chemical conversion of isoprene to linear dimers and trimers by Palladium
(Pd) catalysts (Section 1), Ziegler-Natta catalysts (ZNc) with various metals including Titanium
(T1), Nickel (Ni) or Zirconium (Zr) (Section 2), and other methods (Section 3). The proposed
mechanisms for these transformations are also shortly discussed, while the oligomerization of
other light olefins by chemical methods is not included since it has been reviewed extensively

elsewhere.!®
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Figure 1 Oligomerization and subsequent hydrogenation of isoprene for the formation of fuel and fuel blends. ¢

1 Palladium catalysts

One of the most studied and versatile approaches for the dimerization of isoprene (1)
rely on the use of palladium catalysis. This might be due to the fact that the palladium
metal provides many possibilities for the right choice of the appropriate catalytic system,
including both the ligand and reaction conditions adjustments, permitting the tuning or
control of the selectivity of the process. A possible mechanism for the palladium

catalyzed dimerization of two isoprene (1) molecules is shown in Figure 2.!7:!8
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Figure 2 Proposed mechanism for the Pd-catalyzed dimerization of isoprene (1) to 3,6-dimethylocta-1,3,7-triene
(HH 2), 2,7-dimethylocta-1,3,7-triene (TT 3), 3,7-dimethylocta-1,3,7-triene (HT 4) and 2,6-dimethylocta-1,3,7-
triene (TH 5).1718

For the linear dimerization, there are four competing mechanisms leading to isomeric 2-
methyl-octatrienes 2-5. Two isoprene (1) molecules coordinate to Pd to form an in sifu
generated Pd(O)-complex (A) that is stabilized by electron donating ligands such as
phosphines or N-heterocyclic carbenes, among others. The subsequent C-C coupling
leads — heavily depending on the reaction conditions such as solvents, temperature,
ligands and others — to head-to-head, head-to-tail or tail-to-tail dimers forming a ligand-
Pd(I)-(n, ’-dimethyloctadienyl)-complex (B). The presence of a proton donor, usually
alcohols or organic acids, leads to the formation of the intermediate (C) that
subsequently forms the positively charged n', n3-Pd(II) complex (D). At this stage, two
competing reactions can occur: Either the addition of a nucleophile such as alkoxides or

amines at the allylic positions to form a telomer, or deprotonation to form the CioHie
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dimers 2-5. The B-hydrogen elimination is promoted by an additional base or the
corresponding conjugated base of the proton donor.

In 1972, the direct dimerization of alkyl-substituted dienes, such as isoprene (1), was
patented by DuPont.!” Palladium complexes of reactive alkenes such as maleic
anhydride and (Ph3)P were used as catalysts in acetone at 105 °C in an autoclave for 10
h under autogenous pressure. The yield of linear dimers was 75% and consisted to 98%
of 2,7-dimethylocta-1,3,7-triene (TT 3). This publication is one of only a few examples
where the amount of substrate exceeded the usual laboratory scale, as 500 g of isoprene
(1) were used. The authors also claim that, in this case, an organic solvent is not
mandatory.

A more detailed follow-up publication dealt with mechanistic details and the reusability
of the catalyst, revealing that the yield was almost unchanged in a second run. '®

It could also be shown that by the use of 10% Pd/C, a saturated Co dimer is built with a
yield of 83%. An increased  selectivity could be  observed @ if
tetrakis(triphenylphosphite)palladium(0) [(Ph3)4Pd] was applied as catalyst. In this case,
isoprene (1) was converted into its dimers without an additional solvent at 115 °C for 7
h.2% The yield of the linear dimers was 97% with a product distribution of 71% TT 3,
28.4% TH S and 0.6% HH 2.

The effect of various electron donating organophosphorus ligands was investigated by
J. Berger; in fact, the nature of the ligand was shown to be crucial for the selectivity of the

reaction (Table 2).!

Table 2 Influence of electronic and steric effects of various ligands on the dimerization and telomerization of isoprene (1).
Reaction conditions: Pd(acac)z 0.05%, ligand 0.4%, isoprene (1) 100%: methanol 300%, 80 °C, 10 h.2

Entry 1 2 3 4 5 6
Ligand N7 Ph
o7 S >
P S P % b As
o0 o o
Ph

Conversion [%] 100 100 100 75 70 65
Dimers [%] 40 36 36 67 66 38
Telomers [ %] 60 64 64 33 34 62

Whereas the steric demands of the ligands seem to be of little importance, a strong

electron donating character of the Pd coordinating P-ligand increases the homo-dimer

6
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selectivity by over 50% (Table 2, entries 1-3 compared to entries 4 and 5). (Ph);P has
also been used as a ligand to convert isoprene (1) using dioxane as solvent and Pd(acac)2
as pre-catalyst.”? Then, the isomer TT 3 was produced selectively with a yield of 76%.
Similar results were achieved with Pd(acac)2, (Ph)sP and m-methoxybenzaldehyde (70%
yield).22 In both cases, no additional base was needed. Moreover, in the latter case, the
exchange of the aldehyde to triethylamine decreased the yield drastically.??! In another
catalytic system, the reaction using (Ph);P as ligand was shown to be less active and
selective than the aliphatic ligands EtsP or (CeHi1)sP. In this case, the reaction was

carried out under CO; pressure (9-10 bar) at 110 °C (Table 3).}

Table 3 Influence of different Pd-catalysts on the tail-to-tail dimerization of isoprene (1) in the presence of COz. Reaction
conditions: Catalyst 0.24%, isoprene (1) 100%, COz2 (9-10 bar), 110 °C. *Missing to 100% = other dimers.*

Distribution of dimers [%]*

Entry | Catalyst:CO: t[h] Conversion Dimers
[%] [%] N Z N R
173 Ty TT3"

1 Pd[(Ph):P]; 7 No data 16 53 3 0
2 Pd[PEt;]3 3 70 58 86 1 Traces
3 Pd[PEt;]3 27 86 60 2 35 52
4 Pd[P(CsHi1)s3] 5 71 58 75 11 Traces
5 Pd[P(CsH11)3]2 29 87 67 1 23 59

After a reaction time of 7 hours using (Ph3)P as ligand, 16% of isoprene (1) was
converted into the dimers with a selectivity to the tail-to-tail TT 3 of 53% (Table 2.5,
entry 1) - whereas for Et;P a conversion of 70% and a selectivity of 58% was observed
within 3 h (Table 2.3, entry 2). If the reaction time was raised to over 25 h, TT 3 was
almost completely isomerized into mostly the 2,7-dimethyl-2,4,6-octatriene (TT 37,
52%) and 2,7-dimethyl-2,4,7-octatriene (TT 3°, 35%) derivatives (Table 2.3, entry 3).
A similar behavior was observed for P(Ce¢Hi1)3 (Table 2.3, entries 4 and 5) As this had
not been described before under Pd-catalysis, TT 3 was directly tested for the
isomerization at 110 °C in the presence of [PEt3]3Pd and [P(CsH11)3]2Pd in the absence
of a CO; atmosphere. In this case, no isomerization occurred. However, the recycled
catalyst from the initial reaction using the [P(Ce¢H11)3]2Pd/CO:> system was still able to
isomerize the double bonds, also in the absence of CO». The authors conclude that CO»
assists the formation of the catalytically active species and suggest the formation of an
adduct of the form [P(CsHi1)x(CO2)x]Pd. Unfortunately, all attempts to isolate this
proposed adduct failed. More reasonable is the assumption that carboxylic acids are

formed from COz, which are able to stabilize Pd® and Pd". Interestingly, although lacking
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experimental data, the use of CO: as a suitable ligand for the dimerization of isoprene
(1) had been mentioned before.?*

In a more recent work, an excellent selectivity for the formation of tail-to-tail dimers
was described by Kellner et al.'” Again, simple (Ph)3P was used as most selective ligand.
The use of Pd(OAc). as palladium source in THF at 90°C for 48 h lead to TT 3 in an
isolated yield of 85% (total amount of dimer: 91%, Table 2.4, entry 4). Interestingly, no
additional proton donor was necessary. The authors suggested that the acetate acts as a
proton acceptor/donor shuttle, mediated by the present EtsN that was used as base. In
this system, EtsN was revealed to be a more suitable base than KOH or KHCO3 (Table 4,
entries 7-9). Also, THF hugely increased the selectivity compared to toluene, methanol

or EtOAc (Table 2.4, entries 9-11).
Table 4 Screening of the solvent, base and catalyst/ligand ratio for the highly selective formation of TT 3 and the

hypothetical role of the acetate anion as an in situ generated proton source. Reaction conditions: isoprene (1) 100%,
base 10%, 48 h."

Entry Catalyst (Ph)sP Base Solvent T Dimers
[%] [%] r°cl )V/VY/ [%]
TT3
fothers

1 Pd(OAc), (5) - EGN THF 90 1:9 15
2 (PhsP):PdCL (2) - EtN THF 90 - traces
3 (PhsP),Pd (2) - EGN THF 90 - traces
4 Pd(OAc): (2) 6 EcN THF 90 l16:1 91
5 Pd(OAc) (2) 6 EtN THF 70 - traces
6 Pd(OAc): (1) 3 EcN THF 90 16:1 90
7 Pd(OAc): (1) 3 KOH THF 90 - traces
8 Pd(OAc), (1) 3 K>CO; THF 90 4:3 -
9 Pd(OAc): (1) 3 KHCOs MeOH 90 1:8 46
10 Pd(OAc), (1) 3 EtN EtOAc 90 9:1 30
11 Pd(OAc): (1) 3 EtN toluene 90 7:1 89
12 Pd(OAc); (0.02) 0.06 EGN THF 90 - traces

A new class of ligands for this reaction was introduced by H. Beller and co-workers in
2007.% In situ generated palladium-carbene catalysts converted isoprene (1) to the
homo-dimers almost quantitatively (98% yield, Table 5, entries 8 and 10). The N-
heterocyclic carbenes (NHCs) were generated from various imidazolium salts (Table 5,
IS-A — IS-E). The NHCs were initially considered as a promising class of ligands for
telomerization due to their electron-richer character with respect to phosphines.
However, it was additionally revealed that by an increase of the steric demand of the
applied NHCs, the selectivity of the reaction was shifted to a considerable extent from
the telomerization to the dimerization. Moreover, if isopropanol was applied instead of
methanol, no telomerization was observed. In the system described, temperatures of

more than 90 °C lead to polymerization, but this effect could be reduced by a decrease

8
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of the concentration of isoprene (1). Furthermore, a full conversion without diffusion
control could be realized using liquid isoprene (1) at a reaction pressure of more than

50 bar.

Table 5 Imidazolium salts AS1-5 as source for in situ generated N-heterocyclic Pd-carbenes and their catalytic activity for
isoprene (1) dimerization under varying parameters. Reaction conditions: Isoprene (1) 100% (10 mL, Cisorene (n=4 M),
Pd(acac)z, Pd : L = 1: 10, 0.5% NaiPrO/iPrOH 15 mL, 24 h, 30 bar. *Isoprene (1) 100% (5 mL, Cisoprene (1= 2M),
NaiPrO/iPrOH 20 mL. ® 50 bar.?

MeSOL “
N/_/\Nﬂ N /N N /N N N N
1S-A

Distribution of dimers [%]
Entry | Ligand Pd(acac):2 T Dimers
[%] [oc] [%] Ml// )WL/ M
T3 THS HT 4
\\\)\/Y\
HH 2
1 CysP 0.02 90 14 84 <1 15
2 IS-A 0.02 90 87 70 22 8
3 IS-A 0.01 70 69 47 37 16
4 IS-B 0.01 70 82 74 16 10
5 IS-B 0.005 70 76 71 15 14
6 IS-C 0.02 90 62 71 16 13
7 IS-D 0.01 70 93 72 17 11
8 1S-D* 0.02 90 98 75 16 9
9 IS-E 0.02 90 72 58 26 16
10 IS-E° 0.02 90 98 60 25 15
11 IS-E 0.01 130 69 55 11 34

The homo-dimer formation also strongly depends on the proton donor used in the
reaction, e.g. various alcohols. It was shown that nucleophilic alcohols (that is, small and
unbranched alcohols) react to telomers in a fast manner (Table 6 A, entries 1-4), whereas
branched alcohols favor the formation of the homo-dimers (Table 7, entries 5-10). This
is accompanied by an increase of the reaction time. Moreover, as expected, if the amount
of alcohol is reduced, the formation of telomers also decreases drastically

(Table 6 B, entries 1 and 2).2"2¢
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Table 6 Influence of different alcohols (A) and the MeOH : isoprene (1) ratio (B) on the isoprene (1) conversion and
(hetero)-dimer formation. Reaction conditions Table 6A): Isoprene (1) 100%, Pd(acac)2 0.05%, (Ph)sP 0.1%, alcohol 300%,
80 °C, 10 h. Reaction conditions Table 6B): Isoprene (1) 100%, Pd(acac)z 0.1%, (Ph)sP 0.2%, alcohol 300%, 80 °C, 5 h.2!

A)
Entry Alcohol T [°C] Conversion [%] Dimers [%] Telomers [ %] Trimers [%]

1 MeOH 60 100 21 79 -

2 MeOH 80 100 43 57 -

3 MeOH 100 100 46 54 -

4 EtOH 80 100 73 27 -

5 nPrOH 80 55 88 12 -

6 iPrOH 80 50 53 47 -

7 nBuOH 80 48 88 12 -

8 iBuOH 80 42 100 - -

9 sBuOH 80 32 100 - -

10 tBuOH 80 24 89 - 11

B)

Entry MeOH : Isoprene (1) Conversion [%] Dimers [%] Telomers [%]
1 0.2 95 86 14
2 0.5 100 78 22
3 1 100 65 35
4 3 100 50 50
5 5 100 48 54
6 10 100 42 58

The distribution of the homo-dimers, as well as the formation of trimers, is also
influenced by the addition of phenol.?® Various ratios of isoprene (1) : phenol were
investigated. The selectivity for the formation of linear dimers decreased with an
increasing amount of phenol. A total yield of 77% (90% conversion, 86% dimer
selectivity) on the homo-dimers could be obtained with 3% phenol (Table 7 A, entry 2),
whereas it was only 24% if 67% phenol was applied (Table 7 A, entry 5). Interestingly,
the complete absence of phenol (Table 7 A, entry 1) also had a very negative effect on
the conversion and selectivity as only 8% dimers where formed, from which only 26%
were linear (TT 3). It was also revealed that the selectivity for dimer formation changed
if different phenol derivatives were used. Apparently, methyl phenols with a higher pKa
value favor the dimerization (Table 7 B, entries 1 and 2), whereas more acidic phenol
derivatives such as 4-chloro-phenol lower both selectivity and conversion (Table 7 B

entry 4). The exact role of phenol in the reaction mechanism has yet to be explored.
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Table 7 Influence of various phenol amounts (A) and phenol derivatives (B) on the dimer formation and distribution.
Reaction conditions: PdBr2(PhoPCH2CH2PPh2)2 0,08%, NaOPh 0,8%, benzene (Cisoprene (1y= 1.8 M), 150 °C, 1 h.?

A)
Distribution of dimers [ %]
Entry | Phenol Conversion Dimers Others Trimers
[%] [%] [%] A M\(/ [%] [%]
THS T3

1 0 19 43 - 26 74 20

2 3 90 86 6 89 5 12

3 17 96 72 37 55 8 22

4 33 95 57 60 28 12 24

5 67 75 32 34 9 57 34
B)

Distribution of dimers [%]

Entry Phenol Conversion  Dimers Others  Trimers

derivative [%] i )\ﬁ?ff (% (%]

[33%] TH5

1 @EOH 94 82 26 64 10 12
Ol
2 /@ H 93 74 46 38 16 24

3 ©/OH 95 57 60 27 13 24

4 /©/0H 13 46 1 1 98 -
Cl

Generally, the homo-dimerization is favored by increasing the reaction
temperature.?!?%28 The distribution of the dimers can also be adjusted by defined heating
profiles. Hidai et. al. observed that in a reaction system with (nBuzP),PdCl,-NaOMe
(1:3) and isoprene (1) without additional solvent lead to the formation of 65% of TH 5
if it was kept at 25 °C for two days and then heated for 8 h at 80 °C.?* Conversely,
without the pretreatment at room temperature, TT 3 was produced selectively. A more
detailed investigation of this observation revealed that a temperature-controlled two-

stage reaction leads to the formation of 75 % TH 5 and 14 % TT 3 (figure 3).%¢
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Figure 3 Two-stage temperature controlled telomerization and demethoxylation to the homo-dimers TH 5 and TH 326
During the first stage, isoprene (1), [(1*-C3Hs5)PdCl]> and (Ph)sP were stirredina 1 : 1
mixture of methanol and isopropanol for 48 h at room temperature using NaOMe as a
base. The analysis of the reaction mixture before the second stage showed that 74% of
the dimers are methoxy-dimers. After the second stage (80 °C, 8 h), however, all
methoxy-telomers are converted to the homo-dimers by elimination of methanol. The
strategy to deliberately synthesize telomers and subsequent elimination of the attached
nucleophile was reported before as one of the first strategies of isoprene (1)
dimerization.?® Phenol and isoprene (1) were telomerized catalyzed by [(n3-C3Hs)PdCl]»
in the presence of sodium phenolate to 1-phenoxy-2,7-octadienes in a yield of 70%
within 20 h. Degradation of the telomers to HH 2 and HT 4 was achieved via elimination
of phenol catalyzed by a [(1*-C3Hs)PdCl1]2/(Ph)sP complex and concomitant separation
of the dimers by distillation at 80 °C and a pressure of 1 mbar to shift the reaction
equilibria towards the homo-dimers. An adjustment of the reaction equilibrium was not
described for the afore mentioned elimination of methanol.?*?! The yield of the second
step was 75%, resulting in a total dimer yield of about 50%. Although similar isoprene
(1) dimer acetates have been synthesized, their degradation to dimers has not been
described yet.*!

In addition to the formation of octatrienes, isoprene (1) can also be dimerized to dienes
under reductive conditions. Heck and co-workers investigated this reaction in detail.??

In the presence of 1.0 mol% of [(C3Hs)PdOAc]z, 1.0 mol% of [2,5-CsH3(iPr)2]P and
12
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stoichiometric amounts of formic acid and NEt; at 40 °C in THF, isoprene (1) was
converted to four isomeric octadienes (3xHT, 1xHH) in a total yield of 98%. Two
mechanisms for this reaction were suggested and are exemplarily displayed for the
formation of the HT-dimers 2,6-dimethylocta-1,7-diene (HT 6) and 3,7-dimethylocta-
1,6-diene (HT 7) in Figure 4.

Mechanism A Mechanism B

M
HT 6
M
HT 7

Figure 4 Reductive isoprene (1) head-to-tail dimerization as proposed by Heck and co-workers.*?

In mechanism A, a hydridoformatopalladium(II) complex is formed by oxidative
addition of formic acid to an in situ generated Pd(0) phosphine complex (A-A).
Isoprene (1) then reacts with this complex to a formato(methylbutenyl) palladium
complex (A-B). By addition of a second isoprene (1) molecule, a chelated complex is
formed (A-C) that reductively eliminates the octadiene under loss of CO». Finally, the
Pd-n complex intermediate (A-D) reacts with formic acid, liberating the product and
regenerating the catalytic active hydridoformatopalladium(II) species (A-A).
Alternatively, the mechanism B favors the coordination and coupling of two isoprene (1)
molecules to the Pd(0) catalyst (B-A) as initial step to form a
dimethyloctadienediylpalladium(II) complex (B-B) that reacts with formic acid (B-C)
and isoprene (1) under the loss of CO2, HT 6 and HT 7, thereby regenerating the Pd(0)
catalyst (B-A).

In both cases, the base EtsN can be considered as an equilibrium buffer to control the

formic acid concentration, as an increase of the concentration of the acid may lead to the

13
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reduction of the monomer instead of the coupling product. To further decrease the
concentration of formic acid, only one equivalent was used and added portion-wisely
throughout the reaction. This led to an optimized yield and the formation of only small
amounts of methyl-butene was observed. Other reaction parameters also had significant
effects on the reductive dimerization, which can be summarized as follows: (I) ligands
with increased electron donating capacity decreased the dimer formation (Table 10,
entries 4, 5, 7-10) ; (II) ligands with increased electron donating capacity increased the
reaction rate; (III) steric effects of the ligands showed no trend regarding the total yield,
but large ligands preferably lead to tail-to-tail dimers; (IV) the ideal ratio of ligand :
palladium was 1 : 1; (V) the formation of head-to-tail dimers was supported by low
temperature; (VI) the anion of the palladium source was crucial to the reaction rate and
dimer selectivity (acetate increases reaction rate and head-to-tail formation); and (VII)

THF increased the reaction rate.
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Table 8 Influence on the reductive dimerization of isoprene (1) of various catalysts, solvent and reaction time. Reaction
conditions: catalyst 0.7%, EtsN 110%, formic acid 130%, 40-45 °C. #[2,5-C¢H3(iPr)2]P 1.3%, 20-25 °C, formic acid added in
aliquots.®

Entry Catalyst Solvent Reaction time [h] linear dimers [%]

1 [(pC¢H4CF;3);PL,PdCl, - 24 91
[(pCsH4CF)3P],PdCl» - 10 59

3 [(pCsH4C1);P1,PdCl, - 10 73
4 [(CsHs):Pl.PdCly - 24 24
5 [(pCsH4sOCH;3);PL,PdCl, - 24 27
6 [(OCH3)2(OCH>CH3)P],PdCl, - 24 55
7 [(OCH3)3P],PdCL - 24 33
8 [(OoCsH4CH3):P],PdCl, - 24 28
9 [(0CeH4OCH3)(CeHa)2P].PdCl2 - 24 16
10 [(0CH4CH3)3P],PdCl; - 24 23
11 [(CsH11)3P].PdCl» - 24 60
12 [(CeHi1)3P]2Pd(OACc), - 7 96
13 [(CsHs)3P].Pd(OAC), - 4 56
14 [(OCH3)>(OCH>CH3)P],PdCl, THF 24 89
15 [(pCeH4Cl1):PL,PACl, THF 24 83
16* [(C3Hs)PdOAc]> + [2,5-CsHs(iPr):P THF 12 98

An examination of Heck’s system showed that the recovered catalyst was inactive. To
minimize the amount of palladium, THF was then replaced by dimethylacetamide.>* The
change of the solvent enabled the use of only 0.01% of palladium catalyst with otherwise

similar conditions and results, decreasing the palladium consumption by a factor of 100.

2 Ziegler-Natta catalysts

Ziegler-Natta catalysts (ZNc) are combinations of transition metal salts (group III to VIII,
mainly IV, V and VI) and metal-organic compounds (group I to III, mainly organyl-aluminium
species or Grignard reagents) that show activity as polymerization catalysts. These catalysts are
commonly used for the polymerization of olefins or the highly selective industrial cyclo-
trimerization of 1,3-butadiene and have also been applied for the dimerization of isoprene (1)
several times. A simplified mechanism of this reaction with the ZNc system Cp,TiCly/iPrCl is

displayed in Figure 5.343°
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Figure 5 Proposed (simplified) mechanism of the dimerization of isoprene (1) by the Ziegler-Natta system
Cp2TiCl2/iPrMgCl. 3436

As various double bond isomers have been reported, other mechanisms also occur and
the determination of the mechanisms is aggravated by the fact that most Ziegler-Natta
systems are heterogeneous.?” Additionally, the elaborated complex structures that have
been detected for this and similar systems are neglected for the sake of simplicity.3%°
However, at the time the catalysts were often not characterized sufficiently, and very
little spectroscopic data was gathered. The complete mechanism of the dimerization of

isoprene (1) by ZNcs is still unclear.
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For this type of oligomerization, there are two competing mechanisms leading to two
isomeric dimethyl-1,3,6-ocatatrienes. Hence, these dimers are also isomers to the Pd-
catalyzed isoprene (1) dimers 2-5. The reactive Ti-hydride catalyst (A) is formed by the
in-situ reduction of Cp>TiClz by two equivalents of iPrMgCl under the loss of propene
and propane. The active complex (A) then coordinates the head of isoprene (1) to form
a n-allyldipentadienyltitanium (III) complex (B) which is more stable than the
corresponding tail-complex. After insertion of another isoprene (1) unit and C-C bond
formation (tail to head: D, head-to-head D7), the Ti-hydride complex (A) is reformed by
B-H-elimination under release of the linear dimer products 2,6-dimethylocta-1,3,6-triene
(ZN-TH 8) and 3,6-dimethylocta-1,3,6-triene (ZN-HH 9).

In 1959, Wilke used the combination of CrClz and Et2AlClI to oligomerize isoprene (1)
into a mixture of cyclic dimers (from Diels-Alder reaction), linear dimethyloctatrienes —
the structures ZN-TH 8 and 2,7-dimethylocta-1,3,6-triene (ZN-TT 10) were postulated
— and a mixture of isomeric dimethylcyclooctatrienes; yields were not given in this
publication.*! It was also mentioned that Ti was a suitable metal, but no experimental
details were described for isoprene (1). Zakharkin then applied TiCls (0.2 mol%) and
iBuzAl (0.5 mol%) in toluene at 25 °C for 2 h, which gave a 41% of a mixture of linear
and cyclic dimers, a similar amount of trimers, and about 20% of Czo (or higher)
oligomers.*? The Ti(OnBu)4-EtAICI system led to 36% of trimers and 21% of the ZN-
TH 8.*3 N-vinylpyrrolidone (NVP), tosylate and carbonates have also been investigated
as Ti coordinating ligands.** All these new ligands were easily obtained by precipitation
from solutions of TiCls and the respective ligands in benzene. They were then screened

in the dimerization of isoprene (1) as described in Table 9.
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Table 9 Influence of different amide, tosyl and carbonate ligands on the dimer formation and distribution. Reaction
conditions: Ti-catalyst 0.38%, ELAICI 1.5%, isoprene (1) 100%, ¢ =5 M, 50 °C, 2 h. *Missing to 100%: unreacted isoprene
(1) or higher oligomers (>Cjs). Reaction conditions: *80 °C, “Et; AICI 0.6%.*

0 7

oo o oo o Distribution of dimers [%]*
Entry Ti- DMSO Dimers Trimers )W\( > >
catalyst [%] [%] [%] }—d T i
1 (tosyTiCly N 34 N 40 58 2
2 (tosyD)TiCl, 03 52 8 61 39 -
3 (tosyl); TiCl, 03 56 12 46 49 5
4 (tosyTiCl, 0.9 90 6 54 41 5
s (tosyD:TiCly 1.2 - - - - -
6 TiCly: NVP - 62 5 49 49 2
7 TiCls-NVP 0.6 88 5 54 43 4
8 TiCly- 2NVP - 28 6 49 48 3
9 TiCl;-2PC - 52 12 54 44 6
10 TiCl,-2EC - 52 18 50 42 4
1 TiCls 0.3 - - - - -
12 TiCl, 03 29 42 38 58 5

Interestingly, the authors also suggested ZN-TT 10 as the linear dimer structure based
on chemical degradation experiments, as well as IR and NMR measurements. As for the
cyclic dimers, the Diels-Alder products were identified, with the 1-methyl-3-
isopropylene substitution pattern as very dominant major cyclic compound. The trimers
were also cyclic, forming a 12-membered ring system. If bulky and electron-supplying
ligands such as NVP (Table 9, entries 6-8) or toluene sulfonate (Table 9, entries 1-5)
were used, dimerization was preferred. Alternatively, for the system TiCls-Et2AlIC1
without ligands, trimers were formed as the main product (Table 9, entry 11). As it was
verified that the ligands form a stable coordination bond with the Ti metallic center in
the active species via their carbonyl oxygen, the authors hypothesized that, additionally
to the mentioned coordinative ligands, two isoprene (1) molecules predominantly form
a cis-trans coordination complex, followed by either a Diels-Alder reaction (tail-to-head

complex) or the linear dimer ZN-TT 10 (tail-to-tail complex, Figure 6).
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Figure 6 Cyclic dimer formation by Diels-Alder reaction compared to the tail-to-tail linear dimerization.**

Since the 1-methyl-4-isopropylene compound was only detected in traces, the hydride
shift seems to be highly preferred compared to the Diels-Alder reaction in the tail-to-tail
complex.

Head-to-head dimers such as ZN-HH 9 were not detected, indicating that under the conditions
described no corresponding complex was formed. The role of DMSO in this reaction is not
clear, although it considerably increased the yield as long as the molecular ratio Ti : DMSO
was not higher than 1 : 3. If more DMSO was used, no reaction was observed. It could also be
demonstrated that a pure alkyl-aluminum base such as Et;Al is unreactive. Pyridines with long
alkyl substituents as ligands have also been used for the dimerization of isoprene (1) with Ti
and Ni as applied transition metals.’ Pyridines in general are suitable ligands as they can form
o-donor as well as nS-n-complexes. The long alkyl chains were attached to the pyridine to
increase the solubility of the formed complex in organic solvents. A selection of these catalysts
and the results of their application are presented in Table 10. Under these conditions, Ni showed
a higher tendency for linear dimerization (65.3% linear and 27.7% cyclic dimers, Table 10,
entry 1) than Ti, which led mostly to the formation of various linear and cyclic trimers and
higher oligomers. If the ratio of Ni : ligand was switched from 1 : 1.5 to 1 : 2.5, the distribution
of the dimers changed drastically, leading to the preferred formation of the cyclic dimers (linear
dimer 8.4%, cyclic dimer 65.5%, Table 10, entry 2). Ti was only tested with the 1 : 2.5 ratio,
therefore it is unclear if a lower amount of ligand might shift the distribution towards the linear
dimers. The alkyl-chain also had a considerable effect on the reaction selectivity. The alkyl
pyridine A (AP-A) led to 65.3% of linear dimers, whereas with AP-B only 17.1% of linear
dimers were produced (Table 10, entries 1 and 4). A second side chain as in AP-C resulted in
an increase of the formation of cyclic dimers and various trimers (Table 10, entry 6), while the
use of aryl substituents (AP-D) resulted in over 80% yield of the trimers (Table 10, entry 7).

Again, the obtained linear trimers were isomers of the dimers discussed above, revealing the
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structures 7-methyl-3-methyleneocta-1,6-diene (ZN-HT 11), 3,7-dimethylocta-1,3,6-triene
(ZN-HT 12) and 2,6-dimethylocta-2,4,6-triene (ZN-TH 13). This underlines the great variety

of linear isoprene (1) dimers.

Table 10 Influence of different alkyl substituted pyridine ligands on the dimer formation and distribution. Reaction
conditions: metal 0.3%, isoprene (1) 100%, iBusAl 1.7-3.0%, - 5 °C — 10 °C, 10 h. “Missing to 100%: unreacted isoprene (1)
or higher oligomers (>Cis).%” L = ligand; M = metal.

x X
| _ = iBu | X
N L N P
App Gt N Cotho' | pp.c | Cuban o N
AP-B o © App 10tz

Distribution of linear dimers [%]"

Entry L M  Linear W w /I\/\)\/ Cyclic  Trimer
[%] dimer ZN-HT 11 ZN-HT 12 ZN-TH 13 dimers [%]
[%] [%]

1 AP-A Ni 65.3 71 16.4 12.6 27.7 7.0
0.45

2 AP-A  Ni 8.4 45.2 34.5 20.3 65.5 18.9
0.70

3 AP-A Ti 8.4 71.4 20.6 - 17.8 49.9
0.70

4 AP-B Ni 17.1 31.6 46.6 22.8 229 44.1
0.45

5 AP-B Ti 53 52.8 472 - 11.8 13.0
0.70

6 AP-C Ni 52.7 68.7 16.9 14.4 315 11.9
0.45

7 AP-D  Ni 42 28.6 - 71.4 8.6 82.8
0.45

Ni was used as transition metal in Ziegler-Natta catalysts before, with a maximum yield
of 15% for linear dimers in a Ni(acac):PPh(NEt2)2/EtsAl system and 51% for linear
trimers.*> A more effective method was described in a patent from 1981, where the metal
organyl was buthyl lithium (BuLi).*® Table 2.11 displays the results from these
experiments. Also, the new dimer 2,7-dimethylocta-1,6-diene (dihydro-TT 37) was
found in a considerable amount, which structurally is similar to TT 3” but with a
saturated C4-C5 bond (Table 11, e.g. entry 2).

In addition to the reduced dihydro-TT 3°, also a hydrogenated form of isoprene (1),
2-methyl-but-2-en, was detected as side product (up to 17%). The influence of a very
bulky H-donor resulted in the increased formation of linear trimers. With a maximum
yield of 82% TT 3, the application of BuLi improved the yield by over 500% compared
to Al-bases or alcoholates (Table 11, entry 3). The addition of n-electron donors also had

a positive impact regarding the conversion and selectivity.
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Table 11 BuLi as metal organyl in combination with various Ni catalysts. Reaction conditions: Ni-catalyst 1%, 90 °C.
280 °C. "Main side-product: linear trimer 57%.%¢

Distribution of linear dimers

[%]
Entry Catalyst Ligand BuLi Alcohol t Conversion M

[%] (% (% W (% Ty

1 [(nBu);PLNiCl - 3 iPrOH 8 39 30 -

[50]

2 Ni(CsH120:), (nBu)sP 4 iPrOH 5 100 60 20
[1.0] [66]

3 Ni(acac), (nBu);P 4 iPrOH 4 100 82 -
[1.0] [100]

4 Ni(acac), (nBu);P 4 pent-3-ol 2 100 64 7
[1.0] [50]

5 Ni(acac)z (nBu);P 4 menthol 2 70 72 8
[1.0] [50]

6 Ni(CsHi202)  (NMe2);PO 3 iPrOH 2 86 48 10
[1.0] [33]

7 Ni(CsHi202)2 (Phs)P 3 iPrOH 2 92 45 15
[1.0] [33]

8" Ni(acac)2 (NMe2);PO 4 iPrOH 3 89 52 -
[1.0] [100]

9" Ni(acac) (NMe>):PO 4 - 5 100 35 -
[1.0] pentanol

Titanocene (dichloridobis(n’-cyclopentadienyl)titanium, Figure 5) and alkyl-titanocene
complexes have also been investigated for the dimerization of isoprene (1) in a R-
Cp2TiCly/ iPrMgCl system.* In this attempt, Grignard reagents were used as reducing
agents. The reaction parameters such as the nature and the amount of the applied solvent,
reaction time and temperature, as well as the catalyst : isoprene (1) ratio have been
addressed. The results can be summarized as follows: (I) THF is the most suitable
solvent for the isoprene (1) dimerization compared to diethyl ether and dioxane. This
can be explained by the low solubility of the catalyst system in these solvents. (II)
Increasing the solvent volume lead to longer reaction times, but also increased the dimer
selectivity. (III) The reaction time of 10 h lead to 70% conversion; longer reaction times
resulted in an increased formation of higher oligomers. (IV) The temperature optimum
was 65 °C, whereas lower or higher reaction temperatures stopped the reaction or led to
polymerization, respectively. (V) A catalyst : isoprene (1) ratio of 1 : 55 proved to be
superior in terms of dimer formation (27% yield) and selectivity (39%).The results of
various alkylated titanocene dichlorides under the optimized conditions are displayed in

Table 12.
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Table 12 Effect of different alkyl-substituents for isoprene (1) dimerization in the Cp2TiCl/iPrMgCl system. Reaction
conditions: Ti-catalyst 1.8%, iPrMgCl 10%, isoprene (1) 100%, THF, 65 °C, 10 h.*

Distribution of dimers [ %]

Entry Catalyst Conversion Higher Dimer
[%] oligomer yield z Z/N_TH B\ o Z;HH 0 ~
yield [ %] [%]
1 {E---muceer, 70 43 27 67 33
2 \/©———TI<Cp)cw2 46 31 15 75 25
3 AT 30 25 5 64 36
4 v\/@——-mcwcnz 35 28 7 56 44
5 (\/©> --Ticl, 38 29 9 86 14
2
6 (\/\/©> --TiCl, 35 26 9 74 36
7 (/\/\@)ﬂmb 40 32 11 73 27

Both the yield and the distribution of ZN-TH 8 and ZN-HH 9 were affected by different alkyl
substituents. Alkylation of one or both cyclopentadiene (Cp) ligands led to a decrease of the
conversion and yield of the dimer. This effect is more dominant if both Cps were alkylated. The
yields decreased with a growing alkyl chain until C; was reached (Table 12, entry 3); then, a
minor increase was observed for Cs- and Cs-alkylation. Interestingly, the ratio ZN-TH 8 : ZN-
HH 9 was rather similar in all cases, with the exception of the ethyl-Cp, reaching a 86%
selectivity for ZN-TH 8 (Table 12, entry 5). In total, a maximum yield of 27% for the linear
dimers was reached for the non-alkylated Cp,TiCl: catalyst (Table 12, entry 1). In a follow-up
publication, the effect of alkenyl-substituted Cps was described as illustrated in Table 13.*” The
conversion was increased by over 14% up to 84% for the n-butenyl substituted Cp (Table 13,
entry 2). Also, the other alkenyl substituents proved to be more effective than their alkyl counter

parts (e.g. Table 12, entry 3 and Table 13, entry 5 for a propyl/propenyl substituent).
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Table 13 Effect of different alkenyl-substituents for isoprene (1) dimerization in the Cp2TiCl»/iPrMgCl system. Reaction
conditions: see Table 12.4

Distribution of products [%]

Entry Catalyst Conversion Higher Dimer
[%] oligomer yield ~ Z/N_THB - Z;HHQ ~
yield [%] [%]
1 Ss---miemer 70 43 27 67 33
2 (\/\/@)-—mz 84 53 31 63 37
2
3 (v/j/@)—mlg 68 39 29 72 28
4 ( ®/© -Ticl, 62 47 15 63 27
5 A/@ -Ti(Cp)Cl; 64 40 24 68 32
6 72 44 28 69 31

S

\4»/@7—7@2

2

The authors explained these results by an additional stabilization of the in situ generated

Ti-hydride complex by the coordinating double bonds as shown in Figure 7.

\w{/@\ o1 [SaHMgCl
\A/@/

\

-1/2 C3Hg
-1/2 C3Hg

-MgCl,

¢t

O_\ iC5H MgCl

-7 -MgCl,
-1/2 C3Hg

95
0

Figure 7 Assumed stabilization of the active state due to the coordination of Ti by alkenes.*’

Nonetheless, with an isolated yield of only 31% for the linear dimers, competitive

conditions for titanocene complexes are yet to be found. Other transition metals such as

Fe, Ni, Co, Cr and Ni as Ziegler-Natta catalyst in combination with a Grignard reagent

as reducing agent instead of the commonly used alkyl-Al compounds have also been

investigated.*® The influence of different electron donors was also described. For all

combinations, the maximum yield was only 38% (Table 14, entry 12). The results are

displayed in Table 14.
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Table 14 The dimerization of isoprene (1) with a Grignard compound as reducing agent in combination with various metal

catalysts and electron donors. Reaction conditions: 100% isoprene (1), 2.2% catalyst, 2.2% electron donor, 6.6% Grignard

reagent, 50-60 °C, 5 h; dipy = dipyridyl; phen = o-phenanthroline. ®Missing to 100%: unidentified products. "Mixing order:

[(Ph)sP])2NiBr2, THF, isoprene (1), Grignard reagent. “Mixing order: [(Ph)sP])2NiBr2, THF, Grignard reagent, isoprene (1).
dlinear dimer 80%."

Distribution of products [%]*

Entry Catalyst Electron Grignard Dimer Cycloocta- Cyclohexa- Linear
donor reagent yield [%] dienes dienes Dimers
1 Fe(acac); dipy BuMgBr 30 93 7 -
2 Fe(acac); dipy iPrMgBr 33 90 10 -
3 Ni(acac), dipy EtMgBr 8 - 100 -
4 Ni(acac), (Ph);P EtMgBr 10 - 100 -
5 Ni(acac), phen EtMgBr 10 - 90 -
6 Co(acac) (Ph);P EtMgBr 8 - 100 -
7 Cr(acac); dipy EtMgBr 5 - 100 -
8 Cr(acac)s (Ph);P EtMgBr 3 - 100 -
9 Mg(acac), (Ph);P EtMgBr 3 - 100 -
10 NiBry - BuMgBr - - - -
11 Cox(CO)% - BuMgBr 5 - 100 -
1204 [(Ph)3P])2NiBr> - EtMgBr 38 - - 80
13¢ [(Ph)3P])2NiBr2 . EtMgBr 5 - - 80

All tested systems led to the formation of cyclooctadienes or cyclohexadienes, except
for the [(Ph)3:P):]NiBro/EtMgBr system, which led to a conversion of 38% of
isoprene (1) with a selectivity of 80% towards the linear dimers ZN-TH 8 (75%), a 2,7-
dimethyloctane (15%) and a 3,6-dimethyloctane (10%) that were not examined in detail
(Table 14, entry 12). Another interesting finding was the big impact of the mixing order
of the reactants (Table 14 entries 12 and 13). The yield of the dimers was greatly
increased when isoprene (1) was added to the reaction mixture before the Grignard
reagent (Table 14, entry 12 compared to entry 13). This indicates an interaction of
isoprene (1) with the catalyst that facilitates the dimerization, which is decreased by the
presence of the Grignard reagent. A mixing order of THF, isoprene (1), Grignard reagent
and catalyst to exclude a direct dimerization of isoprene (1) by the Grignard reagent was
not reported. The complete absence of a Grignard reagent in this system was also not
described.

The application of Zr as transition metal in Ziegler-Natta catalysts for the
oligomerization of isoprene (1) has also been reported several times.**>149->! Misono et
al. investigated various Zr-compounds and different reaction conditions, including the
influence of additives.*® In contrast to the Ti-compounds that formed several dimer isomers, Zr
selectively produced ZN-TH 8 and higher oligomers. These results can be summarized as
follows: (I) For the Zr compound, Zr(OnBu)s and Zr(CsHs)s led to dimerization and
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polymerization, whereas the use of ZrCls resulted in low yields due to a low solubility.
Moreover, Zr(acac) selectively polymerized isoprene (1). (II) The most suitable Al-base was
EtAICI in a molar ratio of EtzAl : Zr-compound of 1 : 10. Within 2 h at a reaction temperature
of 100 °C and with 1 mol% of the Zr-catalyst and 10 mol% of Et2AICI, 50% of ZN-TH 8 was
isolated, representing the highest yield reported in this series of experiments. An increase of the
amount of the Al-base led to a conversion of almost 100%, but the dimers also exhibited an
increased tendency to polymerize and, therefore, the isolated yield strongly decreased. Other
tested Al-bases either led to polymerization (EtsAl, EnAICL) or no reaction (EtAIOEt). (1IT)
The reaction time of 1 h showed the best selectivity, as an increased reaction time led to
polymerization. The best compromise between reaction time and conversion was 2 h. (IV)
Additives had no positive effect on the reaction. (Ph3)P improved the selectivity to a minor
extent, but the conversion was reduced. THF and 2,2°dipyridyl suppressed the reaction
drastically. The authors explained these results by the valence state of Zr during the reaction,
which was assumed to be four due to magnetic measurements (diamagnetic during all reaction
stages).

As Zr is in the d° configuration in the tetra-valent state, the back donation to ligands is
of little relevance for the reaction outcome. (V) The yield of the trimer was about 10%,
and analysis of the trimer fraction revealed three different trimers; for two of them, a
linear structure was identified.

In a follow-up publication, Zr(CsHs)4 was re-investigated in combination with other Al-
compounds, revealing a positive effect on the conversion and the selectivity, in which
the isolated yield was increased by 32% up to 66% for the Zr(CsHs)4/Et; 5AlCl; 5 system
(Table 15, entry 3).3?
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Table 15 Effect of Al-compounds at optimized Al : Zr ratios on the dimerization of isoprene (1) by Zr(C3Hs)s. Reaction
conditions: catalyst 1.0%, isoprene (1) 100%, benzene (Cisoprenc ()= 6 M), 100 °C, 2 h.%?

Entry Aluminum Al: Zr M
compound ratio NTHS
1 Et;Al 1-11 -
2 EtAICL 4.5-10 40
3 Et,sAICI; 5 2 66
4 EtAICl, 1 51
5 AlCl; 0.46 17
6 none - 12

Zr-catalysts were also patented by Mitsubishi Petrochemical in the aspect of isoprene
(1) dimerization.** Various Zr-catalysts and Al-compounds were investigated. The
results are listed in Table 16. The best combined yield of linear dimers was 75%,
accomplished with a Zr(OEt)2Cl»/ iBu2AlICl and (Ph)3P system dissolved in benzene
(Table 16, entry 5). As suitable solvents, hydrocarbons such as benzene, xylene or
heptane were described. Alternatively, the solvent free reaction was mentioned to be
possible, but no experimental data was reported. In contrast to the afore mentioned
selective synthesis of ZN-HT 8, in this case ZN-HH 9 was also detected in considerable
amounts. The trimer yield was up to 19% (Table 16, entry 1 and 2), and trimer formation

was favored at lower temperatures combined with sterically demanding ligands.
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Table 16 Dimerization and trimerization of isoprene (1) by Zr-catalysts in combination with various Al-compounds and P-
additives. Reaction conditions: Zr-catalyst 0.2%, isoprene (1) 100%, Cisoprenc (1: 4.2 M, solvent: *benzene, “toluene, ‘xylene, 8
h. ‘Missing to 100% = higher oligomers. *°

Distribution of products [%]*

Entry Catalyst OT P- 1?71- M \\\)\/Y\ Tl'l(l;lel's
[°Cl [%] [%] nHe s [%]
Ih Z(OnBuyCl 80 (Ph);P EGAICI 60 7 19
[0.45] [1.4]
2 Zr(nOiPrRCl 80 P(OC:Hs)s[0.9]  ELAICI 63 6 19
[1.8]
3 Zr(nOPh);C1 100 PnBus Et:AICI 61 6 14
[0.45] 2.7]
4° Zr(OnBu),Cl, 110 P(OPh)3 Et,AICI 57 10 12
[0.45] [1.8]
5 Zr(OEt),Cly 80 (Ph);P iBuAlICI1 61 14 9
[0.68] [2.3]
6 Zr(OnBuyBr 100 P(OPh);0 EtAlBr 45 5 14
[0.68] [3.6]
7 Zr(OnBu)Br» 100 (Ph);P ELAICI 47 7 13
[0.45] [2.3]
Trimers:
=
= NS - /L/\/I\/VL/
W N R 3
ZN-HHTH 14 ZN-TTTT 16 ZN-THTH-15

Contrary to Misono’s observations, the additives such as (Ph);P had no negative
influence on the result of the reaction; in fact, the best results were achieved by their
addition. The trimers were isolated and analyzed regarding their structure, revealing to
be linear unbranched Cj;-chains in the case of ZN-HHTH 14 and ZN-THTH 15, and a
Cio chain with an iso-propylene-branch for ZN-TTTT 16 that arises from a di-
substitution at the tail double bond of the center-located isoprene (1) unit.

Hf, V, Co and Fe as Ziegler-Natta catalysts have also been investigated by Misono,
Uchida er al. in a very similar approach as the previously described Zr-catalysts.3%-51:5%54
For Hf and V the results were comparable to the experiments achieved by Zr catalysis,
although in both cases another linear dimer (probably ZN-HH 9) was observed
additionally to the main dimer ZN-HT 8.5>% Although many temperatures, isoprene (1)
: catalyst ratios and Al-compounds were tested, the combined dimer yield never
exceeded 60%. This indicates that Ti is the most suitable metal for the Ziegler-Natta
catalyzed dimerization of isoprene (1). This assumption is also supported by the results
of Co and Fe based catalysts, which exclusively formed cyclo-dimers in almost

quantitative yields.>> For the Co(acac)2/EtsAl-(Ph)sP system in benzene at 80 °C, the
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formation of TT 3" has been reported, but the yield was only 10%.°°
Methylaluminoxane (MAQ) is a very active co-catalyst for Kaminsky-catalysts (that is,
Ziegler-Natta metallocene-type catalysts). MAO can be used for the selective
dimerization and, in particular, trimerization of isoprene (1) in combination with
symmetric chromium N,N-bis(diarylphosphino)amine catalysts (PNP-catalysts). In a
subsequent publication of the same group, non-symmetric chromium PNP and N,N-

bis(diarylphosphino)dimethylhydrazine (PNNP) catalysts were reported (Table 17).57

Table 17 Symmetric and asymmetric PNP- and PNNP-ligands in combination with MAO for the trimerization of
isoprene (1). Reaction conditions: 100% isoprene (Cisoprene (1)= 6.8 M), toluene, 0.007% (THF)3CrCls, 0.007% ligand,
2% MAO, 70 °C, 1 h.357

@@) QO @@ @Y )
& tia ®)

Distribution of trimers

%
Entry Ligand g(gcrh)?! Total trimer Linear el Cyclic Other
1 PNP-A 585 98 99 1 2
2 PNP-B 669 86 87 13 14
3 PNP-C 826 79 70 30 21
4 PNP-D 298 95 74 26 5
5 PNNP-A 1103 100 87 13 0

The ratio of linear to cyclic trimer was depended on the concentration of isoprene (1).
On the one hand, at 0.5 M of substrate concentration the formation of the cyclic trimer
(linear : cyclic = 32% : 68%) was favored. On the other hand, at a concentration of 6.8
M the product distribution was inverted to a 88 : 12 linear : cyclic ratio. This was
explained by the postulated mechanism (Figure 2.8), where the trimer ratio depends on
the rate of the reductive elimination, which is assumed to be facilitated by isoprene (1)

in the case of the linear trimer formation.
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\)\/\)\/\)\ 7 o =
NN = =

ZN-HTHT 17 ZN-TTHT 18

Figure 8 Proposed mechanism for the trimerization of isoprene (1) by Cr-PNP/PNNP-MOA catalysis. 057
The productivity of the reaction was increased by heating, whereas the trimer selectivity
decreased in favor of higher oligomers (79% at 70 °C, 100% at 25 °C). In control
experiments it was verified that the Cr-compound, as well as the ligands and MAO, were
crucial for the reaction. The application of the most suitable reaction conditions achieved
a yield of 98% of the trimers with a distribution of 99% linear and 1.0% cyclic, marking
the most selective trimerization of isoprene (1) reported to date (Table 17, entry 1). The
asymmetric PNP-A clearly increased the selectivity towards the linear trimers compared
to the symmetric PNP-C (Table 17, entry 3) Analysis of the linear trimers revealed a
mixture of ZN-HTHT 17 and ZN-TTHT 18. The PNNP-motif increased the
productivity of the reaction, obtaining 100% yield (Table 17, entry 5).

3 Other methods

Nickel has been used in the dimerization and trimerization of isoprene (1) not only as
part of a Ziegler-Natta system, but also in other catalytic systems.*®>%5 Isoprene (1) was
converted to dimers with the carbon structure of TT 3 (the double bond pattern was not
investigated) in 79% yield (82% conversion) within 10 h at 80 °C in an inert system
containing 0.4% (COD):Ni as catalyst and 1.4% (nBu)sP as ligand and iPrOH as proton
donor/solvent (Cisoprene (n= 7 M). The alcohol was crucial for this reaction; the same was

)_58

reported for Pd-catalysis (see section 1).”® Ni salts of organic acids or halides have also

been tested under various conditions that are summarized in Table 18.
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Table 18 Results of the oligomerization of isoprene (1) to TT 3, ZN-TT 10 and ZN-TTHT 18 by a Ni-catalyst. Reaction
conditions: [(7Bu)3P]2NiCl2 1.0%, 90 °C, 8 h. %Pr/H20 = 1:1.5. ®Missing to 100% = higher oligomers.>

OH 0 HO HO
7

A Ko oK HO oM
B c

Entry 1 2 3 4 5 6 7 8
Additive [%] All] B [1] C[1] B[1] B [3] B [2] C[1] C[2]
Base [%] KOH KOH KOrBu KOBu KOH KOrBu KOfBu KOrBu

[4.0] [4.0] [2.0] [2.0] [2.0] [3.0] [4.0] [4.0]
Solvent MeOH PrOH/ (BuOH ¢BuOH /PrOH BuOH BuOH BuOH

H,O*

Clsoprene (1) 7.1 5.5 6.8 6.8 5.6 6.8 6.8 6.8
[M]
Conversion 50 60 100 100 60 100 100 100
[%]

Distribution of products [%]"

M 75 76 65 84 78 76 7 4
PNF =~
T3
)\/\A( 22 14 5 12 20 3 5 7
NN

ZN-TT 10

&N x =

ZN-TTHT 18

With this method, very good results for both the dimer (up to 96% yield for combined
TT 3 and ZN-TT 10, Table 18, entry 5) and the trimer (87% yield, Table 18, entry 8)
formation could be obtained. Other methods with Ni as catalytic metal and combinations
of various bases such as EtzN or C;sH3;ONa and non-P-based ligands such as (iPr); As
have been reported. However, the yield and selectivity never exceeded 30%.*¢0
In(acac)s has also been used for the Lewis acid catalyzed isoprene (1) oligomerization,
reaching a yield of 89% as a mixture of dimers and trimers (6% catalyst, solvent free,
72 h at 30 °C). The obtained complex product mixture was not investigated in detail,
although head-to-tail bonds were verified by NMR.*!

The reductive dimerization of isoprene (1) was also achieved using Li-naphthalene, in
which the TH 25 and TT 26 isomers were isolated with a total yield of 40% (Table 19,
entry 1).°2 As a side reaction, a polymerization process was observed for all tested
reaction conditions. The ratio of Li : isoprene (1) defined the contribution of dimers,
trimers and tetramers. Unfortunately, the structural information of the trimers was not

provided. Use of other alkali metal dispersions led to yields of oligomers below 30%.
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Table 19 Li-naphthalene as reagent for the dimerization of isoprene (1) and the influence of the amount on the oligomer
distribution.®?

Distribution of dimers [ %]

Entry | Isoprene Li- Dimers )M L « Trimers Tetramers Others
(1)[%] naphthalene [%] TH25 TT26 [%] [%] [%]
[%]
1 100 50 40 50 50 5 - 30
2 100 33 7 50 50 35 7 40
3 100 25 2 50 50 5 40 50
4 100 17 - - - - 2 80

In 2018, isoprene (1) was successfully oligomerized and hydrogenated over a NiMoS/ALLO;
catalyst from a spent commercial hydrotreater.'> The reaction conditions implied 2.4 w% of
isoprene (1) in decalin, 250 °C, 3.4 MPa of Ha, liquid hourly space velocity of 2 h"' and Ha/feed
ratio 392 mL(STP)/mL, leading to the dimer on a 15% yield. The authors proposed a
mechanism for the formation of the four detected isomers HH 2, TT 3, HT 4 and TT 21

(Figure 9).
= ﬁA\ = \HH ] S
)\&’/n = M )\/\/Y
® /\( T3 3H,

HO®
1 \){ \)\ \)\A)\ \)\A)\
~ - ~ I ~
HT 4

Figure 9 Dimerization and complete hydrogenation of the product dimers by a NiMoS/Al203-H> catalyst system.'®

Due to a Brgnsted acid function of the NiMoS/Al>O3 catalyst, isoprene (1) forms an
allylic carbocation that is stabilized by resonance. In a next step, another isoprene (1)
molecule attacks to the allyl cation, resulting in a dimer with a secondary or tertiary
carbocation, which then reacts with a proton acceptor to form the specific dimer. Hence,
for other alkenes without stabilization by conjugation such as penta-1,4-diene, dimers
were not detected. In another control experiment, oct-1-ene was added to the reaction
mixture, but no isoprene (1)-octene heterodimer was observed.

Although the oligomerization of isoprene (1) can also be carried out with metal-free Brgnsted

acids, the selectivity is very low.®* Thus, H>S0O4, CH3COsH and Nafion-H have been tested,
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giving a product mixture consisting mostly of cyclic dimers or higher oligomers up to Cas; the
best selectivity was 11% at a conversion of 52%. The authors suggested the structures of the
hydrogenated dimers; presenting each a carbon-backbone structure that differed from the ones
reported for the metal coordination catalysts (Figure 10). The positions of the double bonds

before the hydrogenation were not reported.

D N

hydroBA-HH 19 hydroBA-HT 20
Figure 10. Proposed from the isoprene (1)dimers formed by Brensted acid catalysis after hydrogenation.®?

Another metal free strategy is the utilization of SOs;H-functionalized imidazolium ionic
liquids (IL, Table 20).%* A great advantage of this method is that the products were
insoluble in the ionic liquid and could be separated by simple decantation. Additionally,
the IL was reused seven times with only minor loss of selectivity and an almost

unchanged conversion.

Table 20 Dimerization and trimerization with SOsH-functionalyzed imidazolium ionic liquids. Reaction conditions: 25%
ionic liquid, 100% isoprene (1), 120 °C, 6 h.%*

N.N\/\/\SOSH \QN.N\/\/\SOSH
Entry | Ionic Conversion )\Q\/\ ka// \)\X/ Others Trimer Tetramer
. . \
liquid [%] d BA-HH 23 BA-HH 24
BA-TS 22
1 IL-A 100 21 15 23 22 11 8
2 IL-B 100 4 2 3 1 79 11

As can be concluded from the results for the short-chain and long-chain alkylated
imidazolium salt, the selectivity of the reaction highly depended on the polarity of the
IL. The longer aliphatic chain of IL-B probably leads to a better solubility of the
produced dimers, which can then be converted to higher oligomers before the layers
segregate. Especially, the selectivity for trimers (79% yield) and for head-to-head dimers
BA-HH 23 and BA-HH 24 (38%) was remarkable. All in all, this metal-free method
with adjustable selectivity is a very interesting alternative to coordination catalysis as it
is green, comparably robust towards moisture, easy to handle and requires only moderate

reaction conditions (120 °C, 6 h).
4 Conclusion

The application of isoprene (1) as building block for bio-fuels faces major challenges
such as selective synthesis of linear C10-Cis oligomers, competitive costs compared to

fossil fuels or scalability of laboratory preparation methods. The reviewed coordination
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metal catalysts require an inert atmosphere, are hard to recycle and the reusability — if
investigated at all — does not meet industrial demands yet. For example, Heck’s Pd-
catalyzed dimerization proved to be highly effective, achieving an overall dimer yield
of up to 98%, but either high amount of catalyst (e.g. 1.0 mol%) or the toxic and
expensive solvent dimethylacetamide had to be applied. Other Pd protocols are also
hard to handle and use complex ligands (P-ligands, carbenes and others). Cheaper
metals such as Ti, Fe or Co have been applied in Ziegler-Natta catalysis, but
selectivity, conversion and yield are considerably decreased. Neither the standard
protocols applying Ti salts and Al organyl compounds nor the advanced catalysts
(alkenyl-cyclopentadienyl-Ti compounds, alkylated pyridine ligands etc.) lead to a
satisfactory dimerization. For the linear trimerization, Ni and Cr can be used with
excellent yields under application of PNP-ligands, probably representing the most
promising method presented in this review. Heterogeneous catalysts have not been
investigated in detail up to date, and gas-phase reactions are yet to be explored. For
metal-free methods, acidic ionic liquids are promising. However, ionic liquids are still
not widely accepted in industry and open new problem-sets on their own (e.g. high
costs, end-of-life disposal). Taking all this into account, many challenges in the field of
catalysis need to be addressed in the future in order to bring the synthesis of bio-based
isoprene (1) derivatives to a level in which they can start truly competing with fossil-

based fuels.
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2.2 Isoprene derivatives as valuable monomers

As extensively outlined in Section 1, bio-based thermoplastics derived from isoprene (1) are of
interest. The corresponding lactams 2-4 for polyamides and lactones 5-6 for polyesters are
accessible from the conversion of isoprene (1) with chlorosulfonyl isocyanate (CSI, Figure 2.1).
Epoxide 7 could be used as a building block for polyethers by polymerization of the terminal

alkene or for polyethers by polymerization of the oxirane.

>/_\\ l Hydrogenation l

1 & o
47&76//6 d d
7 N0 o0 Yo
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:O; \\ dihydro-3/4 dihydro-5/6

Figure 2.1 Selected isoprene (1)-based building blocks for polymers.
Works regarding the hydrogenated form of lactone 6 — lactone dihydro-5/6 — have already been

reported, and it is considered as valuable monomer that is also accessible from glucose
(Figure 2.2 2).”° It has been used as a component of sustainable graft block copolymer
thermoplastics,’! polyurethans,’? copolymer with polylactic acid,”® and — after conversion to
isoprene carboxylic acid — functionalized polyethylene for superabsorbent hydrogels.’* Because
of these broad application spectrum, an alternative synthesis from (bio-based) isoprene that

does not compete with food production is desirable.
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Figure 2.2 Pathway from glucose to dihydro-5/6 (a) and application of dihydro-5/6 in a polysaccharide copolymer (b).

For the lactams 2, 3 and 4, no polymerizations have been reported. However, copolymerizations
of piperidin-2-on, which is structurally the same as a hydrogenated lactam 3 or 4 but misses the
methyl group, have been successfully performed. These polyamides possess new properties,
such as a decreased melting point in a PA4/PAS5-type copolyamide.”>?® A similar approach with
dihydro-3/4 is therefore of interest, though the additional methyl group might lead to a
challenging polymerization.*®*>%® Poly-B-amides are usually investigated in terms of their
bioactivity, and antibacterial polyamides from various [B-lactams have been reported
(Figure 2.3).”71% Since a polyamide of lactam 2, poly2, would still possess a terminal alkene
in the side chain, many post-polymerization modifications could be applied, including chiral
modifications. In addition, the terminal olefin of 2 was copolymerized with ethylene, styrene,

and other alkenes to give side-chain containing polyethylene derivatives.!*

;éll-l BocHN™ ° BocHN O o ° H
o NH NH O:lﬁ* NH %o

Figure 2.3 Various B-lactams which have successfully been polymerized to the corresponding poly-fB-amides.

Isoprene epoxide 7 has also already been applied as a precursor or for direct polymerization to

vinyl-polyethers.!7-112

2.2.1 Reactions of isoprene with chlorosulfonyl isocyanate (CSI)

After Graf discovered the formation of chlorosulfonyl-lactams by the reaction of olefins with
chlorosulfonyl isocyanate (CSI),!!3 the reaction of isoprene with CSI has been investigated in
the literature for the synthesis of 8-lactones 5 and 6 and B- and 8-lactams 2-4.!*"''” Hoffmann

suggested the formation of a linear sulfonyl amide, where a new bond is formed between the
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C1 of isoprene and the carbonyl group of CSI in diethyl ether at room temperature.''® However,
this compound could only be isolated after subsequent reaction with 4-chloroaniline. At 0 °C
reaction temperature, the sulfonyl beta lactam was synthesized and isolated after reaction with
aniline. Moriconi and others investigated the reaction in detail and suggested a complex
temperature-dependent ~ sequence of rearrangements and  hydrolysis  equilibria

(Scheme 2.1).!1%:120

O\\ \\ _Cl
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<0°C cl H,0
csl so,cl2  0°C
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Scheme 2.1 Reaction pathway for the synthesis of lactams 2-4 and lactones 5-6 as precursor for dihydro-5/6.
If the reaction was carried out in diethyl ether at temperatures below 0 °C, the 2,2’ substituted
double bond of isoprene (1) reacted with CSI in a 2+2 cycloaddition. The resulting
chlorosulfonyl isoprene B-lactam SO2Cl-2 was reported to precipitate at -65 °C, but was
unstable to recrystallization. Hydrolysis at 0 °C in a mixture of H,O, EtOH and NaOH gave
lactam 2 in 50% yield. A similar approach led to 76% yield, whereas a reaction temperature of
-20 °C in a pressure vessel and a reaction time of two days resulted in over 90% yield.!2!:122
Subsequent heating at 35 °C rearranges lactam SO2-Cl-2 to lactam SO2Cl-3. If the reaction
was carried out in diethyl ether at reflux temperature from the beginning on, the 4,5 unsaturated

chlorosulfonyl isoprene d-lactam SO2Cl1-3 was produced directly. This rather unstable lactam

69



Isoprene derivatives as valuable monomers

then rearranges into the more stable 3,4 unsaturated chlorosulfonyl isoprene 6-lactam SO2Cl-4
(31% yield after recrystallization). SO2CI1-3 was converted into lactone 5 by hydrolysis in
aqueous MeOH/NaOH solution (22% yield). The double bond of lactone 5 was stable towards
isomerization to the 3,4 unsaturated lactone 6. This lactone was accessible by hydrolysis of
lactam SO2Cl-4 in a yield of 30%.!" The challenges described in all reports are the
temperature-sensitive reaction conditions, little selectivity, low yields and unsatisfying purity
of the products. This is due to several aspects of this reaction cascade: (I) considerable
temperature sensitivity, (II) isomerization of the initially formed C5-C6 double bond to the
more stable Michael-type system for the o-structures, (III) parallel reactions despite temperature

control, and (IV) sensitive hydrolysis leading to irrepressible lactone formation.

2.2.2 Synthesis of 4-methyl-4-vinylazetidin-2-one (2)

The target compound was synthesized using CSI in Et2O at a reaction temperature of -70 °C up
to -10 °C in an argon atmosphere. The hydrolysis was conducted at 0 °C in basic media with
Na;SO3 and NaHCOs. The isolated yield was 72%. During the synthesis it was detected that
the 2+2 cycloaddition was the preferred mechanism and almost no d-structures were formed at
low temperatures. If the temperature surpassed -10 °C, the B-lactam SO2Cl-2 started to

120.123 A5 Et,0 is not a suitable

rearrange to the d-structure; this was in agreement with literature.
solvent for industry applications, the reaction was screened in various solvents (Table 2.1). In
general, screening of the reaction conditions was challenging as neither isoprene (1) nor the
sulfonyl chloride species are detectable by GCMS and an uncontrolled micro-hydrolysis for in-
process control (IPC) was not reliable and hard to reproduce. Therefore, thin-layer
chromatography (TLC) was used for IPC, which is not a quantitative method. Nonetheless,

relative comparisons gave information about the influence of the solvent polarity.
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Table 2.1 Influence of solvent polarity on the product distribution of the reaction of isoprene (1) with CSI. Reaction
conditions: T =-70 —-30 °C, t =2 — 3 h. *reaction temperature 0 °C.

Solvent Polarity'”*  S02Cl-2 S0:C1-3 S0:Cl-4  Side products
Hexane 0.009 - - - -
Toluene 0.099 ++ + - -
Diethyl ether 0.117 +++ + - -
MTBE 0.124 - - - -
Dioxane 0.164 + ++ + +
THF 0.207 + ++ ++ +
EtOAc 0.228 + ++ ++ +
MeCN 0.460 + +++ ++ +
Toluene/ - +++ + - -
EtOAc (5:1)*

For hexane, no reaction was detected at low temperatures and the CSI and hexane formed two
layers. If the reaction temperature exceeded 0 °C, CSI started to dissolve in the hexane and a
very exothermic uncontrolled reaction with isoprene resulted in a wild mixture of products that
where not further investigated. SO2Cl-2 was formed in toluene to similar extent as in Et;O, but
TLC indicated a decreased reaction rate. Solvents with an increased polarity such as dioxane,
THF and MeCN led to an increased reaction rate, and the direct formation as well as the
rearrangement to SO2CI1-3 occurred at the same time. Additionally, the isomerization of
SO2Cl1-3 to SO2C1-4 was preferred in polar solvents. If the reaction was performed in methyl
t-butyl ether (MTBE), an unsuspected product was formed almost exclusively and NMR and
GCMS analysis verified the formation of 4,4-dimethylazetidin-2-one (8, Figure 2.4).

Cl

O\\ B
/S\\
>L o) N O NH
O/ E S \OH + _— >
MTBE © ©
SO,CI-8 8

Figure 2.4 Proposed reaction pathway for the synthesis of lactam 8 from MTBE.

Hypothesizing, MTBE — catalyzed by acidic conditions from traces of isocyanate sulfonic acid
— may form an equilibrium with MeOH and isobutylene that subsequently reacts with CSI to
S0O:Cl1-8. Hydrolysis then leads to the B-lactam 8.

In all pure polar solvents, the d-structures were formed at temperatures above -10 °C — 0 °C. At
low reaction rates due to nonpolar solvents, the already formed SO2Cl-2 started to rearrange to
the o-structures before all isoprene was consumed. Therefore, diethyl ether was the most
suitable solvent, as the reaction rate was satisfying at a temperature low enough to ensure a high
selectivity to the B-lactam 2. Another approach was using a mixture of a polar and a nonpolar

solvent to adjust the reaction rate to acceptable conversion, but to decrease the rearrangement
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to the d-structure at the same time. A mixture of toluene and EtOAc (5:1) led to the formation
of SO2Cl1-2 with a selectivity of > 90% within three hours at 0 °C and no detectable isoprene
residues, representing a suitable replacement for Et2O. Another advantage is the increased

reaction temperature that does not require intensive cooling.

2.2.3 Initial polymerization of 4-methyl-4-vinylazetidin-2-one (2)
Although the synthesis was the main objective, and not the polymerization of potential
monomers, lactam 2 was polymerized by anionic ring-opening polymerization (aROP,

Section 1.8) for the proof of concept (Scheme 2.2)

MN_ZSM ﬂﬂ A A g

acetyl -2 1h

\ o

N
H
n
poly2

Scheme 2.2 AROP of lactam 2 to poly2 with NaH and AczO.

As a first try, polymerization was achieved using NaH (60% on paraffin wax) as initiator and
in-situ generated N-acetyl-2 at 190 °C in an argon atmosphere. Lactam 2 was melted in the
reaction flask under inert atmosphere before NaH was added, followed by Ac2O. The resulting
brown and very brittle solid was crushed and stirred in EtOH/H20 to remove residual monomers
and was then frequently washed with EtOAc. Analysis by NMR showed that the lactam bond
was indeed the reacting functional group, and the terminal double bond was still present.
13C analysis revealed — as expected for a racemic monomer mixture — that the polyamide was
atactic as the side-chain carbons directly attached to the chiral center in the polymer backbone

gave more than one signal (Figure 2.5).
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Figure 2.5 3C-NMR of poly2 and signal-splitting of carbons attached to the chiral center as expected for an atactical
polymer.

In a more controlled approach, the polymerization system of Section 2.4 was used (N-benzoyl-
3S-Caranlactam as activator and NaH as initiator). All components were mixed in a glass vial
under inert atmosphere and then heated in a heating block for 15 min. Poly2 generated with this

protocol was only slightly yellow and less brittle. The residual monomers were removed

as described above.
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Figure 2.6 GPC curve (upper) and DSC curve (lower) of poly2.
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NMR-analysis once again revealed an intact terminal double bond and a molecular weight M,
0f 9.2 and My, 11.6 kDa was confirmed by GPC (Figure 2.6, upper). DSC showed a T 0of 97 °C
and a Tm of 240 °C (Figure 2.6, lower). One distinct feature of the polymer was the ‘sintering-
window’ of 60 °C between the crystallization onset of about 165 °C and the melting onset at
225 °C. As this window is a crucial parameter for selective laser sintering (SLS), the suitability
of poly2 in this additive manufacturing technique might be worth exploring.

The radical polymerization of the terminal double bond was tested with azobisisobutyronitrile
(AIBN) as radical starter in toluene at different temperatures (Figure 2.7), but no conversion

was observed; however, more sophisticated methods might be successful.'%

AIBN

2 Toluene Ol
T

Figure 2.7 Unsuccessful radical polymerization of f-lactam 2 with AIBN.

2.2.4 Synthesis of 4-methyl-1,6-dihydropyridin-2(3H)-one (3) and 4-methyl-5,6-
dihydropyridin-2(1H)-one (4)

As the synthesis of the lactams 3 and 4 was unselective and of low yield, a first approach to
enhance the selectivity of the d-structure formation was the synthesis of the f-lactam 2 and a
subsequent acetylation or tosylation followed by a more controlled rearrangement to the
O-lactams acetyl/tosyl-3 and acetyl/tosyl-4. After that, the free lactams should be formed by
hydrolysis. Acetyl-2 and tosyl-2 were successfully synthesized (Scheme 2.3).

\\)&o TsCl Ac,0 m
o)

Osg. NaOH KOH

I )
Toluene HN™0 Toluene
Tosyl-2 2 Acetyl-2

Scheme 2.3 Acetylation and tosylation of -lactam 2.

Acetyl-2 was formed by conversion of lactam 2 with Ac,O and solid KOH in toluene.'?® For
tosyl-2, two methods were tested: The direct conversion of isoprene (1) with 4-
methylbenzenesulfonyl isocyanate (pTSI) and the reaction of lactam 2 with 4-methylbenzene-
1-sulfonyl chloride (TsCl) and NaOH in toluene.!?>'?¢ Although several reaction conditions
were tested for the 2+2 cycloaddition of isoprene (1) and pTSI, the selectivity of the reaction
was low and the d-species as well as unidentified side products were observed. The application
of TsCl was successful, and tosyl-2 was isolated with a yield of 58%. However, neither thermal
activation nor the application of various Lewis- or Brensted acids in polar solvents led to

formation of the lactams 3 or 4. From solvent screening for the synthesis of lactam 2 (Table 2.2),
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it was established that polar solvents and an increased temperature preferably lead to the
formation of the d-lactams. If the reaction was carried out initially in EtOAc at -50 °C for 7 h
(formation of SO2Cl-2) and then stirred at 40 °C for 12 h (rearrangement to the d-structure
SO2Cl1-3 and double bond isomerization), SO2Cl-4 could be isolated as colorless crystals
(19% yield). Similar results were achieved with MeCN. Several Lewis acids were screened for
catalytic activity for the 4+2 cycloaddition of CSI, the direct formation of lactam SO2CI-3, or
the rearrangement of B-lactam SO2CIl-2 to the d-structure (Table 2.2).

Table 2.2 Lewis acids as catalysts for the synthesis of lactams SO2Cl-3 and SO2Cl-4 in relative comparison to a catalyst-free
standard reaction. + = increased product formation; - = decreased product formation; / = no change. Reaction conditions:
Isoprene (1) 2 mmol, 0.3 mmol Lewis acid, MeCN 5 mL, 50 °C, 3 h.

Lewis acid S0:2(1-2 S0:2(1-3 S0:(C1-4 Side products
AlO3 - / + /
Fe(OAc) - / / +
CuCOs3 - / / ++
AlCl3 - / / +
H4O4Zr / / + +
ZnCl, / / / /
CeO - - - ++
Sn(OAc) - - - +
Al(OiPr); - + - +
CoCl-6 H,O - - ++

ZnBr; / / / ++
CuCl - + /
MnCl,-4 H,O - + ++ +
ZnO / / / +
ZnCOs - / / +
LiOAc / / / +
CaCly / / + +
SnCl / / + +
Cp:TiCl - - ++ -
Ti(iOPr)4 - - + ++
NbCls / / / +

The screening was analyzed by TLC in comparison to a catalyst-free standard reaction and the
relative  comparisons  between the TLCs revealed that MnCl2'4 H,O and
Di(cyclopentadienyl)titanium(IV) dichloride (Cp,TiCl) were the most selective catalysts. On
using MnCl,-4 H>O in MeCN at room temperature for a period of 72 h, 52% of lactam SO2Cl-4
could be isolated, which is an increase of yield by more than 150%. However, the hydrolysis
of lactam SQO2Cl-4 was not possible in considerable yield although several pH-values, co-
solvents, nitrogen bases and temperatures were tested. The desired lactam 4 was only isolated
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in yields beneath 10%. Hydrolysis almost exclusively led to the formation of lactone 6 if a base
or acid in water or EtOH was used. In water-free systems, the free lactam 4 was formed as
verified by GCMS, but product isolation failed. The same phenomenon was observed for lactam
S02Cl1-3 — which was not isolated but directly hydrolyzed — to a minor extent; 70% of lactone 5
was formed and 30% of lactam 3.

2.2.5 Synthesis of 4-methyl-1,6-dihydropyridin-2(3H)-one (5) and 4-methyl-5,6-
dihydropyridin-2(1H)-one (6)

As described above, the lactones 5 and 6 were accessible by hydrolysis of SO2Cl1-3 and SO2C1-4
with aqueous solutions of NaOH or Na;SO3. SO2Cl-4 was converted to lactone 6 by stirring in
a mixture of NaOH, H,O, DCM and EtOH at room temperature in 88% yield. In a direct
approach without isolation of the o-structure, isoprene (1) and CSI were stirred in MeCN at
room temperature for 2 h. After subsequent hydrolysis with an aqueous solution of NaxSOs,
57% of crude lactone 5 was isolated; the by-products were lactam 2 and lactone 6. These side
products underlined the draw-back of the synthesis, as a full conversion of B-lactam SO2Cl-2
to o-lactam SO2Cl-3 was impossible before the double bond isomerization to SQ2CI-3 started.
Purification was accomplished by distillation to yield 40% of lactone 5. As a solid was formed
in the distillation bubble during the process, it is possible that uncontrolled polymerization
decreased the yield. For the synthesis of lactone 6, Cp.TiCl» and a reaction time of six days was
tested in a small-scale reaction. The crude yield was 89% and GCMS and NMR analysis

verified a purity of over 90%.

2.2.6 Synthesis of 2-methyl-2-vinyloxirane (7)

Several methods for the synthesis of 7 have been reported in the literature. If moderate oxidation
reagents are used, the higher-substituted double bond reacts more readily with the epoxidizing
reagent, and a selective epoxidation without excessive formation of the regioisomeric epoxide
or the di-epoxide is possible. Application of fBuOOH lead to a decrease of regioselectivity, for
instance. Other described protocols apply mCPBA in DCM or chloroform, which is neither
economical nor ecological.'?” However, the epoxidation with other established methods such
as enzyme-mediated systems,'?® diluted AcOOH,'? or acetone-Oxone® (KHSOs) systems'*°
(for the in-situ generation of dimethydioxirane) is prone to opening of the epoxide and post-
epoxidation rearrangements, as the acids — especially in aqueous media — catalyze unwanted
side reactions (Figure 2.8). Therefore, the yield is usually below 50%. More elaborated methods
applying homogeneous metal catalysis lead to increased yields but are expensive.!*"!3? Side
reactions are a general challenge in epoxidation reactions, even more for the vinyl-group

containing epoxide 7. All tested acidic aqueous methods led to the formation of highly polar
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substances — probably polyols and aldehydes — that where not further investigated. For an
enzyme-mediated approach with H>O>-urea to reduce the amount of water, no conversion was

observed. Other reported methods applying Mycobacterium are low-yielding (< 25%).!3

ﬁOH —
] [ / Oligomerizations
I T NN

1 7

o
Oligomerizations, h
Diels-Alder, etc.

Figure 2.8 Possible side reactions of the isoprene (1) epoxidation.
An industrially relevant strategy for the epoxidation of light olefins is the direct conversion with
O, over Ag-catalysts at 200-300 °C at 10 bar, or the oxidation with H>O> over Ti-catalysts. Both
techniques require an advanced infrastructure and the selectivity in asymmetric dienes might
be unsatisfactory. Before these methods were established, a two-step strategy was applied for
the synthesis of ethylene- and propylene oxide: The double bond was treated with CIOH (from
the reaction of Cl2 and H20) to give the corresponding chlorohydrine, which was subsequently
converted to the epoxide by an elimination reaction under strong basic conditions from NaOH
or Ca(OH)2 (Scheme 2.4 a). For the preparation of 7, the synthesis of bromohydrine 9 with N-
Bromosuccinimide (NBS) followed by a base-induced elimination has proven to be high-
yielding (70% isolated yield) and very selective.!** However, the use of NBS is not economic.
For the synthesis of 7, a similar approach was investigated, but the formation of the
bromohydrine 9 was replaced by NH4Br as inorganic bromide source and Oxone® as oxidation

reagent.

(a) o

OH
HOCI R)\/CI CaOH)y

(b) NH,Br + Oxone®

I e 2 oy
s 7\
% %

Scheme 2.4 General epoxidation via the chlorohydrine (a) and adjusted synthesis of 7 using in-situ generated HOBr (b).
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For the lab-scale synthesis, it has proven suitable to convert isoprene (1) in a bromohydrine and
to promote the elimination to 7 in aqueous NaOH (Scheme 2.4 b). The bromohydrine was

formed by in-situ generated BrOH — from the oxidation of NH4Br with Oxone®

— using an
adjusted protocol that was successfully applied for other alkenes (Scheme 2.4 b).107:135:136 The
reaction medium was a mixture of MeCN and H>O (5:3) to guaranty a sufficient solubility of
isoprene (1). The challenging aspect of this method was the chemo- and regioselectivity. If an
excess of BrOH was formed, side reactions such as uncontrolled bromination or the conversion
of the vinyl double bond were observed. In addition, an increased reaction temperature
decreased the selectivity. The best result was obtained when Oxone® and isoprene were
dissolved in a mixture of MeCN, H>O, and ice before a precooled solution of NH4Br was added
drop-wise within a few minutes under vigorous stirring. The crude yield was 87% with a purity
of over 90%, and bromohydrin 9 could directly be converted to 7 by slow addition to a cooled
solution of NaOH (10 M). The purification was facile as the upper layer (organic phase)
consisted almost exclusively of 7. To verify the stability of 7, a sample of the pure compound

was stored at -20 °C for four months and then compared by NMR with a freshly produced

sample; no degradation was observed.
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The publication describes the conversion of the monoterpenes a-pinene and (+)-3-carene to [3-
and e-lactams and initial polymerization reactions. P-lactams were synthesized by a 2+2
cycloaddition of the terpenes with chlorosulfonylisocyanate (CSI). 19 % yield was obtained for
the (+)-3-carene B-lactam and 74 % for the a-pinene B-lactam. Synthesis of the g-lactams was
achieved by a four-step synthesis protocol. The initial double bond oxidation by hydroboration
gave the trans-anti-Markovnikov alcohols in excellent selectivity. Oppenauer oxidation under
application of Al(OiPr); and 3-niotrobenzaldehyde as redox equivalent gave the corresponding
ketones that were then converted to ketoximes with HONH>-HCI. Finally, the lactams were
accessible by Beckmann rearrangement in basic media and tosyl chloride as oxime-activating,
highly active leaving group. The overall yields for the (+)-3-carene e-lactam and the a-pinene
e-lactam were 17 % and 15 %, respectively. All monomers were characterized by NMR, IR,

GCMS, and DSC. Anionic ring-opening polymerization was used for the polymerization of the
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B- and e-lactams. Several reaction conditions were tested. Typically, NaH on paraffin wax or
potassium were applied as initiators. The activator was formed in situ from sodium lactamate
and benzoyl chloride or acetic anhydride. B-lactams are usually highly reactive, thus the
reaction proceeded in a rather uncontrolled manner, and only partially soluble oligomers were
formed. NMR and IR confirmed the formation of PA2-type oligomers, and no rearrangement
of the bicyclic structures were observed. Both polymers showed no glass transition (7g) or
melting temperature (7m) in thermal analysis and only started to decompose at temperatures as
high as 350 °C. The number average molecular weight (M,) did not exceed 3.3 kDa.
Polymerization of the e-lactam from a-pinene under similar conditions yielded oligomers that
could not fully be characterized due to insolubility. DSC revealed the absence of 7w and 7.
From the e-lactam based on (+)-3-carene, a hard and transparent polyamide was formed very
rapidly that reached a M, of 33 kDa and a 7;; of 115-120 °C. For the first time, a high-yielding,

high-mass, transparent, 100 % bio-based polyamide was synthesized from terpene feedstock.

The authors, Paul N. Stockmann and Dominik L. Pastoetter, contributed equally to this work
and both wrote the manuscript. Paul Stockmann synthesized and polymerized the lactams from
a-pinene, polymerized the B-lactam from (+)-3-carene, and investigated the polymerization of
(+)-3-carene e-lactam in detail. He fully characterized all monomers and polymers, performed
water-uptake experiments and supervised Dominik Pastoetter. Dominik Pastoetter synthesized
the (+)-3-carene e-lactam and performed initial polymerization experiments. Marion Woelbing,
Claudia Falcke, and Malte Winnacker gave advice in polymerization reactions and polymer
characterization. Harald Strittmatter supported in organic synthesis. Paul Stockmann, Harald
Strittmatter and Volker Sieber conceived the work. Volker Sieber revised the manuscript and

supervised the research project.
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New Bio-Polyamides from Terpenes: a-Pinene and
(+)-3-Carene as Valuable Resources for Lactam Production

Paul N. Stockmann, Dominik L. Pastoetter, Marion Woelbing, Claudia Falcke,
Malte Winnacker, Harald Strittmatter, and Volker Sieber*

The synthesis and polymerization of two f-lactams and two & lactams derived
from the terpenes a-pinene and (+)-3-carene are reported. The new biopoly-
mers can be considered as polyamide 2 (PA2) and polyamide 6 (PA6)-types
with aliphatic stereoregular side chains, which lead to remarkable new
properties. The macromolecules are investigated by gel permeation chroma-
tography (GPC), nuclear magnetic resonance (NMR), differential scanning
calorimetry (DSC), and infrared (IR). The (+)-3-carene-derived PA6-type is of
particular interest, since it reaches a molecular weight of over 30 kDa, which
is the highest value for lactam-based polyamides derived from terpenes
reported to date. Additionally, a glass transition temperature (T,) of 120 °C is
observed, surpassing the glass transition temperature of PA6 by 60 °C. The
absence of a melting point (T,,) indicates high amorphicity, another novelty
for terpene-based polyamides, which might give transparent bio-polyamides

access to new fields of application.

Bio-based polymers are polymers synthesized from renewable
resources that have been recently attracting attention due to
the increasing awareness of green chemistry.!l For the prepara-
tion of various types of such polymers, monoterpenes, which
are naturally occurring dimers of isoprene, have been used
with or without prior chemical modifications. Monoterpenes
provide a variety of structural elements such as bicyclic motifs,
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olefins, alcohols, or ketones that enable
the production of monomers that would
be challenging to synthesize from fossil
oil. From these monomers, polyolefins,
polyesters, polycarbonates, and PAs have
been prepared.>?]

Due to its high impact strength,
mechanical resistance, and superior
thermal properties, PA is probably the
most used semicrystalline technical ther-
moplastic, with applications in com-
modities, automotive, medicine, and
aviation.?* An example for the industrial
demand of bio-based PAs is PA11, which
is obtained from ricinoelic acid derived
from castor beans and commercialized by
Arkema under the trade name Rilsan.)

In comparison to the linear PAII,
the polymers derived from terpene lac-
tams having substituted ring structures
comprise branched side chains and backbones. For instance,
Winnacker et al. reported the polymerization of the elactam
obtained from the conversion of (-)-menthone.®’! Some
monoterpenes such as pinenes or camphor also yield PAs
with a cyclic motif in the backbone. Although the polymeriza-
tion of many of these lactams is challenging due to the occur-
rence of unfavorable monomer—polymer equilibria and low
reaction rates,!® a B-pinene-based bicyclic lactam was synthe-
sized and converted to a PA by Hall in 1963.1% Since the prop-
erties of that PA were not reported in detail, Winnacker et al.
recently reproduced and optimized its synthesis and analyzed
the structural and thermal properties of this new PA.1%!l
Table 1 gives an overview of some properties of terpene-based
and conventional AB-type PAs.

T, and T, of terpene-based PAs are in the range of high-
performance polymers and surpass the thermal properties of
PAs with a linear backbone."12] For example, the bulky four-
membered ring of poly-f-pinanamide and the isopropyl substit-
uent of polymenthoneamide decrease the ability of the polymer
chains to slide past one another, thereby increasing the T, of
the polymers.

Apart from these promising features, a major drawback of
the reported terpene-based PAs is their rather low molecular
weights, which may be due to precipitation of the growing
polymer chain during the ring-opening polymerization (ROP)
(Table 1.0

Interestingly, o-pinene and (+)-3-carene, two bicyclic, abun-
dant, and comparably cheap monoterpenes that are accessible
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Table 1. Thermal properties of several bio- and fossil-based AB-type PAs.
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PA Structure Biosourcing [%] T q Tn [°C) M, [kDa] Ref.
M,, [kDa]
PAG6 0 47 218 Adjustable 3]
H OH
N
H
o
n
Adjustable
PAT1 o 100 42 183 Adjustable 3]
H
N OH
H
n
Adjustable
PA12 0 0 38 176 Adjustable 3]
H
N
H OH
n
Adjustable
Poly-f-pinanamide 100 160 322 7.7 (adjustable) [10,11]
EG. EG
N
H
o]
- n
20 (adjustable)
Polymenthone amide r 100 50 300 2.8 (adjustable) [6,7]
EG. EG
N
H
0
L n

3.3 (adjustable)

Biosourcing, C-content from biosources; EG, end-group; Ref., reference.

from industrial waste streams or from turpentine oil, have not
been examined as elactam monomers yet."*! Analogous to
the findings for (-)-menthone and f-pinene PAs, promising
thermal properties can be expected for the polymers obtained
from these monoterpenes. Since bulky side chains enhance the
thermal properties of terpene PAs, we hypothesized that PA3-
type PAs obtained from f-lactams might exhibit even higher T,
and T,,.

We herein report the synthesis and the first polymeriza-
tion of two & and two f-lactams derived from (+)-3-carene and
o-pinene into new PAs. In the case of the e-lactam derived from
3-carene, a number-average molar mass (M) up to 33 kDa was
reached, representing the first terpene-based high-molecular-
mass PA.

The conversion of racemic o~pinene (la, only one enanti-
omer is shown throughout this report for clarity) and enantio-
pure (+)-3-carene (1b) into &-lactams 5a and 5b was achieved by
the four-step reaction sequence displayed in Scheme 1, which
involves formation of alcohols of type 2, subsequent oxidation
to the corresponding ketones 3a and 3b, conversion to oximes
4a and 4b, and finally, Beckmann rearrangement. A similar
reaction pathway from (+)-3-carene was previously reported by
Stanislaw Lochyriski.'¥

The initial oxidation of the double bond to alcohols 2a and
2b was performed by hydroboration, and the anti-Markovnikov
structures were obtained selectively in good yields of up to

Macromol. Rapid Commun. 2019, 40, 1800903
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829."“15] The purity was sufficient for the subsequent reac-
tions, and further purification was not required. Although the
conversion to ketones 3a and 3b has been previously performed
with chromium salts,"®'® to avoid hazardous chemicals we
used an adapted Oppenauer reaction reported by Christopher
R. Graves et al. for the oxidation of the monoterpene hydroxy-
borneol.'”l We replaced the usually applied redox equivalent
acetone with 3-nitrobenzaldehyde (3-NBA). The electron with-
drawing effect of the nitro group in the meta-position creates a
reduction potential that is sufficiently low for the desired oxida-
tion to proceed. However, since Lewis acids such as Al(OiPr);
facilitate rearrangements of a-pinene (1a) and (+)-3-carene (1b),
several side products were obtained, affording a product yield
of only 60%. Furthermore, product isolation was challenging
due to the presence of unidentified side products with similar
polarity and boiling points, hence only ketone 3b could be puri-
fied in a small scale by column chromatography. Nevertheless,
product isolation was again not necessary for the synthesis of
the next intermediate. The oximes of type 4 were synthesized
by reacting 3a and 3b with hydroxylamine hydrochloride at
65 °C within 4 h in yields up to 90%.

The most challenging step of the synthesis was the Beck-
mann rearrangement. Most procedures for this reaction require
acidic conditions, which lead to several unknown side products.
Besides hydrolysis of the oxime to ketone 3b and, probably, a
stereoisomer with an inverted methyl group at C3, the GCMS

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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1. NaBH,, BF5 Et,O

~OH A|(OiPr); o
T )
toluene

2. NaOH, H,0,
THF, -10°C
1a, rac. 2a, rac. 25°C 3a, rac.
1. NaBH,, BF3-Et,0 <OH A0iPr), o]
2. NaOH, H,0, 3-NBA
THF, -10 °C toluene
25°C
1b 2b 3b
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1. NaOH

H,NOH-HCI N
NaOAG-3H,0 o ~ "OH  THF, H,0,0°C
AL, —
H,0, EtOH 2.TsCl,0°C
65°C 4a, rac.
HNOH-HCI N__ 1.NaOH NH
NaOAG-3H,0 7 OH  THF H,0,0°C o
NaOAc-3H,0_ _THF.H0.07°C
H,0. EtOH 2.TsCl,0°C
65 °C
ab 5b

Scheme 1. Reaction pathway of e-lactams 5a and 5b derived from racemic o-pinene (1a, total yield 15%) and (+)-3-carene (1b, total yield 17%).

database suggested the occurrence of a rearrangement of the
three-membered ring affording limonene derivatives. Addi-
tionally, the formation of ortho- and para-cymol was observed.
Several mineral acids such as HCl or H,SO, were tested, as
well as the Lewis acids BF;-Et,O and AICI;. The selectivity was
low in all cases. More elaborate approaches involving the acti-
vation of the oximes with leaving groups such as acetic anhy-
dride or trichlorotriazine also failed. The direct conversion of
ketones 3a and 3b by application of hydroxylamine-O-sulfonic
acid—as reported for the lactam synthesis from (—)-menthone
or camphor—also led to unsatisfying results.®l Acidic condi-
tions in aqueous and organic media and high temperatures
were identified as the main limiting factors for lactam forma-
tion. Stanislaw Lochyriski et al. previously used TsCl in basic
media for the rearrangement of oxime 4b, although no yield
was reported. To our delight, following a slightly modified
approach and decreasing the amount of TsCl from 100% to
10% excess reduced the amount of side reactions, leading to
isolated yields of about 40% for the desired lactam monomers
5a and 5b after recrystallization. The regioselectivity regarding
the nitrogen insertion was excellent, which is most likely due
to the in situ formation of a tosylated trans-oxime caused by
the repulsion of the tosyl and the methyl group, leading to an
exclusive C3 migration. The side products and impurities from
previous reactions did not prevent the lactams from crystal-
lizing. The overall yield after the four reaction steps was about
15% for lactam 5a and 17% for lactam 5b. Further reaction opti-
mizations were not the focus of our research at this point but
will be required in the future for high-yielding and sustainable
lactam production.

f-Lactam monomers 6a and 6b were synthesized directly
from alkenes 1a and 1b by [2 + 2] cycloaddition of chlorosul-
fonyl isocyanate following a previously reported procedure.'®!
Interestingly, the yield for 6a (74%) was considerably higher
than for 6b (19%).

For the small-scale synthesis of PAs, we selected the alkali-
initiated anionic ring-opening polymerization (AROP) and the
HCl-initiated cationic ring-opening polymerization (CROP)
procedures. Hydrolytically initiated polymerizations or polycon-
densations have not been investigated in this work. Table 2 dis-
plays the applied reaction conditions and analytical data of the
obtained polymers.

All AROP reactions were carried out under inert gas atmos-
phere with temperatures varying from 150 to 270 °C, using

Macromol. Rapid Commun. 2019, 40, 1800903
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NaH or potassium as initiators and benzoyl chloride (BzCl) or
acetic anhydride (Ac,O) as pre-activators (in both cases, the in
situ generated sodium lactamates are assumed to react with
the pre-activator to afford the corresponding imide with the
concomitant formation of the activator). The polymerization
of the bicyclic lactam 5a using the alkali-AROP method was
quite challenging, albeit achievable with NaH (5.4 mol%) and
BzCl (0.4 mol%) at 230-270 °C (Table 2, entry 2). All attempts
involving less NaH or BzCl did not lead to the corresponding
polymer poly5a. Utilizing potassium or Ac,O at moderate
temperatures also failed. Another drawback was the strong
sublimation of monomer 5a, which hindered setting a spe-
cific monomer/activator ratio. It was observed that oligomers
precipitated during the reaction, which led to the formation
of brittle clusters. The crude polymer poly5a was brown, very
brittle, and transparent. After residual monomer separation
(RMS) by heating in a mixture of water and ethanol, and sub-
sequent washing with acetone, polymer poly5a was obtained
as a yellow powder in a 24% yield. GPC analysis confirmed the
formation of oligomers with a molecular weight of 2.9 kDa,
which is equal to an average of 17 repeating units. Hence, PA
poly5a was not completely soluble in hexafluoroisopropanol
(HFIP, used as GPC solvent). Therefore, the GPC informa-
tion is incomplete, and longer polymer chains might be pre-
sent. This poor solubility can be attributed to the rearrange-
ment of the four-membered ring under the present conditions
causing cross-linking. However, (+)-3-carene-derived lactam
5b could successfully be converted to PA poly5b, which has
high molecular weight. Using potassium (6 mol%) and BzCl
(3 mol%) at 150 °C leads to the formation of PA poly5b as a
transparent brown solid within 4 h. After RMS, the polymer
was obtained as a yellow powder in 68% yield. GPC analysis
revealed a M, of 22.3 kDa. Furthermore, a combination of
Ac,0 and NaH decreased the polymerization time and gave
a M, of over 30 kDa, which corresponds to an average of 200
repeating units. Decreasing the amount of activator and ini-
tiator resulted in higher M, (entries 7 and 8, Section S8, Sup-
porting Information). In both cases, an exceptionally short
reaction time of 30 s was sufficient to yield over 70% of iso-
lated poly5b. In contrast, CROP of 5a and 5b with HCI was
less successful; the yield of poly5a was low (11%), and the
polymers were very viscous and contained only few hard and
transparent domains, which is indicative of oligomerization.
In the case of lactam 5b, CROP using HCI failed. Since the
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Table 2. Polymerization of lactams 5a, 5b, 6a, and 6b under various conditions.

H
H N0
N
NH \5’/’0
n 0] n : n
5b 6a, rac. 6b
0, H Q
EG{NH EG N EG EGTNHy MEG
EG B
n
n poly5b
poly5a
poly6a n
poly6b
Entry Monomer Initiator [mol%] Activator [mol%] Conditions Yield [%] M, [kDa] My, [kDa] T 1°C T [°C]
1 5a K (6.0) BzCl (0.8) 150°C, 4 h - - - - —
2 5a NaH (5.4) BzCl (0.4) 230°C1h, 24 2.9 43 — dec.
270°C1h

3 52 NaH (4) Ac,0 (3) 160°C, 2 h — — — — —
4 Sa HCl (2.4) — 270°C,1h 40 1.5 1.9 — dec.
5 5b K (6.0) BzCl (2.5) 150°C, 4 h 70 223 38.1 X dec.
7 b NaH (4.1) Ac,0 (1.6) 165°C,05 h 71 295 55.1 X dec.
8 sb NaH (2.7) Ac,0 (0.5) 170°C, 0.5 s 77 333 64.6 X dec.
9 b HCl (2.4) — 150°C, 4 h — - - — —
10 6a NaH (2.0) — 160 °C,30s 72 33 33 — dec.
n 6b NaH (2.0) — 160°C, 30s 78 1.4 1.5 — dec,

dec., decomposing.

anionic approach was more successful, cationic methods were
not further investigated.

The reason for the different polymerization abilities of lac-
tams 5a and 5b under the described conditions remains unclear.
Since both monoterpene lactams possess a methyl group next
to the N atom, a crucial steric effect of this methyl group on
ROP can be excluded. The (+)-3-carene-based lactam 5b con-
tains a three-membered ring, in contrast to the four-membered
ring of lactam 5a. The sterically demanding quaternary C atom
bearing two methylene groups blocks the lactam moiety due
to the rigid [4.1.1]-bicyclic structure of lactam 5a, thereby hin-
dering the nucleophilic attack of the carbonyl function on the C
atom. The lowered steric hindrance and the increased flexibility
of the [5.1.0]-bicyclic structure along with ring-strain effects can
be invoked as the factors improving the polymerization ability
of lactam 5b. Moreover, the presence of two enantiomers in the
case of lactam 5a probably leads to an atactic oligomer with an
increased tendency to precipitate, which might limit the chain
growth.

The obtained PAs were also characterized by IR (Figure 1),
NMR, and DSC (Figure 2). As can be seen in Figure 1,
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the IR spectra show the characteristic amide II bands at
1545/1503 cm™! (poly5a) and 1559 cm™! (poly5b). These bands
only occur in noncyclic amides, which confirm the polymeriza-
tion by opening of the cyclic lactam bond.

The poor solubility of PA poly5a in deuterated formic acid
and other common NMR solvents prevented us from con-
ducting NMR analysis. Although the powder of poly5a could
be partially dissolved in a 1:5 mixture of DMSO-ds and formic
acid, a clear solution could not be obtained even at low con-
centrations. 'C NMR and 2D NMR experiments were not
performed due to the low polymer concentration. A complete
structure determination was therefore not possible, and only
a few signals could be assigned (Section S4.1, Supporting
Information). 'H NMR revealed that residual monomers
remained even after repeated washing of the polymer. Con-
versely, PA poly5b was readily dissolved in deuterated formic
acid, and the proposed structure was confirmed by 'H, *C,
and 2D NMR experiments (Section S4.2, Supporting Infor-
mation). The proton spectrum of poly5b was compared to
that of the hydrolyzed lactam hyd5b (Section S4.3, Supporting
Information) to find that, as expected, both the polymer and
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Figure 1. IR analysis of poly5a and poly5b. The wavenumbers for PA iden-
tification are highlighted.

the open monomer give rise to very similar chemical shifts.
A difference worth mentioning is the broadening of signals
in the polymer spectrum, which is typical of a long polymer
chain.

The thermal properties of PA poly5a and poly5b were deter-
mined by DSC, which confirmed that the presence of bulky
cyclic substituents increases the glass transition T, and T,.
In the case of poly5a, no phase transitions could be detected at
all, contrary to the reports by Hall and Winnacker on a similar
polymer derived from f-pinene.’-'! This PA lacks the methyl
group and possesses a —CH,—CH,— motif in the backbone,
which enhances the flexibility of the polymer chains, causing
a shift in the melting point below the decomposition tempera-
ture. However, PA poly5b exhibits a T, at 120 °C, but no T,
was detected before decomposition at 400 °C. Considering
that the bulky motifs in the polymer chains might increase
the crystallization time, a DSC method including a tempering
step of 20 min at 220 °C was applied. Even so, no character-
istic change was observed (Section S9, Supporting Informa-
tion), contrary to what is stated for terpene-based PAs in the
literature. The comparably higher molecular weight of polySb
slowing down the formation of crystals could be invoked as
the reason for this result; however, after extending the tem-
pering to 3 h, no melting was observed, and the sample still
remained transparent (Section S5, Supporting Information).
An alternative explanation could be the repulsion of the
methyl group and the three-membered ring resulting in an
arbitrary rotation of the polymer backbone that would prevent
the formation of hydrogen bonds.
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The polymerization of fB-lactams 6a and 6b was achieved
in the absence of an activator. At 160 °C, the ring opening
and subsequent chain growth were instantly initiated in an
uncontrollable manner, even if minimal amounts of NaH
were used. In the case of 6a, powder-like nontransparent par-
ticles were formed in 19% yield after the residual monomers
were removed. DSC analysis revealed the absence of T, or
T, before decomposition (Section S9, Supporting Informa-
tion). IR analysis showed the bands expected for PAs (amide I
1652 em™!, amide 11 1503 cm™; Section S7, Supporting Infor-
mation). Nevertheless, the insolubility of poly6a in deuter-
ated solvents prevented us from obtaining a complete struc-
tural characterization. For PA2-type polymers, insolubility is
well known in the literature."”) Similarly to poly5a, polymer
poly6a was just partly soluble even in HFIP. Consequently,
the GPC results are not completely reliable; the soluble oli-
gomers consisted of 18 monomer units (3.3 kDa) on average.
These results come to confirm the literature showing that
the polymerization of highly substituted B-lactams is a chal-
lenging task.[2%]

For the (+)-3-carene-based f-lactam 6b, the polymeriza-
tion also occurred directly after NaH addition. However,
the resulting polymer was neither brittle nor powdery, but a
hard and transparent colorless block (Section S5, Supporting
Information). Contrary to poly6a, poly6b was partly soluble in
deuterated toluene, and its structure could be confirmed by
solution NMR spectroscopy (Section S4.4, Supporting Infor-
mation). Unfortunately, HFIP was not suitable as solvent, and
only oligomers with a molecular weight of 1.5 kDa, which rep-
resents an average of nine monomer units, were detected in
the GPC analysis (Section S8, Supporting Information). The
DSC measurement did not show either T, or T,, before the
decomposition temperature was reached (Section S$9, Sup-
porting Information). There is strong evidence for the afore-
mentioned assumption that an extremely bulky side chain for
PA2-type PAs will lead to a shift of phase transitions to very
high temperatures.

Apart from thermal properties, the water uptake is important
for PAs, as the increase of moisture may lead to changes in the
material behavior such as reduction of strength, stiffness, and
T,
‘ To verify our hypothesis that the increased aliphatic density
of poly5b compared to PAG6 might decrease the water uptake,
we synthesized PA6 samples by the same methods as applied
for the terpene-based PAs and determined the masses after stir-
ring in water for 3 days and subsequent drying steps (Section
S5.4, Supporting Information). The water uptake of poly5b was
only 40% of the value observed for PA6, and the drying time
was remarkably reduced (Table S4 and Figure S4, Supporting
Information).

Four lactams have been synthesized from racemic o-pinene
and (+)-3-carene. The PA2-type macromolecules poly6a and
poly6b built up through the AROP of these f-lactams possess
a bicyclic system as side chain that completely suppresses T,
or melting processes. This renders (thermoplastic) processing
probably impossible, thereby limiting the application of these
homopolymers. Another challenge is the uncontrolled polymer-
ization of the very active f-lactams. Nonetheless, they might be
used as comonomers for the polymerization with caprolactam
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Figure 2. DSC analysis of poly5a and poly5b up to decomposition temperature at about 380 °C.

or laurolactam, which might shift the glass transition of PA6
and PA12 to higher temperatures. Similar conclusions can be
drawn for the PA6-type oligomer poly5a obtained from the
e-lactam of ¢-pinene, 5a. In all three cases, analysis of the mac-
romolecules was limited due to poor solubility; therefore, accu-
rate molecular weights cannot be provided at this point. The
structure of the carene-based PA2 poly6b was elucidated using
NMR spectroscopy, whereas the structure of both pinene-based
PAs poly5a and poly5b remains unclear.

The elactam of (+)-3-carene, 5b, polymerized smoothly,
and the resulting PA poly5b could be analyzed. The molecular
weight achieved by a nonoptimized polymerization method sur-
passed 30 kDa, which is the highest molecular weight reported
to date for terpene-based PAs obtained by ROP and is well in
the range of industrial PAs. Compared to the o-pinene-based
lactam 5a, the easily accessible amide bond and the more suit-
able dissolution properties of 5Sb—no precipitation was observed
during the polymerization—might explain these findings. In
addition, there are indications that the water uptake of poly5b
might be lower than of PA6, although that finding needs a
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more detailed investigation under application of specimen and
experiment setups meeting industry standards. Further studies
regarding the polymerization ability of (+)-3-carene-based lac-
tams and the development of a more sustainable synthesis are
currently underway in our facility. Although more advanced
DSC protocols as well as X-ray diffraction measurements are
necessary to get additional information on the crystallinity of
poly5bh, the transparent polymer obtained directly after polym-
erization and the DSC analysis suggest amorphousness, micro-
crystallinity, or a considerably long crystallization time. To the
best of our knowledge, this is also a novelty for terpene-based
PAs. In combination with a T, 60 °C above that of PA6, this
may be used for applications requiring transparency as well
as thermal resistance. The intriguing observations regarding
poly5b are beyond the scope of this communication and will be
investigated in detail in a separate publication.

To summarize, this work underlines the potential of ter-
penes as sustainable monomer sources for polymers that
not only match but also enhance the profile of their oil-based
counterparts.

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Experimental Section

Detailed synthesis protocols and analytical data are given in Supporting
information.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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epoxidation with peracetic acid. For 3R-selectivity, N-bromo-succinimide for the formation of
a bromo hydrine and subsequent epoxide formation in basic media was used. Conversion of the
epoxide by Meinwald rearrangement in nonpolar solvents in combination with strong acids
gave the corresponding carbonyl compounds under retention of configuration. After conversion
to oximes with HONH;-HCI, Beckmann rearrangement in basic media with tosyl chloride as
oxime activation reagent yielded about 20 % 3S-caranlactam or 3R-caranlactam. 3R-lactam
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However, the conversion of both stereoisomers was between 85-90 %. The average number
molecular weight (M,) was over 20 kDa for 3R-polycaranlactam and 15 kDa for
polycaranlactam as verified by GPC. The three-membered ring in the main chain was
maintained throughout the polymerization. DSC confirmed the visual impression of the
transparent 3R-polycaranlactam to be amorphous as only a 7 at 120 °C and no 7\, was detected.
Surprisingly, the opaque 3S-polycaranlactam exhibited a 7m at 280 °C and is therefore semi-
crystalline. The crystal structures of the monomers and of 3S-polycaranlactam were
investigated with XRD. Copolymerisation of 3S-caranlactam with caprolactam and laurolactam
resulted in a loss of long-range order and transparent copolyamides in a range of about 25-80 %
built-in 3S-caranlactam. Solvent-cast transparent films were produced to underline the
modification of standard semi-crystalline polyamides to amorphous copolyamides.
Additionally, the 7, of the copolyamides increased depending on the amount of rigid three-ring
structures in the main chain. Two 100 % bio-based polyamides with varying crystallinity and
transparency and high-performance thermal properties were produced in a scalable fashion that
have the potential to considerably broaden the scope of bio-based, as well as fossil-based

polyamides.

Paul N. Stockmann wrote the manuscript and the supplementary information except for
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The use of renewable feedstock is one of the twelve key principles of sustainable chemistry.
Unfortunately, bio-based compounds often suffer from high production cost and low per-
formance. To fully tap the potential of natural compounds it is important to utilize their
functionalities that could make them superior compared to fossil-based resources. Here we
show the conversion of (+)-3-carene, a by-product of the cellulose industry into e-lactams
from which polyamides. The lactams are selectively prepared in two diastereomeric config-
urations, leading to semi-crystalline or amorphous, transparent polymers that can compete
with the thermal properties of commercial high-performance polyamides. Copolyamides with
caprolactam and laurolactam exhibit an increased glass transition and amorphicity compared
to the homopolyamides, potentially broadening the scope of standard polyamides. A four-
step one-vessel monomer synthesis, applying chemo-enzymatic catalysis for the initial oxi-
dation step, is established. The great potential of the polyamides is outlined.

T Fraunhofer IGB, Bio, Electro and Chemocatalysis BioCat, Straubing Branch, Schulgasse 11a, 94315 Straubing, Germany. 2 Technical University of Munich,
Campus Straubing for Biotechnology and Sustainability, Schulgasse 16, 94315 Straubing, Germany. 3 Department of Chemistry, Technical University of
Munich, Lichtenbergstr. 4, 85748 Garching, Germany. 4 Catalysis Research Center, Technical University of Munich, Ernst-Otto-Fischer-Strafbe 1, 85748
Garching, Germany. “email: sieber@tum.de

NATURE COMMUNICA

1S | (2020)11:509 | https://doi.org/10.1038/541467-020-14361-6 | www.nature.com/naturecommunications 1

93



ARTICLE

olyamides (PA) are an important class of high-performance

polymers and have been used in various industries (auto-

motive, textile, medical, etc.) since the first industrial
polyamide PA-6.6 was developed by Carothers in 1936 (refs. 1:?).
They are either produced by condensation of diacids with dia-
mines, leading to AABB-type polymers, or amino acids for the
AB-type, respectively. This type can alternatively be produced by
ring-opening polymerization (ROP) of lactams. The most famous
example for a lactam used as a monomer is e-caprolactam, a
seven-membered cyclic amide which was first polymerized to PA-
6 by Schlack in 1938 (ref. 3. Itis usually produced from fossil oil-
based cyclohexane after the oxidation to cyclohexanone, oxime
formation, and subsequent Beckmann rearrangement. Recently,
bio-based ways to synthesize caprolactam starting from glucose
and fructose via hydroxymethylfurfural (HMF) have been
described®5. Due to the increasing awareness of dwindling fossil
resources and environmental problems that arise using fossil oil
as basis for plastics, alternative monomer resources for polymers
in general and for polyamides specifically have become a major
focus of research® 1%, Sustainable monomer sources can be ser-
ious alternatives to fossil oil, as demonstrated by the commer-
cially available bio-based polyamides PA1010, PA11, or PA410.
These examples are linear, non-chiral condensation polyamides
composed of diacids or amino acids derived from castor oil. In
this context, we consider especially monoterpenes from renewable
feedstocks to be a promising source for biogenic polymers.
Monoterpenes such as limonene, camphor, menthone, a- and p-
pinene, or 3-carene provide valuable carbon structures such as
aliphatic rings and can be isolated from waste streams of biomass-
utilizing processes in high volumes2). The latter three are the
main components of turpentine oil with a combined annual pro-
duction volume of about 350 kt per year, primarily isolated from
the kraft pulping process (sulfate turpentine, 200kt) or by dis-
tillation of resins extracted from conifers (gum turpentine, 100 kt).
The composition highly depends on the species and origin of
the utilized conifers. In Southeast USA, a-pinene (60-75%) and
B-pinene (20-25%) are more common, whereas turpentine from
Scandinavia and Russia contains considerable amounts of (+4)-3-
carene (40%)2!. Chemically functionalized terpenes used for poly-
olefins, polyesters, polycarbonates, polyacrylates, and others with
promising properties have been reported, underlining their enor-
mous potential for bio-polymers*2-37. However, terpene-based
polyamides are still rare. The first terpene-based bio-polyamide was
synthesized by Hall®® in 1963 via the cationic ROP of a B-pinene
based lactam. Recently, Winnacker et al 3940 reproduced, investi-
gated, and optimized the synthesis and polymerization and tested
the application of the new polyamide in cell growth control.
Another approach by the same group was the oligomerization of
a menthone-derived lactam*!2. For both the commercial
polyamides, such as PA6, PA11, PA12, and the lactam-based bio-
polyamides, factors limiting broader fields of application
remain: relatively low glass transition temperatures (T,) and
melting temperatures (T,,) or low molecular weights (M,, and M,,)
in addition to a costly or unscalable synthesis. However, the
terpene-based polyamides possess thermal properties in the range
of high-performance polymers. We recently described the synthesis
of 3R-caranlactam from (+)-3-carene and its polymerization to
poly-3R-caranamide?3. This new polyamide has interesting thermal
properties and a molecular weight in the range of commercial PA6
and PA12, but the monomer synthesis was challenging and
involved toxic and expensive chemicals.

In this work, we report the synthesis of the new diastereomeric
3S-caranlactam and an optimized synthesis for 3R-caranlactam. 3S-
caranlactam is a methyl group diastereoisomer of 3R-caranlactam
with considerable different properties and polymerizability.
The isomers are selectively prepared by an epoxide-ketone

rearrangement and a suitable kinetic or thermodynamic control
of the intermediates. A facile and straightforward one-vessel
synthesis of 3S-caranlactam in a 4.0 L reactor is presented. Over
four steps, an overall yield of 25% is reached. The monomers are
polymerized to poly-3R-caranamide and poly-3S-caranamide, and
the co-polymerization of 3S-caranlactam with caprolactam (CL)
and laurolactam (LL) is also performed. The polymerizations are
investigated regarding reaction time, temperature, and other fac-
tors. A crucial effect of the amount of applied activator is detected,
which is in accordance with polymerization theory. Thermal
properties of the homo- and co-polyamides are characterized by
differential scanning calorimetry (DSC). Bio-based semi-crystalline
or amorphous polyamides and co-polyamides with unique high-
performance thermal properties are obtained. The amorphicity of
poly-3R-caranmide and several co-polyamides is underlined by
the preparation of transparent, sonlvent-cast films. A crystal
structure of the semi-crystalline poly-3S-caranamide is also
presented. As a conclusion, the great potential of these polyamides
is shortly outlined.

Results

Monomer synthesis. Compared to reported literature, the initial
oxidation of the double bond of (+)-3-carene (1) is achieved by an
epoxidation instead of the challenging alcohol synthesis by
hydroboration?>¢. In pathway A (Fig. 1), application of immo-
bilized Cal-B lipase, an industrial enzyme from Candida antarctica,
or buffered diluted peracetic acid exclusively leads to epoxide 2-38
(where “S” is the configuration of the stereo-centre of C3)¥-%.
The metal free enzymatic method generates epoxides in high
yields under mild conditions, can be conducted in green solvents
such as ethyl acetate, and prevents the potentially dangerous
aggregation of peracetic acid. In both cases, the epoxidation—
which is rather uncommon—was only little exothermic and
therefore easily controlled. The yield after distillation was over
80%. As a next step, the rearrangement of the epoxide to a ketone
was performed. A literature protocol using high amounts of
ZnBr; in EtOAc resulted in 59% yield, consisting of a mixture of
the diastereoisomeric ketones 3-38 and 3-3R, which can be
identified by Gas chromatography mass spectrometry (GCMS),
(Supplementary Methods, Supplementary Fig. 1, Supplementary
Table 1)°0. A diastereoselective rearrangement has not been
reported to date. As a mixture of stereoisomers would eventually
result in an atactic polyamide, we were interested in a stereo-
selective catalysis which would enable the synthesis of the pure
isomers—but complex®!2 and costly>>-30 catalysts should be
avoided. We assumed that a concerted mechanism leads to
inversion of the methyl group, whereas an ionic two-step
mechanism results in a mixture®»?7-5%, After screening for
optimized reaction conditions (Supplementary Tables 2-8) with
respect to solvent polarity, concentrations of reactants, and
temperatures, we identified several trends: (I) with decreasing
polarity of the solvent, inversion of the methyl group to isomer 3-
38 is preferred; (II) increasing substrate concentration leads to
formation of high-boiling molecules, presumably oligomers; (III)
oligomer formation decreases at higher temperatures; (IV) var-
ious side products are formed under aqueous acidic conditions;
and (V) very acidic conditions under exclusion of water are most
promising.

The solvent polarity is crucial for the regioselectivity and the
stereoselectivity. Hydrocarbons are most suited, whereas applica-
tion of polar ethers, such as THF, and nucleophilic alcohols
drastically reduce the yield (Supplementary Table 2). The role of
the anion is also important, as the reaction was comparably
unsuccessful with other iron salts (FeCl;-6H,0: 22% ketone
selectivity, Supplementary Table 3, entry 9; Fe(OAc),: no
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Fig. 1 Monomer synthesis overview. Synthesis pathway with yields and diastereomeric excess (de) of intermediates for the production of the lactam
isomers 5-3S and 5-3R (yields refer to the small-scale experiments from purified starting material). The labelling of the stereo-centre C3 at all
intermediates follows the recommendation for terpene carbon skeleton numbering of M. W. Grafflin, which suggest that the initial carbon labels of (+)-3-

carene are fixed also in case of functionalization®*,

conversion, Supplementary Table 4, entry 4). Zn(OTf), also gave
satisfying results (Supplementary Table 4, entry 2); however, the
reaction time was long even at comparably high catalyst
concentration. A control reaction with NH,(CIO,) showed no
conversion. Alternatively, sulfonic acids in cyclohexane or toluene
are suitable (Supplementary Table 5). The combination of non-
polar solvents and very strong acids can also be applied for the
stereoselective rearrangement of other epoxides and will be
investigated in more detail in the future. For the synthesis of 3-
3R, 2-3R was synthesized via the bromohydrine and base-induced
epoxide formation, following an adjusted protocol of limonene
epoxide production!!. Application of the Fe(ClO4),-H,O/cyclo-
hexane system gave isomer 3-3R in excellent selectivity (de 95%).
However, the work-up by distillation led to isomerization and 18%
of 3-3§ were formed. As 3-3S is the kinetic product, whereas
isomer 3-3R is thermodynamically favoured, an isomerization
under protic acidic conditions (Supplementary Table 9) is possible
and the equilibrium is 80:20 in favour of 3-3R*>60_ An allyl
alcohol was identified as intermediate by GCMS (Supplementary
Fig. 1). The synthesis of the oximes 4-3S and 4-3R was realized by
conversion with hydroxylamine hydrochloride in over 80% yield.
In both cases, the trans-oxime was the major isomer. Surprisingly,
the reaction time was considerably longer for 3-3R than for the S-
isomer. We used that observation to produce 3-3R from the 3R-
enriched equilibrium mixture—thereby making the use of NBS
obsolete—with an isomeric purity of over 97%: Addition of small
amounts of hydroxylamine hydrochloride led to selective conver-
sion of 3-38 to 4-3S in the presence of 3-3R, which was then
separated by distillation (Supplementary Fig. 2). The overall yield
starting from (+)-3-carene (1) was 47%. Initial experiments
indicated that the formation of acetals by the reaction of 3-3S with
alcohols such as glycerol could be used accordingly. The last step
of the synthesis was the Beckmann reaction of 4-3S and 4-3R to
the corresponding lactams 3S-caranlactam (5-3S) and 3R-
caranlactam (3-3R). The yield was over 70% in both cases. As
reported before for 5-3R*3, the selectivity with respect to the
nitrogen insertion was over 90%, and crystallization from EtOAc
afforded pure 5-3S or 3-3R, respectively. Surprisingly—as other
Lewis acids were proven unsuitable’3—some of the perchlorate
Lewis acids showed potential for a catalytic Beckmann rearrange-
ment of 4-3§, with the optimum reaction conditions being
investigated at the moment.

We then scaled the reaction to 2.50 mol—or 1.25 mol for the
enzymatic epoxidation—of 1 in a 4.0 L reactor and conducted the

synthesis as a one-vessel process (Fig. 2, Supplementary Methods,
Supplementary Figs. 3 and 4). As only washing steps and solvent
changes were required, all intermediates remained in the reactor
throughout the whole process. The crystallization was partly
achieved in the reactor at 15°C (approximately 50%), and the
formed crystals could be filtered effortlessly. The remaining
product was then isolated by crystallization at —20 °C separately.
The crystallization protocol was not optimized so far, and a
complete crystallization within the reactor might well be possible.
In general, the crystallization of 5-3S was not affected by the
accumulated side products (e.g. cymene and unidentified high-
boiling aliphatic compounds). The yield after recrystallization was
24% over four reaction steps. 5-38 was synthesized accordingly
with 20% overall yield; the enriched 3-3R had to be purified
separately by vacuum distillation and was then re-transferred to
the reactor for the oximation. The process will be upscaled to the
100 L reactor shortly.

Although the synthesis is not fully optimized, several sustainable
aspects are worth mentioning. The presented process requires only
moderate reaction conditions and no elaborate reaction equipment.
Only little amounts of metal are used during the process. In
addition—as no low-boiling, interfering side products are formed—
cyclohexane is retrieved during the process and can be reused;
EtOAc and MeCN can also be recovered from the mother liquor by
distillation after product crystallization. Finally, the product purity
that is required for polymerization is reached by crystallization,
avoiding material- or energy-consuming methods. However, for a
fully sustainable synthesis, the amount of washing solutions—which
were used in great excess so far—must be reduced, a catalytic
method for the Beckmann rearrangement needs to be implemented,
and an increase of the overall yield is required.

Preparation and investigation of the homopolyamides. As
mentioned before, 5-3R polymerizes by anionic ROP under
application of NaH as initiator and in situ generated N-acetylated
5-3R to poly-3R-caranamide (poly5-3R), reaching an average
molecular weight number (M,,) over 30 kDa®3. The addition of
AcyO during this process is challenging to control and to
reproduce due to reaction temperatures reaching values above the
boiling point of Ac;O and monomer sublimation. Therefore, we
used N-benzoyl-3R-caranlactam (Bz5-3R) and N-benzoyl-3S-
caranlactam (Bz5-3S,) as solid, high-boiling activators (Fig. 3).
Gel permeation chromatography (GPC, Supplementary Methods,
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Fig. 2 Up-scale of 5-3S. Schematic one-vessel reaction cascade in a 4.0 L scale for the synthesis of lactam 5-3S. (1) Addition of 1 to the epoxidation
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Supplementary Fig. 5, Supplementary Table 10) was chosen for
determination of the molecular weight as measurements of poly5-
3R and poly5-3S with MALDI-TOF did show the characteristic
peak distance of 167#m/z, but only oligomers up to 6.5 kDa could
be detected (Supplementary Fig. 6). This is a known phenomenon
for polyamides®®l. The initial polymerization reactions of lac-
tam 5-3S were carried out in an evacuated glass vial equipped
with a metal screw cap with a rubber septum, a magnetic stir bar,
NaH on paraffin wax as an initiator, and Bz5-3$ as an activator
(Polymerization method A, Fig. 4, Supplementary Fig. 7). The

activator concentration was varied, and the effect of the reaction
temperature was evaluated at 180 and 220 °C.

At 180°C, an M, of over 10kDa and an M,, over 16 kDa are
observed, whereas at 220 °C the values do not exceed 7.5 kDa. For
both temperatures, the decreasing amount of Bz5-3S results in an
increasing molecular weight, as expected. However, this effect is
stronger at 180 °C and M, increases over 70%; at 220 °C, only 35%
average chain growth is observed. At a starting monomer/activator
ratio (ratioasv swr) Of approximately 50, the rise of the molecular
weights attenuates considerably in both cases. The polydispersity
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Fig. 4 Polymerization of 5-3S. Effect of the reaction temperature and the activator concentration on M,, and M,, (Supplementary Figs. 8 and 9,
Supplementary Table 11). Conditions: 1.8 mmaol 5-3S, 2.0-5.5mol% NaH on paraffin, 180 or 220 °C, 1h. Molecular weights refer to masses over

1.0 kDa (GPC).

index (PDI) is between 1.2 and 1.6 for all ratiog/n sware being a
typical value for ROP which usually yields polymers with a narrow
mass distribution®2. DSC revealed Tys of 111-115°C and Ty,s of
245-285 °C (Supplementary Fig. 10, Supplementary Tables 11 and
12) for a reaction temperature of 180 °C, whereas the melting
onset was as low as 230 °C for a reaction temperature of 220 °C.
To remove the residual monomers and oligomers, the polyamides
were grinded to powders and stirred in a water/ethanol solution
for several hours (Polymer work-up method A). Though this
process was successful, it became clear that the conversion of 5-3S
could not be calculated from the isolated polymer yield, as
uncontrolled polymer losses during the process (filtering, grinding,
etc.) are unavoidable. The yield of isolated poly-3S-caranamide
(poly5-3S) was 60-80%. In addition, sublimation of the monomer
during the polymerization was detected particularly at long
reaction times, which distorts the monomer/activator ratio.
Similar challenges were observed during the polymerization of
lactam 5-3R.

Therefore, we changed the polymerization set up and used a
heating block covered with an aluminium foil to guarantee
homogeneous temperature inside the polymerization vial and used
nitrogen instead of vacuum for inert reaction conditions—this
prevented sublimation almost completely (polymerization method
B, Supplementary Fig. 17). To determine the conversion without the
described drawbacks, poly5-3S and poly5-3R were dissolved in
hexafluoro-2-isopropanol (HFIP) in the polymerization vial directly
after the reaction. After complete dissolution of the polymer,
samples of the homogeneous solution were analysed by GPC and
NMR to measure the ratio of unreacted and incorporated monomer
(Fig. 5). In both cases, the NMR and GPC analysis were in good
agreement. NMR revealed that no isomerisation of the methyl
group or side reactions of the three-membered ring occurred
(Supplementary Figs. 18 and 19). This is worth mentioning, as the
defined relative (and absolute) configuration gives rise—as indicated
by chemical logic and demonstrated for other chiral lactams**—to
chiral polyamides. Poly5-3R was formed more readily and at lower
activator concentrations than poly5-3S; 0.3 mol% activator was
enough to surpass 80% conversion of 5-3R, whereas 2.5 mol%
were required for 5-3S. The lactams reached a conversion of almost
90%, which is surprisingly high for substituted lactams, especia]lgf
as aliphatic side-chains are attached at the B- and y-position®.
Substituents in these positions usually set the Gibbs energy to less
negative values and lead to ring closure, therefore lowering the
reactivity. Consequently, aliphatic substituents such as methyl- or
propyl groups in the y-position lead to an unfavourable polymer-
monomer equilibrium and decreased conversion!®6364 However,
although several examples have been published, detailed predictions
about the polymerizability and polymer-monomer equilibrium of
bicyclic lactams are challenging®>-%7. For lactam 5-38, no significant

@ Poly5-3R (GPC)
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/ m Poly5-3S (GPC)
& Poly5-35 (NMR)

Conversion [%]

0 T T T T T T T |
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Fig. 5 NMR and GPC i igati of the conversion,
Conversion of the lactams and illustrative sigmoidal Boltzmann Fit
depending on an increasing amount of activator Bz5-3§ determined by
NMR and GPC (Supplementary Figs. 11-16, Supplementary Table 13).
Conditions: 3.0 mmol 5-38 or 5-3R, 3.0 mol% NaH on paraffin, 190 °C, Th.

conversion was observed beneath a ratios;y sy Of approximately
1:100, whereas even a ratiog;n s as small as 1:1200 (<0.1%)
lead to a conversion of over 40% within 1h for the stereoisomeric
lactam 5-3R. If 1% activator was applied, the polymerization was
completed in seconds. The M,, of poly5-3R and, at high conversion
levels, the M, of poly5-3S increased at decreasing amounts of the
activator. However, below a certain activator concentration and
conversion, the observed molecular weights are low for poly5-38
(Fig. 6).

As the formation of poly-5S was considerably slower than of
poly-5R, we investigated the conversion at a given activator
concentration (3.3%) at different reaction times at 180 °C.

The conversion reached a maximum of 80% after 2 h; 94% of
that was completed after about 50 min (Supplementary Fig. 20,
Supplementary Table 14). As reported by us previously, poly5-3R
did not possess a melting point in the DSC analysis (Supplemen-
tary Methods, Supplementary Table 15, Supplementary Fig. 21)%3.
We presume that the high degree of aliphatic substitution prevents
the polymer chains to crystallize, even at long tempering times.
This has not been reported for terpene-based polyamides before,
but has been reported for other alkyl-chain-substituted short-chain
bio-polyamides!?. DSC of poly5-3S revealed that the polyamide is
semi-crystalline with a comparably weak T, at around 105 °C and a
Ty, of up to 280 °C, surpassing the T, and Ty, of unsubstituted PA6
by 50 and 60°C, respectively. The decomposition temperature
under nitrogen atmosphere was around 360 °C. The high Ts are
caused by the three-membered ring in the polymer backbone and
the resulting reduction in one degree of rotational freedom in the
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Fig. 7 Co-polymerization effects. Influence of the inclusion of 5-3S on the
T, of co-polyamides with CL and LL (Supplementary Figs. 23-27,
conditions: Supplementary Table 16).

polymer backbone. To rule out the possibility that the lower
molecular weight enables the, therefore, shorter polymer chains to
form crystals, a short-chain poly5-R (M,, = 10 kDa; Supplementary
Fig. 22) was synthesized and analysed by DSC—still, no melting
was observed. As no other differences in the monomer or the
polymer chain are present, this finding can directly be attributed to
the diastereomeric methyl group that, consequently, causes not
only a different ring structure in the lactam but also strong
structural changes in the polymer chain. To support these findings,
we investigated the monomers and both polyamides with XRD
(Supplementary Methods, Supplementary Notes 1 and 2).

Preparation and investigation of the co-polyamides. As the
three-membered ring of 5-3S might decrease the segmental chain
motion®, we hypothesized that the random inclusion of this
motif in the more regular chains of PA6 and PA12 could not only
result in an increased T but also in a decrease or even complete
loss of long-range order. Apart from that, the copolymerizability
of 5-3R and 5-3S was tested (Fig. 3b).

The co-polymerization was successful by applying similar
reaction conditions as for the homopolyamides and could be
verified by NMR. In all cases a complete consumption of 5-3S
was not achieved. If equimolar amounts of 5-3S, CL or LL were
used, the integration in the backbone was 96% (CL) and 89%
(LL). The Ty of the co-polyamides with CL and LL was shifted to
higher temperatures with increasing amount of 5-38 (Fig. 7). For
example, a built-in of 48% in the regular PA6 chain in copoly(5-
38.459-CLs2) resulted in a Ty of 88 °C, whereas the T, of copoly

(5-3S410-LLsgy,) is shifted to 55°C (Supplementary Table 16,
entries E10 and E7). In both cases, no melting point was observed
in DSC and the polymers were clear, yellow blocks. If only 18%
of 5-3S were integrated in the PA6-backbone, a broad melting
area between 160 and 190°C caused by cold crystallization
(110-150 °C, Supplementary Fig. 26 i) was observed, indicating
that this amount is not enough to completely suppress the
establishment of a long-range order. Copoly(5-3Sg30,-LL;74;) has
a T, of 82°C and a melting range of 220-250°C. The broad
melting ranges suggest that 5-38 is not regularly distributed in the
polymer chain and that the different reaction kinetics of the
monomers lead to a gradual increase of the slow-reacting lactam
in the growing chain throughout the polymerization reaction. As
only one melting range is observed, the parallel formation of the
homopolyamides PA6/12 and poly5-3S can be excluded®®. It is
worth mentioning that the T, seems to increase in a linear
manner in a certain incorporation-range of 5-3S, approximately
between 25% and 80%. We hypothesize that outside of this range,
effects arising from crystallinity affect the Ty, As the crystallinity
is drastically reduced within the range, the increasing T, can be
directly attributed to the amount of 5-3S in the polymer
backbone.

Investigation of the co-polymerization of 1:1 mixtures of
5-3S and CL/LL revealed that the monomers were consumed at
different rates (Supplementary Figs. 28 and 29, Supplementary
Table 17). The co-polymerization of 3-58 and CL almost
exclusively starts with the conversion of CL before 3-58 is also
incorporated. Some examples for intermediate poly(5-3S-CL)
were: poly(5-3S1gy-CL72e) at 60s (6.7% total conversion),
poly(5-35374,-CLe30,) at 240s (41% total conversion) and poly
(5-3S499,'CLs519,) at 60 min (82% total conversion). The co-
polymerization with LL proceeded vice versa, and the co-
polymer composition was poly(5-3Ss60-LLs4e) at 60s (7.9%
total conversion), poly(5-3Ssge-LL4ss,) at 2405 (34.5% total
conversion) and poly(5-3Ss,s-LLsge,) at 60 min (64.4% total
conversion). From this, it can be concluded that the relative
rates of consumption are CL >5-3S > LL.

To further evaluate the optical properties, we fabricated
films of the co-polyamides and poly5-3R by dissolving them
in HFIP and slow evaporation of the solvent. Commercial
and self-made PA6 and PAI2 resulted in colourless non-
transparent films. From the amorphous co-polymers, however,
relatively transparent foil-like films could be produced (Fig. 8).
Although some of the films show little amounts of residual
monomers and—due to the preparation method—inclusions of
solvent and other irregularities, the increasing transparency is
obvious.
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Fig. 8 Transparent polyamide films. Photographs taken under identical conditions of pure polymers and co-polymers in front of a sector of the Fraunhofer
lines. a PA12; b copoly(5-35320,'LLggs); € copoly(5-3S330,:LLg7s,); d copoly(5-3S 410,-LLsos,); @ PAS; f copoly(5-3S454,:Clgae,); 8 copoly(5-3S450,°Clsze,);

h poly5-3R.

Crystal structures of the monomers. Comparison of the struc-
tures of the monomers, determined by single-crystal X-ray dif-
fractometry (details see Supplementary Note 1), shows that the
methyl-group inversion at C3 leads to a changed conformation of
the seven-membered ring. This might explain the different
properties of the monomers: 5-38 has a higher melting point
(about 170°C instead of 140 °C as observed for 5-3R, Supple-
mentary Fig. 30); increased monomer sublimation was detected
during the heating process, and 5-3S crystallizes more rapidly
from EtOAc.

The higher quality low-temperature (100 K) data obtained for
5-3R (CCDC 1938733) agree with published values for a room
temperature measurement (CCDC 145220)%¢. The crystal struc-
tures derived from the diffraction patterns (Fig. 9, Supplementary
Fig. 31a, b, Supplementary Table 18) illustrate that hydrogen
bonds are formed between symmetry-identical molecules in 5-3S
(CCDC 1938732), as well as between the two independent
molecules in the asymmetric unit of 5-3R. In case of 5-3R a dimer
formation via classic hydrogen bonding through antiparallel
arrangement of the amide groups is observed and non-classic
hydrogen bonding to the methyl groups at C9 and C10 leads to an
extended hydrogen bonding through the crystal. The independent
molecules of 5-3R have identical absolute configurations (Supple-
mentary Figs. 32-34). In case of 5-3s the bonding network is
different, since each amide oxygen atom forms hydrogen bonds
to an amide hydrogen atom of one symmetry generated molecule,
as well as a non-classic hydrogen bond to one of the C5-bound
hydrogen atoms of another symmetry generated molecule in the
crystal structure. Comparison of the lactam structures with their
respective energy-minimized shapes (MOPAC, PM?7, singlet)
yields the root mean square displacements 0.032A (S) and
0.042 A (R). This confirms the expected low-energy conformation
of the unconstrained monomeric species. The amide motif
(C3-N1-C4-C5) is almost planar for both isomers, reflecting

the partial double bond character. In contrast, the absolute
configuration of the stereogenic centre C3 significantly influences
the different conformations of the seven-membered ring. In case
of 5-3R, derived from the thermodynamically favoured ketone
3-3R, the seven-membered ring can be divided in two groups of
coplanar arranged atoms: one plane spanned by C1-C2 and
C5-C6 and the other by C2-C5 including N1. In case of 5-38 the
situation is different since one plane is spanned by C3-C5
including N1 and the other plane by C5-C6 and C1-C3.

Crystal structure of poly5-3S. The diffraction patterns recorded
from poly5-3S were characteristic of a semi-crystalline polymer
(Supplementary Data 1, Supplementary Fig. 3lc), allowing
structural determination by the direct space method simulated
annealing (SA, Supplementary Methods, Supplementary Note 2,
Fig. 10, Supplementary Figs. 35 and 36). By scaling the amor-
phous reference patterns to match them at 2@ values outside the
range of Bragg peaks, we obtained a fraction of crystalline phase
() of 0.42 from the ratios of the integrated intensities. Patterns
from poly5-3R showed no distinct reflexes, except those from
residual monomers (Supplementary Fig. 31d).

In poly5-3S, the arrangement of N1 and Ol within the
polymer chain is similar to that found in B-peptides’?. Within
crystallites of 5-3S, hydrogen bonds are formed between pairs of
antiparallel chains (Fig. 10, Supplementary Fig. 35). Conse-
quently, the obtained crystal structure for poly5-3S is one of
antiparallel two-strand P-sheets. The inter-sheet distances are
al2 =4.90(3) A, and the repeat distances along the chain ¢ = 6.44
(6) A (Fig. 10, Supplementary Table 18). The distance from N1 to
01 of 2.79 A corresponds well to the distances typically found in
polyamides’!. Further, the density of the crystalline phase of
1.167gem ™ is a good match for the densities of the 5-3S
monomer crystalline phase of 1.147 g cm~3 and well in the range
of standard polyamides®. Finally, the bond angle C5-C6-C1 of
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01

01

Fig. 9 Crystal structures of the monomers. Crystal structures and monomer molecule conformations of each 5-3R (a, ¢) and 5-3S (b, d) with bonding

hydrogens only viewed in unit cell direction b,

104.49° is within a realistic margin to the ideal tetrahedron angle
of 109.28°. The view of the expanded repeating unit demonstrates
that the chain conformation is strongly influenced by the three-
membered ring C1-C6-C7-Cl (Fig. 10). The crystal structure
view in the same figure shows that the “bend” shape of the
C2-C3-N1-C401-C5 segment results from the hydrogen bonds
across chains, in conjunction with the angle imposed by the
three-membered ring.

Discussion

To summarize, a stereoselective reaction sequence for two ste-
reoisomeric lactams—starting from the chiral biomolecule (+)-3-
carene—was developed. The selective Meinwald rearrangement
enables the deliberate synthesis of 5-38 or 5-3R—new bio-based
building blocks for either amorphous (transparent) or semi-
crystalline polyamides. 5-3S can be produced in an at least partly
sustainable one-vessel process without purification of any inter-
mediates. The final product was effortlessly purified by crystal-
lization. The initial oxidation step could be achieved by in situ
generated peracetic acid, formed by a lipase, H,O,, and acetic

acid, a considerably environmentally benign and safe method for
epoxidation.

The results of our small-scale basic polymerization experiments
show that 5-38 and 5-3R polymerize comparably facile and
that the molecular weight can be adjusted by variation of the
activator amount. Additionally, the general potential to form
co-polyamides with CL and LL allows the formation of new
partially bio-based materials. The homopolymers and the
co-polymers have very intriguing characteristics, regarding ther-
mal properties, crystallinity, and transparency. These properties
can be attributed to the three-membered ring and the methyl
group at C3, which—according to NMR analysis—maintain their
configuration throughout the polymerization. Especially the co-
polymers are of high interest as the properties of these new
polymers highly differ from PA6 and PA12, possibly giving way
to new fields of application without the need of additional
additives to introduce similar effects. Furthermore, all produced
polyamides are, by chemical logic, chiral as the starting material
(4)-3-carene consists of only one enantiomer and the three-
membered ring is unable to isomerize. This might enable appli-
cations in chiral separation techniques.
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Fig. 10 Crystal structure of poly5-3S. Structure of poly5-3S, viewed in unit cell direction a (a) and the expanded repeating unit (b). In the unit cell view,

only bonding hydrogens are shown.

In the future, we plan to scale-up the polymerization of the
homo- and co-polymers, the investigation of the hydrolytic
polymerization, compatibility tests with commercial poly-
merization systems and additives, and polymer processing to
produce standardized specimen to further demonstrate that
high-performance bio-polyamides can not only keep up with
their fossil-based counterparts but also that bio can be better.

Methods

Instrumental and characterization. GCMS was performed using GC-2010 Plus
(Shimadzu) with an auto-injector AOC-5000 (Jain, Combi PAL), a GC capillary
column (BPX 5: 5% phenyl, 95% methyl polysilphenylene/siloxane; SGE), and MS-
Q02010 Plus (Shimadzu) at 70 eV. NMR measurements were carried out on a
JNM-ECA 400 MHz spectrometer from JEOL. Chemical shifts & are indicated in
parts per million with respect to residual solvent signals. SEC was performed using
a SECcurity GPC system with an autosampler (1260 Infinity; Agilent Technologies)
and a TCC6000 column oven (Polymer Standards Service, PSS). DSC was per-
formed on a DSC 1 from Mettler Toledo with the software STARe V. 16.00.
MALDI-TOF was conducted on a Bruker Ultra Flex TOF/TOF mass spectrometer.
Single-crystal analysis was performed by single-crystal X-ray diffractometry (SC-
XRD, D8 Venture, Bruker AXS, Madison, WI, USA) equipped with a 4-circle
goniometer (Kappa geometry), a CMOS detector (Photon 100, Bruker AXS), a
rotating anode (TXS, Bruker AXS) with MoKa radiation (A =0.71073 A), and a
multilayer mirror monochromator (HELIOS, Bruker AXS). Powder X-ray dif-
fraction was carried out using Bragg-Brentano geometry (PXRD, Miniflex, Rigaku,
Japan, with silicon strip detector D/teX Ultra) and copper Ka radiation. Detailed
information about applied methods and sample preparation is described in

the Supplementary Methods.

Monomer synthesis. All applied chemicals, including solvents, were purchased in
industrial grade and used as received. All monomer synthesis reactions were car-
ried out under air without inert atmosphere. For the enzymatic epoxidation,

Novozyme-435 (CALB lipase immobilized on acrylic resin) was applied. The
reaction progress was monitored by GCMS or TLC. Purification of the products
was achieved by distillation, crystallization, or column chromatography. Product
characterization was realized by NMR and GCMS. The exact structure of 5-38 and
5-3R was determined by XRD. TLC was performed using aluminium plates coated
with SiO, (Merck 60, F-254) and the spots were visualized with a KMnO, stain.
Flash column was performed using $iO, (0.06-0.2 mm, 230-400 mesh ASTM)
from Roth. NMR assignments of all intermediates are provided beneath the
synthesis protocol, NMR data are displayed in Supplementary Figs. 37-46.

One-vessel scale-up. The reaction cascade was performed under application of
the METTLER TOLEDO LaBMax Automatic Lab Reactor equipped with a 4.50 L
reaction vessel with a bottom outlet, a stirrer (shaft stirrer blade), a condenser, a
distillation bridge, and active water cooling (minimum temperature: 15°C). A
detailed step-by-step protocol is described in the Supplementary Methods.

Polymerization method A. 3S-caranalctam (5-3S), 3R-caranlactam (5-3R), CL or
LL and the specific amount of activator (N-Bz-caranlactams Bz5-38 and NBz5-3R)
and NaH (60% on paraffin) were put into a glass vial (10 mL) equipped with a
magnetic stir bar. The vial was closed with a screw lid with a rubber septum and
vacuum was applied via a syringe connected to a vacuum pump for 10 min before
the vial was vortexed for 30 s. The vial was placed in an oil bath and stirred at a
specific temperature. When the reaction time was over, the vial was removed from
the oil bath and cooled down to room temperature without external cooling.

Polymerization method B. 3S-caranalctam (5-3S), 3R-caranlactam (5-3R), CL and
LL, and the specific amount of activator (N-Bz-caranlactams Bz5-3S and NBz5-
3R) and NaH (60% on paraffin) were put into a glass vial (10 mL), flushed with
nitrogen and closed with a screw lid with a rubber septum and vortexed for 30s.
The vial was then placed into a heating block at different temperatures for the
respective amount of time. The heating block was covered with aluminium foil to
decrease the temperature gradient. After the reaction time was reached, the vial
cooled down to room temperature without external cooling.
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Polymer work-up method A. The glass vial was destroyed and glass residues
sticking to the polymer were removed before it was broken down to small pieces
under application of scissors, hammering and liquid nitrogen if necessary. The
polymers from lactam 5-3S were more brittle than the polymers from 5-3R,
whereas the poly-3R-caranlactam (poly5-3R) was at least partly soluble in EtOH.
The polymer pieces were transferred to a mortar and grinded in the presence of a
few millilitres of organic solvent (EtOAc for poly5-3R, EtOH for poly5-38) until a
fine powder was produced. In cases of non-homogeneous particles, the powder was
refluxed in a mixture of EtOH and water (1:1) for at least 12 h, filtered off, and
washed several times with water, acetone, and EtOAc and grinded again. Finally,
the colourless or slightly yellow powders were dried under reduced pressure and
analysed by IR, NMR, DSC, and GPC.

Polymer work-up method B. The polymers were dissolved in HFIP within the
polymerization glass vial and a sample of the homogeneous solution was analysed
by GPC. Another sample was dried under reduced pressure, re-dissolved in
DCOOD and investigated by NMR. Specific NMR signals as well as the GPC
elugrams were used for the determination of monomer conversion.

Effect of temperature and activator concentration on M. Lactam 53-S was
converted to poly5-3$ at 180 and 220 °C at different concentrations of activator
Bz5-3S. Monomer (300 mg, 1.8 mmol, 1.00 equiv.), NaH (60% on paraffin,
1.6-4.0 mg, 0.04-0.10 mmol, 0.02-0.05 equiv.), and activator Bz5-3S was poly-
merized for 1 h as described in polymerization method A. Polymer work-up A was
used for further investigations. The results are displayed in Supplementary Figs. 8
and 9 and Supplementary Table 11.

Impact of the activator concentration on the conversion. Monomer (500 mg,
3.0 mmol, 1.00 equiv.), NaH (60% on paraffin, 3.5 mg, 0.09 mmol, 0.03 equiv.), and
a varying amount of activator was polymerized at 190 °C for 1h as described in
polymerization method B. Polymer work-up B was used for further investigations.
The results are displayed in Supplementary Figs. 11-16 and Supplementary
Table 13.

Impact of the reaction time on the conversion. 35-caranlactam (5-3S, 300 mg,
1.80 mmol, 1.00 equiv.), NaH (60% on paraffin, 6.0 mg, 0.15 mmol, 0.08 equiv.),
and Bz5-3$ (15.0 mg, 0.06 mmol, 0.03 equiv.) was polymerized by polymerization
method B several times. Each polymerization experiment was terminated after a
specific reaction time. The polymers were dissolved in a mixture of HFIP and
EtOH, and a sample was dried under reduced pressure. The remaining residue was
re-dissolved in DCOOD and analysed by NMR as displayed in Supplementary
Fig. 20 and Supplementary Table 14.

Copoly izati of 3S-caranlactam (5-35). Lactam 5-3S was co-polymerized
with 5-3R, LL, and CL under various conditions as displayed in Supplementary
Table 8. The ratio of lactam 5-3S and the specific co-monomer (Built-in) of the
polyamides copoly(5-38-5-3R), copoly(5-3S-LL), and copoly(5-38-5-CL) was
investigated by NMR. The protons used for integration and comparison are
highlighted in Supplementary Fig. 27; the results are displayed in Supplementary
Figs. 23-25 and Supplementary Table 16. 'H and 13C spectra showing the full ppm
range are displayed for an example of each type of co-polyamide as Supplementary
Figs. 47-49.

Time-dependent integration of 5-3S in the CL/LL co-polymers. The time-
dependent integration of 5-3§, CL, and LL in the growing co-polymer chain was
investigated. 1:1 mixtures of the monomers were polymerized as follows: The
monomers were melted in a round bottom flask equipped with a magnetic stirrer
bar in a nitrogen atmosphere. NaH was added, followed by Bz5-3S. Samples from
the melt were taken at different reaction times until the reaction mixture became
solid. A final sample was taken from the solid after 60 min. The samples were
analysed by NMR and the conversion and integration were determined (Supple-
mentary Figs. 28, 29 and Supplementary Table 17).

Film-cast experiments. 0.5 g of PA6, PA12, copoly(5-3S-CL), or copoly(5-3S-LL)
were dissolved in HFIP (20 mL) for at least 12 h. The solution was filtered and
transferred in a crystallizing dish (diameter: 11 or 5.5 cm) and left under a fume
hood until a clear film was formed. The film was carefully separated from the dish
and dried in an oven at 85 °C for 3 h to remove residual solvent. For poly5-3R, this
method proved unsuitable as the dried polyamide film could not be separated from
the glass. Therefore, a PTFE foil was used as an inlay. Films of poly5-3R could then
be separated from the PTFE inlay after drying.

Single-crystal production of the lactams. Single crystals were obtained by
crystallization at 4 °C within 3 days. The crystals were separated by filtration,
washed with cold acetone, and dried under air atmosphere.

Data availability
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within the article (and its Supplementary Information files). The X-ray crystallographic
coordinates for structures reported in this study have been deposited at the Cambridge
Crystallographic Data Centre (CCDC), under deposition numbers 1938732 (5-3S) and
1938733 (5-3R). These data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif. Crystallographic
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Limonene, a-pinene, and (+)-3-carene as precursor for diol monomers

2.5 Limonene, a-pinene, and (+)-3-carene as precursor for diol monomers
2.5.1 Oxidative cleavage of limonene, a-pinene, and (+)-3-carene

The cleavage of the double bond of limonene (1), a-pinene (2), and (+)-3-carene (3) has been
extensively reported in literature so far (Figure 2.20).!37-1%2 The three dominating strategies are:
(I) the conversion of the double bond into a diol (or epoxide) that is then treated with sodium
periodate, (II) the direct reaction of the olefin with catalytic OsO4 and in-situ regeneration of
the catalyst, and (III) ozonolysis. As OsOs4 is very toxic'* and ozonolysis requires a special set-
up, the periodate cleavage was the chosen method. Racemic mixtures of limonene oxide (5) and
a-pinene oxide (6) were purchased (synthesis grade) and used without further purification.
(+)-3-carane oxide (7) was prepared with diluted peracetic acid as described in Section 2.4B.

The epoxides 5 and 7 were cleaved oxidatively in a mixture of MeCN and H>O with one
equivalent of NalO4 at room temperature (Figure 18). The ketoaldehydes 8 and 9 were purified
by distillation and yields were 50%-70%. However, GCMS and NMR analysis did not reveal
side reactions to a considerable extent; therefore, the relatively low crude- and isolated yields
might have been caused by the unoptimized work-up conditions. The reaction was observed to
be rather slow, as three days of reaction time did not lead to a full conversion (51% for epoxide
(7)). If 1.0 % of HCI was added, the reaction time decreased, and 70% conversion were
observed within five hours. However, another addition of 1% HCI was required to complete the
reaction, as the reaction rate dropped again at about 80%. This finding indicates that the
conversion of the epoxide to a vicinal diol (vic-diol) is the rate-defining first step of the reaction,
and small amounts of the dihydroxy-species vie-diol-5 and vic-ciol-7 were identified by GCMS

as intermediate.
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Figure 2.20 Synthesis of ketoaldehydes 8, dihydro-8 and 9 starting from the corresponding epoxides. (a) = epoxidation; (b)
hydrogenation; (c) epoxide opening to the corresponding diol; (d) oxidative C-C bond cleavage with NalOa4.

The pinene-based epoxide 6 could not be converted to the corresponding ketoaldehyde. The
reaction turned out to be very unselective, and a mixture of various rearrangement products,
which were then oxidized by NalOas, was obtained. The most commonly formed compound was
5-(2-hydroxypropan-2-yl)-2-methylcyclohex-2-enol (Figure 2.20), and a control reaction
showed that even stirring of 6 in water at 40 °C led to this rearrangement.

Therefore, the synthesis of the required vic-diol-6 (vicinal diol 6) was not possible. Other
attempts such as the basic opening of the epoxide or the formation of an ethoxy-hydrine and
the subsequent oxidative cleavage were unsuccessful. Oxidation with KMnOg4 led — according
to GCMS — to small amounts of vic-diol-6, the isolation failed.

Another observation was the significant difference in reaction rate for the cis- and trans-epoxide
diastereomers (Figure 2.21). While the ratio is 1.5:1.0 at the beginning of the conversion of 5

to 8, after 2.5 h the ratio of the remaining diasterecoisomers is 8:1. More elaborate reaction
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conditions might lead to an almost exclusive conversion of only one diastereomer. This would

lead to an increased isotacticity of the formed polymers.

(a) (b)
(0] (0]
= 7
5 5 (o]
Mixture of Mixture of
cis/ trans cis/ trans (lj
=

8
Periodate cleavage

OH

OH
J u vic-c}l\ioI-S

Figure 2.21 GCMS chromatogram displaying the kinetic resolution of the cis/trans mixture of 5 by periodate cleavage.

During the reaction, NalO4 was reduced to NalOs which precipitated in the reaction mixture
and was easily separated by filtration. The isolated NalO3 was dried and was 70%-80% of the
initially used amount. Increasing the amount of MeCN after the reaction might even lead to a
full isolation of NalOs. As the industrial synthesis of the periodate is done by electrochemical
oxidation of the iodate, this is a facile way to regenerate the redox equivalent.

The terminal double bond of 5 and 8 was hydrogenated to the corresponding iso-propane to
investigate differences in polymerization behavior of the olefinic and the purely aliphatic
compound (Figure 2.20, Scheme 2.5). PtO2 (0.1%) and hydrogen at atmospheric pressure in
THF was sufficient for a complete reduction within 12 h to give dihydro-5 and dihydro-8 in
good yields. If MeOH was used as a solvent, the double bond was also successfully converted,

but the formation of an di-methoxy acetal was observed by GCMS.

0 H, 0 Hy o
PtO, (0.1%) PtO, (0.1%) OMe
] I —— | —
THF
0 . 0  MeOH OMe
dihydro-8 8

Scheme 2.5. Hydrogenation of the double bond of 8 in MeOH (acetal formation) or THF.

As a first attempt, a Meerwein-Ponndorf-Verley reaction'** was used to reduce the

ketoaldehydes to the corresponding alcohol as the catalyst and the redox equivalent — Al(iOPr)3
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and iso-propanol, respectively — are cheap, easy to handle and environmentally benign

(Scheme 9). The aldehyde was fully converted to give alcohol 10, but the carbonyl group was

unreactive.
0 Al(iOPr)3 0
)K/I\ iPrOH )K/I\/OH
| —_—
O  Toluene
“8 60°C “10
12 h

Scheme 2.6 Meerwein-Ponndorf-Verley reaction for the selective reduction of aldehyde 8.
While this would be an useful way for a selective alcohol formation and the subsequent
synthesis of hydroxy-amines for poly(ester amides), another method was required for diol
synthesis. Although other variations of the Meerwein-Ponndorf-Verley reaction with stronger
reducing agents than iso-propanol exist (for example, nitrobenzyaldehyde in Section 2.4B), the
atom economy would drastically be reduced. Therefore, NaBH4 was applied as an inorganic

hydride donor following an adjusted protocol (Scheme 2.7).143-146

| \o%

(6] 9 (6]
/
8

dihydro-8
NaBH4
MeOH

0°C
OH
12
pZ OH OH
1 dihydro-11

Scheme 2.7 Reduction of the limonene (1)-based ketoaldehydes 8, dihydro 8, and the (+)-3-carene (2)-based 9 to the
corresponding diols.

The reactions were carried out in MeOH mixture at 0 °C. However — although the reaction
seemed very selective in GCMS, NMR and thin-layer chromatography (TLC) — the isolated
yields of the diols 11,12 and dihydro-10 after column chromatography were only about 60%.

2.5.2 Initial polymerizations of 3-(prop-1-en-2-yl)heptane-1,6-diol (11)

To verify the polymerizability of the linear terpene diols in polycondensation reactions, the
limonene-based candidate was polymerized with adipic acid methyl ester (14). The
compatibility with an aromatic monomer was tested with terephthalic acid ethyl ester (15).

An enzymatic approach was used for the reaction with the aliphatic monomer 14. Cal-B — which
was already used for the epoxidation of (+)-3-carene (2) — was the enzyme used in a solvent-

free two-stage reaction. In the first stage, the temperature was 50 °C at 50 mBar for 48 h. In the
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second stage, the temperature was 70 °C at 25 mBar for another 48 h. The resulting viscous,
slightly yellow oil was analyzed by DSC; and no glass transition could be detected within the
examined temperature range (-30 °C — 400 °C). The NMR analysis verified the reaction of 11
with 14 (Figure 2.22).
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Figure 2.22 NMR comparison of the monomers 11 and 14 with polyl1-adipate.

The methoxy ester was cleaved and MeOH was removed from the reaction mixture, which can
be seen by the decreasing signal intensity at 3.66 ppm (MeO-, blue and red spectra). The
conversion was calculated to be about 90% by comparison of the signal intensities of -CH>-
COOR and the methoxy-ester from the residual monomer 14 (red spectra, blue boxes). The
conversion of the proton of Me-CH-OH (monomer alcohol) to Me-CH-O-CR=0 (polyester)
can be seen by the shift from 3.75 ppm to 4.79 ppm (green and red spectra, red boxes). Finally,
the signal broadening also indicates a successful reaction to poly(1-methyl-4-iso-propenyl
adipate) (polyl1-adipate).

For the polymerization of 11 with 15, Sn(OAc), was used as catalyst in a solvent-free three-
stage approach. In the first stage, the temperature was 180 °C for 4.5 h at atmospheric pressure.
The sublimation of small amounts of 15 were detected, affecting the stoichiometry and resulting

in a minor excess of diol 11. In the second stage, the pressure was lowered to 2.5 mBar at
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200 °C for 2.5 h. The viscosity of the mixture increased, and residual diol was evaporated from
the mixture. Finally, the temperature was increased to 220 °C and the pressure was lowered to
1.4 mBar until the evaporation of excess diol was complete (1.5 h). The obtained poly(1-
methyl-4-iso-propenyl terephthalate) (polyll-terephthalate) was investigated with DSC,
revealing a 7, of 24 °C. The polyester decomposed at about 370 °C (Figure 2.23).

T
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Figure 2.23 DSC of polyl1-terephthalate (second run).

NMR analysis showed that 8.3% of 11 and 3.8% of 15 remained in the polymerization mixture.
Again, signal broadening and a shift of Me-CH-OH (monomer alcohol) to 5.16 ppm was
detected (Figure 2.24). As the reaction temperature and the low pressure led to partially

evaporation of the monomers, a conversion could not be calculated by NMR.
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Figure 2.24 NMR comparison of the monomers 11 and 15 with poly11-terephthalate.

111



Discussion

3. Discussion

3.1 Isoprene as precursor for bio-fuels

As fuels are the highest end volume application of fossil oil, many approaches to use bio-
feedstocks as resources for bio-fuels have been undertaken. Different types and generations of
bio-fuels have been established within the last decades (Table 3.1), and are nowadays produced

in commercial amounts.

Table 3.1: The three bio-fuel generations and some of their characteristics.'4

Characteristic Bio-fuels
1! generation 2" generation 3" generation
Feedstock Obtained from food  Obtained from non-  Generated from
crops: food crops: algae and other
corn, wheat, sugar- Agricultural wastes,  microbes:
cane, soybeans, wood, municipal Algae, sea weeds,
animal fat, cooking  wastes, waste cyanobacteria
oil vegetable oil
Manufacturing Fermentation, trans-  Enzymatic Biochemical and or
method esterification, hydrolysis, thermo-  thermochemical
anaerobic chemical processes ~ methods
fermentation followed by
synthesis
Bio-fuels Alcohols (ethanol, Cellulosic ethanol, Ethanol, Hydrogen
propanol, butanol), methanol, Fischer-
diesel Tropsch diesel,
dimethylfuran
Energy density Up to 48 MJ/kg Up to 38 MJ/kg Up to 123 MJ/kg
Greenhouse gas CO> | Upto 3.4 Up to 2.85 Upto3.4
(kg/kg)

As bio-fuels often suffer from production costs, varying quality or residual bio-impurities, the
fermentation of olefins and subsequent oligomerization and hydrogenation to gain linear
hydrocarbons as high-quality fuels seems reasonable.'*® The potential of one of these olefins,
isoprene, was evaluated in a literature review (Section 2.1). The production of bio-based
isoprene, especially from (poly-)saccharides, has been investigated thoroughly within the last
decade, as isoprene is one of the most used monomers in the rubber industry.>!%148-155 I
general, isoprene is accessible from many kinds of biomass and could be processed as a 1%, 2"
or 3" generation bio-fuel. These studies mention the additional potential of isoprene as
precursor for bio-fuels regularly, but there has been little research on the next step in this

premise: the controlled linear oligomerization of isoprene to C10-C20 hydrocarbons. Less than

60 adequate papers or patents focusing on linear isoprene oligomerization were published since
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the 1950s, most of them without any context to fuels. Only within the last years, due to the
improvements in bio-based isoprene production, several studies focus on isoprene
oligomerization as a new route to bio-based fuels; however, the research output regarding
selective and linear isoprene oligomerization remains low. This might change in the future as
the price of bio-based isoprene will decrease. In addition, linear isoprene dimers and trimers
possess properties that make them very suitable as fuel such as a high boiling point and an
energy density of 47 MJ/kg (Section 2.1, Table 1). These characteristics are well in the range
of other bio- or fossil-fuels.'*” In contrast to many other 1, 2" or 3" generation bio-fuels, these
oligomers do not contain heteroatoms and are structurally closely related to fossil-based fuel,
which should guarantee an effortless integration in advanced internal combustion engine
technology. The methyl group side chains, causing a decreased pour point, might enable low-
temperature tank storage without the loss of flow characteristics. Another important aspect
differing from other fermentation bio-fuel precursors is the facile downstream process, as
isoprene is neither high-boiling nor water-soluble.

From a chemists’ perspective, the major challenge is the linear conversion of isoprene to C10-
C20 oligomers that could directly be used as a fossil-oil fuel replacement. Most methods from
the 1950s until today use (transition) metal liquid phase catalysis for the oligomerization of
isoprene. Even though this is similar to butadiene oligomerization, the significant difference is
the unsymmetrical substitution pattern of the double bonds, leading to a decrease of selectivity
and a high tendency for cyclization. As a result, complex mixtures of isoprene oligomers are
usually obtained, comprising linear and cyclic structures of varying molecular weights,
sometimes containing aromatic units. Methods with a high selectivity towards linear di- or
trimers usually involve Pd accompanied by air sensitive and rather expensive phosphine
ligands, which would lead to high fuel prices. Some Ziegler-Natta catalysts with a satisfying
selectivity have also been reported, though several additional additives or co-catalysts were
required as well. The use of ionic liquids was also mentioned, with outstanding selectivity;
however, ionic liquids are industrially still not established due to issues in reusability, product
isolation, end-of-life use, among other issues. Despite these draw-backs, if the bio-isoprene gets
more affordable and accessible from various feedstocks and if major advances in the
establishment of a selective linear dimer- or trimerization process are achieved, isoprene will

find a new function as precursor for bio-fuels for modern internal combustion engines.
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3.2. Isoprene as precursor for p-lactams, 6-lactams, and 6-lactones

The cycloaddition of isoprene and chlorosulfonylisocyanate (CSI), a reaction that has been

reported several times,!!3:114118.119.123

was re-investigated as a one-step method for the
formation of a B-lactam and d-lactams and lactones. 2+2 cycloaddition of alkenes with CSI is
the standard procedure for B-lactam synthesis, and conjugated dienes yield d-structures after
intramolecular rearrangement. The synthesis of the B-lactam could easily be reproduced, and
the regioselectivity in favor of the methyl-group substituted double bond was 100 %. Aside
from polymer science, hydrolysis and chiral separation would yield L-amino acids with
terminal double bonds for functionalization — an intriguing precursor for artificial amino acids.

The 6-lactam could only be isolated in trace amounts. Instead, a ring-opening followed by

hydrolysis and subsequent ring closing gave the d-lactones (Figure 3.1).

CI é| Cl

H,O
d%dédQ
(OJN 0] (OJN 0] o N—(|85—CI

Figure 3.1 Proposed mechanism for the formation of 5-lactones from a chlorosulfonyl-8-lactam. ' '*>123

Application of Cp.TiClz optimized the yield to about 80 %. These lactones are also accessible
from glucose and have been used as monomer (Section 2.2) and were therefore not further
investigated. PB-lactams are highly reactive and have been polymerized with advanced
techniques.”’ In this case, simple anionic ring opening polymerization of the lactam was
successful. NMR analysis confirmed a PA2-type polyamide. PA2-types are common in nature
as proteins, and spidroin, the proteins of spider silk, is famous for its mechanical properties as
a fiber. These properties arise from a highly ordered structure consisting of block copolymers
of poly(alanine) and glycine enriched domains that are responsible for strength and elasticity,
respectively. Modified isoprene B-lactams could be used in a similar way to produce semi-
artificial PA2-fibers with tailor-made properties. The obtained polyamide possessed a Ty of
almost 100 °C and a Ty of 240 °C, which is above the values of PA6. As mentioned above, the
terminal double bond was intact in the side chain (Section 2.2.3). This provides several
possibilities for post-polymerization functionalization, and tailor-made derivatives for all kinds

of application. In addition, the isoprene-derived B-lactam could also be used for cross-linking
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in polyamides, polyesters, and polyurethane, enabling the production of thermoplastic

elastomers. The terminal olefin could be used as an anchor for Diels-Alder reactions, click-

chemistry, metathesis, and others as demonstrated for polylimonene carbonate (Figure 3.2).!%
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Figure 3.2 Co-polymer of isoprene B-lactam and caprolactam, post-polymerization modifications and proposed effects.

Despite these intriguing possibilities, the monomer synthesis needs optimization, and the use
of toxic and expensive chlorosulfonyl isocyanate is a considerable economic and ecological
drawback. The purification had to be achieved by column chromatography, which is expensive
and laborious in production scales. A carefully designed distillation could also lead to satisfying
results, but heat-induced uncontrolled polymerizations of the highly reactive -lactam might
occur.

To summarize, the isoprene based B-lactam and polyamides thereof are not sustainable at this

point, but the double bond and the PA2-type structure itself are worth exploring in the future.

3.3 Conversion of a-pinene and (+)-3-carene to PA6-type bio-polyamides

The pivotal part of this work deals with the conversion of two bicyclic monoterpenes, a-pinene
and (+)-3-carene, into e-lactams that could be polymerized to PA6-type polymers. Both
terpenes are to be chemically interpreted as aliphatic substituted and bridged cyclohexane
derivative. Cyclohexane is the most used precursor to produce the most important industrial
lactam of polyamides: caprolactam. Terpenoids such as camphor and menthone, naturally
possessing a ketone motif, have already been converted to their corresponding lactams by
oximation/Beckmann rearrangement or hydroxylamine sulfonic acid.”! Additionally, a-pinene
and (+)-3-carene possess a double bond that can be used as starting point for chemical
modification. Thus, the oxidation of the double bond to generate a cyclohexanone derivative
compound analogous to caprolactam synthesis was a reasonable approach. The first-generation
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synthesis was a four-step approach starting with (i) double bond epoxidation by hydroboration,
(i1) alcohol oxidation, (iii) conversion to oxime using HONH,-HCI and (iv) Beckmann
rearrangement in basic media (Section 2.3) according to a literature protocol by Lochynski.!>’
The hydroboration yielded the terpene alcohols in excellent trans-anti-Markovnikov selectivity
and the stereoselectivity regarding the methyl group at C3 was 100 %. This is worth mentioning
as diastereomeric mixtures eventually would result in atactic polymers, negatively influencing
the mechanical properties as demonstrated in polypropylene, which exhibits a 7, of 240 °C in
its isotactic configuration and is amorphous in its atactic configuration.!>®

To avoid toxic chromium agents for alcohol oxidation, the Oppenauer oxidation with 3-nitro
benzaldehyde as redox equivalent was applied. Though the ketones were accessible by this
method, the yield and the atom economy are moderate at best, and other methods using
inorganic oxidation agents such as NaOBr3/NaSOs or NaHSOs (Oxone®) might lead to superior
results.!>1%" After conversion to the corresponding oximes, the Beckmann rearrangement in
basic media was performed. The addition of at least stoichiometrically amounts of tosyl chloride
proved crucial for the in-sifu activation of the oxime. The nitrogen insertion was almost
exclusively next to the methyl-group substituted C3. There are many methods for catalytic
Beckmann rearrangement, but all of them are in strongly acidic media, causing the bridged
bicyclic structures to rearrange.®* This was particularly seen at the four-membered ring of o-
pinene, which was labile under acidic conditions, rearranging to several unidentified species.
The three-membered ring of (+)-3-carene showed similar tendencies, with the rearrangement to
an isopropylene motif being the most dominant. Direct conversion of the ketones to lactams by
application of hydroxyl sulfonic acid gave similar results. In all cases, in the presence of water,
hydrolysis of the oxime and subsequent rearrangement to methyl cymene, probably by H>O-
addition-elimination mechanism, was observed. Extraordinarily, strong Lewis acids such as
Zn(OTY), in dry MeCN have shown some catalytic activity, but a high-yielding, highly active
catalytic system is yet to be established. Fortunately, terpene lactams crystallize rather facile,
and re-crystallization lead to purities sufficient for aROP. The same set of polymerization issues
were observed for the a-pinene lactam as previously reported for the oligomerization of
menthone®® and B-pinene'®!. These issues are (i) precipitation of oligomers from the monomer
melt and (i1) the undesired cross-linking effects due to side reactions of the four-membered ring.
3R-caranlactam polymerized extremely fast and a hard, transparent polymer block was formed.
Investigation by NMR, GPC and DSC revealed two unexpected novelties: The M, was over 30
kDa, which is three times more as ever reported for terpene-based lactam polyamides, and no

T'm was detected. The latter implies an amorphous polymer structure, which was verified with
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subsequent XRD experiments. In general, the most key intermediate in (industrial) caprolactam
synthesis is cyclohexanone, and efforts to improve the monomer synthesis and avoiding
expensive and nonecological hydroboration lead to a new reaction sequence: Epoxidation,
Meinwald rearrangement to the corresponding ketone, Oximation, Beckmann rearrangement.
Although the latter two steps remain unchanged, epoxidation and Meinwald reaction gave way
to two diastereomeric ketones (Figure 3.3), eventually resulting in diastereomeric lactams with

differing polymerization behavior and polymer properties.
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Figure 3.3 Synthesis strategies for ketones that are used as precursors for lactams.
The lactams are methyl group diastereomers at the C3 position, and XRD revealed that this
causes the lactams to crystallize in non-identically distorted ring conformations. The stereo-
configuration at C3 depends on the epoxidation method: peracetic acid, as a one-step method,

attacks the double bond from the sterically more accessible side to form the space-demanding
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butterfly transition state, and exclusively yields the S-isomer. The R-isomer is formed by
conversion with N-bromosuccinimide — also attacking from the sterically less demanding side
— to form a bromo hydrine. In strong basic media, the epoxide is formed by the attack of the
formed hydroxylate in a Sn2 reaction under the release of a bromide ion and the inversion of
the methyl group. The subsequent Meinwald rearrangement in a non-polar solvent and strong
acids proceeds under retention of configuration, as the concerted mechanism dominates in non-
polar solvents and the ionic transition state is formed to a minor extent due to the absence of
the stabilizing effect that a polar solvent would provide. Alternatively, the kinetically favored
3S-caranon can be isomerized in acidic media to the thermodynamically favored 3R-isomer,
which eventually gives mixtures of 3R-caranlactam (80 %) and 3S-caranlactam (20 %).
Oximation and Beckmann rearrangement were applied as before, and a one-vessel sequence
was developed for the synthesis of 3S-caranlactam in mole scale. Both lactams were used for
homopolymerization, and the resulting Caramid-R and Caramid-S were analyzed. In both cases,
high-performance thermal properties (7; 110-120 °C, Tm 280 °C for Caramid-S) and M,
surpassing all yet reported data of terpene-lactam based polyamides were detected. The ATy is
60 °C higher compared to PA6, which is a direct result of the rigid ring structure, which causes
and a decrease of the rotational degrees of freedom. Thermodynamically, at lower temperatures,
the gauche conformation is favored as the energy barrier for gauche/trans transition is increased
because of the ring-motif in the main chain. Thus, the unfolding of entropic random coils to
form linear chains (trans configuration) that are rotationally active (7;) and eventually begin to
slide (melt-behavior) requires a higher energy input AE (equation 3.1) than the linear standard

polyamides.

Soms = 1P [as G

The three-membered ring and the methyl group stereo-configuration remained fully unchained
throughout the polymerization process. Both lactams could be used for copolymerization with
caprolactam and laurolactam, increasing the 7 up to 90 °C and decreasing the crystallinity until
long-range order is completely suppressed.

The ROP of the lactams was facile and high-yielding, particularly for Caramid-R. The
differences in the polymerization behavior can most probably be attributed to the dissimilarities
of the bridged ring systems caused by the configuration of the attached methyl group at C3. The
reason for Caramid-R to not form long-range ordered, anti-parallel chains stabilized by
hydrogen bonding in a similar way to Caramid-S, remains unclear. This kind of crystallization

is known from PAG6,'% and was therefore expected of the terpene-based, aliphatic substituted
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PAG6 derivatives, especially as menthone-based polyamides and -pinene based polyamides are
also semi-crystalline. A more detailed exploration of this surprising finding should include solid
state NMR, XRD investigation of various copolyamides of 3S-caranlactam and 3R-caranlactam
and, most importantly, the synthesis of similar polyamides from (-)-3-carene and 2-carene to
fully understand the stereo- and enantio-effects of the structures at hand. A retro-synthesis of a
derivative without methyl-group at C3 might also be supportive to clarify the effects that lead

to formation of long-range order and crystallinity (Figure 3.4).

®s
0 o @F Te
© AcOOOH @ Zn(OTf), ﬁo ©¢o
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2. Beckmann rearrangment
3. Chiral crystallization
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o}

Figure 3.4 Synthesis approach of demethylated caranlactam starting from cyclohexa-1,4-diene under application of thio-ylide
chemistry and enantioselective crystallization.

The production of terpene-based polyamides, as outlined in detail in Section 1.12, suffers from
complex, hard-to-scale monomer synthesis, insufficient monomer purity unless
chromatographic methods are applied, or low activity towards polymerization (Table 3.3).
These challenges were overcome in this work by the development of a scalable, straight-
forward one-vessel synthesis of monomers with satisfying polymerization properties. Although
optimization is mandatory for the entire process, currently the yield of the Meinwald
rearrangement and the catalytic Beckmann reaction needs immediate attention. The process
yields moderate yields of the lactam in polymerization quality after crystallization. Synthesis
in pre-industrial scale is reasonably possible, which has not been reported for a 100 % bio-based
lactam yet.

As described above, Caramid-S/R differ from the commercialized PA11 and PA1010 due to
the rigid ring containing main chain and the aliphatic substituents (Section 1.6, Section 1.9).
Additionally, in the context of polyamides from biomass other than castor oil, Caramid-S and
Caramid-R possess some real novelties (Table 3.2) worth further researching.

The utilization of starch, cellulose, xylose, and other biogenic resources results in diacids,
diamines, or amino acids, and therefore only AA/BB types or polycondensation AB-types are
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possible. Mechanically superior cast polyamides are impossible to prepare from these
monomers. Polycondensation of FDCA-polyamides is challenging due to decarboxylation and

N-methylation,'*® and preparation of pre-polymers with 2,5-chlorofurandicarboxylic acid is

required (Avantium/Solvay process). 67168
Characteristics Monoterpene (lactam precursor)
Limonene® B-pinene’?8%:161 Menthone®:3°
Structure !
Y O
PN PN
Availability Waste stream Waste stream No waste stream
Little alternative Little alternative Synthesis from
applications applications myrcene
Several alternative
applications
Monomer synthesis | Few production steps Chromatographic Good yield (83%)
Chromatographic monomer Few production
monomer purification purification steps
Elaborated reaction Challenging initial 8-10 times more
equipment olefin oxidation expensive than
(KMNO3) other terpenes
Green carbon [%] 83 100 100
Polymer properties | Mn < 8,0 kDa Mn=17,2kDa Mn < 3,0 kDa
Exclusively amorphous Long reaction times Long reaction times
polyamides Exclusively semi- Exclusively semi-
Tg=42°C crystalline, opaque  crystalline, opaque
polyamides polyamides
Scalability Unknown Unknown Unknown
Processability Unknown Unknown Unknown

Table 3.1 Terpene-based polyamides and their properties.

These methods usually apply terephthalic acids (TPA) as the additional, fossil-based
comonomer. As far as rigid, cyclic structures are concerned, they are generally available from
isosorbide or FDCA and contain heteroatoms or are aromatic, respectively. If no stabilizers are
used as additives, these structures get oxidized in air after UV-light induced hydroperoxide
formation, leading to yellow coloring, degradation, and loss of mechanical stability.'®
Especially for applications that need high transparency, coloring needs to be avoided, and the
non-aromatic structures of Caramid-R or the copolyamides of Caramid-S might prove
beneficial. Another aspect is the lowered 7 of about 120 °C in comparison to polycarbonates
(PC, Ty = 148 °C). The lower working temperature of standard PC is at -40°C.!7° This is
exceptionally low for amorphous polymers, and caused by so called secondary transition at -
120 °C.'7" As Caramid-R is not brittle at room temperature, it most likely also possesses a
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secondary transition. If this secondary transition is — similar to the 7, — at a lower temperature

compared to PC, this would enable applications at even lower temperatures.

Alternative bio-based polyamides

82,166,172-174

Biomass
Processing

Monomer precursors
Monomer types
Monomer examples

Food or feed application
Alternative applications
Polymer types
Polymerization process

Main chain structure

Green carbon

Status
Engineering/High-Performance
applications expected

Starch, cellulose, xylose, turpentine
Enzymatic or chemical hydrolysis,
distillation

Glucose, fructose, monoterpenes
Diamines, diacids, amino acids, lactams
FDCA, 1,5-diamino pentane, isosorbide
diamine, B-pinene lactam, menthone lactam
Partially

Yes

AABB/AB

Polycondensation, ring-opening
polymerization

Linear non-branched, aromatic, aliphatic
substituted, aliphatic cyclo-substituted
Up to 100 %

Laboratory / pre-industrial

Yes

Polymer properties

0 0

O J
P S .

+ diamines
+ 1,6 diamino hexane
Therephthalic acids (TPA)

My <10 kDa

(Standard techniques)
Semi-crystalline / amorphous
Tmup to 250 °C,

Tyupto 110 °C

My>10kDa
(Avantium/Solvay-Process)
- amorphous
Tgup to 136 °C (0% TPA)
- Semi-crystalline > 35 % TPA
Tm=336 °C (50% TPA)

0
HN /\H::zNH_., i—-zj/Npiz
n=3 HaN 0~

+ Diacids + Sebacic acid

+ Diacids and diamino

butane
Example: M, <5kDa
Diamino pentane 0% diamino butane
PA510: Semi-crystalline
Semi-crystalline Tm=152°C
Tm=215°C
Ty,=50°C My > 20 kDa

78% diamino butane
Semi-crystalline
Tm=232°C

Table 3.2 Bio-based polyamides from biomass other than terpenes and Ricinus oil and their properties.
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High-mass polyamides from diamino isosorbide can only be formed as copolyamides with other
diamines, and the monomer synthesis have low -yields and struggles from the formation of
various stereo-isomers. The high amounts of chiral motifs — the methyl group at C3 and the
three-membered ring — is unmatched, as well as the isotacticity of 100 %, resulting from the
highly stereoselective synthesis and enantiopure starting material. This feature could be
exploited in chiral technology, e.g. for chiral stationary phases in HPLC. In addition to the
increased chemical and thermal stability compared to the wusually applied -chiral

polysaccharides, this could enhance the established methods of enantioseparation.

3.4 Conversion of (+)-3-carene and limonene to polymerizable diols

Besides the exploration of hydrolytic polymerization of 3S- and 3R-caranlactam, the next steps
required for the validation of Caramid-R and Caramid-S in an industrial application context are
the processing parameters and the mechanical properties. Tensile and impact testing for E-
modulus, elongation at break, impact resistance, etc. as well as melt-flow and water-uptake
according to DIN are mandatory for the identification of suitable applications. For cast
polyamides, the activation system needs optimization, and the machining process must be
developed. To reach a price level that enables commercialization, the monomer synthesis must
be optimized and a catalytic method for the Beckmann rearrangement must be developed. If
30 €/kg monomer accompanied by outstanding polymer properties can be achieved, Caramid-
S and Caramid-R could well be the first terpene-based polyamides on the market in the future.
For the synthesis of bio-based diols from monoterpenes, the double bond of limonene and
(+)-3-carene was oxidized by epoxidation and cleaved with periodate (Section 2.5). The
obtained ketoaldehydes were then reduced with NaBH4 to diols. The yields were rather low
(> 50%) but this is probably due to purification issues. In general, after optimization, this
reaction pathway is sustainable as the epoxidation can be performed with H2O» and a lipase,
and neither the cleavage with NalO4 nor the reduction with NaBH4 leads to organic waste.
Application of NalO4 makes the application of toxic and expensive ozone obsolete. In addition,
many alternative reduction methods could substitute the borohydride. However, a disadvantage
of this process is the loss of stereo-information, leading to mixtures of diastereoisomers and
enantiomers. The limonene-derived diol was polymerized with dimethyl adipate by a lipase and
with dimethyl terephthalate by a Sn-catalyst (Section 2.5.2). As expected, the 7§ of the aliphatic
polyester was below -30 °C, whereas the aromatic polyester had a 7, of 24 °C. Again, the
terminal double bond in the polymer backbone was maintained. The synthesis of diols from the
cyclic monoterpenes limonene and (+)-3-carene was successful. Oxidative cleavage of the

double bond by epoxidation and subsequent treatment with NalO4 led to the corresponding
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ketoaldehydes. The yields were about 60%, but NMR and GCMS suggest that the relatively
low yields are caused by unoptimized work-up protocols, as almost no side-products were
observed. The reduction to the diols was carried out with NaBH4. Again, no side reactions were
detected, but the yields after column chromatography were rather low. For a-pinene, the
synthesis pathway is not suitable due to uncontrollable rearrangements. As described in the
introduction, polymerization of the aromatic dimethyl terephthalate was not possible by means
of enzyme catalysis.

In the future, the synthesis should be optimized, focusing on the complete isolation of NalOs
and electrochemical regeneration of NalO4. Enzyme-catalyzed reduction of the ketoaldehydes
should also be worth exploring.!” If the periodate cleavage is optimized, the ketoaldehydes can
be used as platform chemicals not only for diols, but also for hydroxy carboxylic acids, amino
acids, and diamines to establish a complete new set of AA/BB- and AB-type monomers for bio-

based polyesters, polyamides and polyurethane (Figure 3.4).
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P OH NH; NH
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Figure 3.4 Terpene-based ketoaldehydes as platform chemicals for hydroxy carboxylic acids, amino acids, diamines, and
diols.
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3.5 Conclusion

To conclude, this work shows that isoprene can be used as a precursor for bio-fuels; though the
existing oligomerization protocols might need some further improvements, the general
feasibility has been outlined. However, from an economic point of view, the production and
subsequent conversion to suitable hydrocarbons from isoprene is still too expensive to compete
with fossil fuels presently. A more relevant application in the near future would be the
utilization of isoprene and monoterpenes as feedstock for monomers. Chemical conversion to
new polymer building blocks was demonstrated for isoprene (B-lactam), limonene (diol), a-
pinene (B-lactam and e-lactam) and (+)-3-carene (B-lactam and e-lactam); in all cases, initial
polymerizations were successful. The (+)-3-carene based polyamides possess exceptional
features, especially in terms of thermal properties and crystallinity. Depending on the
application, transparent or semi-crystalline (co-)-polyamides can be produced starting from the
same monoterpene. In addition, the scalability of the monomer synthesis and the polymerization
— which has meanwhile been demonstrated in 2.5 kg monomer production scale and 40 g
polymerization scale — are very promising novelties in the field of bio-based polyamides.
Though various other material parameters need validation and the synthesis still needs further

optimization, the commercialization of (+)-3-carene-based polyamides seems within reach.
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4. Methods

4.1 Methods section 2.2 “Isoprene derivatives as valuable monomers”

Synthesis 4-methyl-4-vinylazetidin-2-one (2)

2

Isoprene (1, 13.6 g, 200 mmol) was dissolved in Et2O (25 mL) in a three-necked flask (500 mL)
equipped with a magnetic stirrer and a thermometer in an argon atmosphere and cooled to -
65 °C under application of liquid nitrogen and an EtOH cooling bath in a dewar. CSI (29.3 g,
207 mmol) was dissolved in Et,O and slowly dropped to the reaction mixture with a dropping
funnel within 15 min. After stirring for 1.5 h, the internal temperature was -30 °C. It was cooled
down to -65 °C and stirred for additional 2.5 h. The internal temperature was not allowed to
exceed -30 °C at any point of time. For hydrolysis, solutions of Na>SO3 (2 M, 200 mL) and
NaOH (4 M, 125 mL) were carefully added to the reaction mixture within 1.5 h. The
temperature was kept between -10 °C and 0 °C during this exothermic reaction. IPC by GCMS
revealed the selective formation of lactam 2. It was stirred overnight, and a second IPC showed
no further reaction. The reaction mixture was extracted with EtOAc until no product was
detected in the aqueous phase. The organic fractions were combined, washed with saturated
solutions of NaHCO3 and NaCl and dried over Na;SOs. The solvent was removed under
reduced pressure and lactam 2 (16.0 g, 144 mmol, 72%) was obtained as a slightly yellow oil.
'"H NMR (400 MHz, d6-DMSO): §/ppm = 8.20 (s, -CO-NH-, 1H), 6.09 (dd, J=17.3, 10.5 Hz,
1H, H,C-CH-CCH3-), 5.21 (dd,J=17.2, 1.2 Hz, 1H, H>2C-CH-), 5.08 (dd, /= 10.5, 1.3 Hz, 1H,
H>C-CH-), 2.69 (qd, J= 14.3, 1.6 Hz, 2H, -CO-CH,-CCH3s-), 1.40 (s, 3H, -CH»-CCH;-).

I3C NMR (101 MHz, d6-DMSO): §/ppm = 165.9 (-CO-NH-), 142.5 (H.C-CH-), 112.9 (H2C-
CH-), 53.0 (-CH2-CCH3-), 50.1 (-CH»-CCH3s-), 24.8 (-CH»-CCH3-).

MS (EIL, 70 eV): m/z (%) =111 (0.2), 82 (7.9), 69 (6.5), 68 (100), 67 (63), 54 (48), 53 (29),
50 (2.6), 42 (42), 41 (14).
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Synthesis of 4-methyl-1-(prop-1-en-2-yl)-4-vinylazetidin-2-one (acetyl-2)

I

=

acetyl-2

Isoprene B-lactam 2 (1.10 g, 10.0 mmol) and TBAB (320 mg,1.0 mmol) were dissolved in
toluene (150 mL) and cooled in an ice bath before NaOH (20 g, 500 mmol) was added. Ac,O
was dropped to the reaction mixture and it was stirred for 20 min until TLC showed the full
conversion of lactam 2. The reaction mixture was filtered and mixed with water. The layers
were separated, and the aqueous phase was extracted with EtOAc. The solvent was removed
under reduced pressure and acetyl-2 (600 mg, 4.0 mmol, 40%) was obtained as a slightly yellow
oil.

'"H NMR (400 MHz, d6-DMSO): 8/ppm = 6.12 (dd, J = 17.4, 10.7 Hz, 1H, H,C-CH-CCH3-),
5.28 = 5.13 (m, 2H, H>C-CH-), 3.04 (s, 2H, -CO-CH>-CCH3-), 2.26 (s, 3H, -N-CO-CHj3), 1.61
(s, 3H, -CHz-CCHj3-).

MS (EIL 70 eV): m/z (%) =153 (0.7), 112 (5.9), 111 (46), 96 (17), 82 (29), 68 (57), 67 (85),
53 (32),43 (100), 39 (16).

Synthesis of 4-methyl-1-tosyl-4-vinylazetidin-2-one (tosyl-2)

A

0
Ts/
tosyl-2

Isoprene B-lactam 2 (330 mg, 3.0 mmol) was dissolved in toluene (15 mL) and added to a
solution of TBAB (97 mg, 0.3 mmol), TsCl (1.72 g, 9.0 mmol) and NaOH (9.0 g, 360 mmol)
in toluene (135 mL). It was stirred at room temperature until full conversion of lactam 2
(monitored by TLC). The reaction mixture was filtered and mixed with water. The layers were
separated, and the aqueous phase was extracted with toluene. It was dried over Na>SOs, filtered
and the solvent was removed under reduced pressure. The crude product was crystallized from
EtOH at -20 °C and tosyl-2 was obtained (460 mg, 1.74 mmol, 58%) as colorless crystals.

'"H NMR (400 MHz, d6-DMSO): 8/ppm = 7.80 (d, J = 8.3 Hz, 2H, 2xCH Ts), 7.48 (d, J =
8.1 Hz, 2H, 2xCH Ts), 6.03 (dd, J=17.3, 10.7 Hz, 1H, H,C-CH-CCH3-), 5.32 (dd, J = 45.3,
14.0 Hz, 2H, H,C-CH-), 3.13 (s, 1H, -CO-CHH-CCH3s-), 3.13 (s, 1H, -CO-CHH-CCH3-), 2.42
(s, 3H, CHs Ts), 1.63 (s, 3H, -N-CO-CH5).
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Synthesis of 4-methyl-2-oxo0-5,6-dihydropyridine-1(2H)-sulfony!l chloride (SO2Cl1-4)

d
N~ ~O

SO,Cl
SO,Cl-4

Method A:

Isoprene (1, 16,3 g, 240 mmol) was added drop-wise to a cooled solution of CSI (28.3 g,
200 mmol) in EtOAc (200 mL) within 30 min. The reaction temperature was maintained
between -60 °C and -40 °C throughout the process. After stirring for additional 7 h at said
temperature range, it was stirred for 12 h at 40 °C. The solvent was removed under reduced
pressure. The remaining reaction mixture was dissolved in DCM (150 mL) and carefully
washed with an aqueous solution of HCI (0.2 M, 3 x 100 mL). The aqueous layer was extracted
with DCM (4 x 100 mL) and the combined organic layers were dried over Na;SO4. DCM was
removed by distillation and the solid crude product (24.6 g) was crystallized from ChCl3
(30 mL) at -20 °C within three days to give SO2CI1-4 (7.69 g, 40.0 mmol, 19%) as colorless
crystals.

Method B:

Isoprene (1, 820 mg, 12 mmol) was added to a solution of CSI (1.63 g, 11.5 mmol) and MnCl,-4
H>0 (63 mg, 0.5 mmol) in MeCN (10 mL) at room temperature. After 14 h, TLC showed a
mixture of SO2CI-3 and SO2Cl1-4. After stirring for 5 days, the reaction mixture was filtered,
and the solvent removed under reduced pressure and the work-up was performed as described
in method A to give SO2Cl1-4 (1.1 g, 5.2 mmol, 52%) as colorless crystals.

'"H NMR (400 MHz, d6-DMSO): 8/ppm = 5.74 — 5.69 (m, 1H, -CO-CH-CCH3-), 4.29 (t,J=
6.2 Hz, 2H, -NSO2CI-CH>-), 2.37 (t, J= 6.2 Hz, 2H, -CH,-CH,-CCH3-), 1.95 (d, /= 1.1 Hz,
3H, -CH,-CCH;-).

13C NMR (101 MHz, d6-DMSO): §/ppm = 164.1 (-CO-), 159.8 (-CCH3-), 115.5 (-CH-CO-),
65.8 (-CH2-NSO:Cl-), 28.6 (-CHz-CH>-CCH3-), 22.6. (-CH2-CCH3-).

Synthesis of 4-methvl-1,6-dihvdropyridin-2(3H)-one (5)

%l
0" 0

5

Isoprene (1, 6.80 g, 100 mmol) was dissolved in MeCN (15 mL) was dropped into a solution
of CSI(13.0 g, 92 mmol) in MeCN (40 mL) at room temperature. The reaction temperature was
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kept below 30 °C. After stirring for 2 h, the reaction mixture was cooled in an ice bath and a
solution of Na>SOs (4.40 g) in water (20 mL) was added drop-wise. The mixture was stirred for
2 h and the temperature was kept below 5 °C. The layers were separated, and the aqueous layer
was extracted with EtOAc. The combined organic fractions were washed several times with a
saturated aqueous solution of NaHCO3 until the pH-value of the washing solution was constant.
After extraction of the aqueous layers with EtOAc, the combined organic layers were washed
with saturated NaCl solution and dried over Na>xSOs. The solvent was removed under reduced
pressure and the crude product was purified by fractional distillation (1.5 mBar, 55 °C gas phase
temperature) and lactone 5 (4.55 g, 41 mmol, 44%) was obtained as a colorless oil.

TH NMR (400 MHz, d6-DMSO): 8/ppm = 5.69 — 5.60 (m, -O-CH»-CH-, 1H), 4.81 —4.73 (m,
2H, -CO-CH>-CCHs-), 2.98 (dd, /= 3.0, 1.8 Hz, 2H, -O-CH>-CH-), 1.73 (dd, /= 3.0, 2.1 Hz,
3H, -CH,-CCH;-).

13C NMR (101 MHz, d6-DMSO): §/ppm = 169.2 (-CO-), 130.7 (-CH,-CCH3-), 116.2 (-O-
CH>-CH-), 68.1 (-CO-CH>-), 34.7 (-O-CH»-CH-), 21.0 (-CH2-CCH3-).

MS (EL 70 eV): m/z (%) =112 (43), 84 (63), 82 (10), 69 (75), 56 (50), 53 (73), 50 (15), 43
(13), 41 (100), 32 (30).

Synthesis of 4-methyl-5, 6-dihvdropyridin-2(1H)-one (6)

d
o ~0

6

Isoprene (1, 680 mg, 10 mmol) was dissolved in MeCN (10 mL) and dropped into a solution of
CSI (1.63 g, 11.5 mmol) and Cp,TiCl; (12.5 mg, 0.5 mmol) in MeCN (10 mL) and stirred for
6 days in a sealed glass tube. The solvent was removed under reduced pressure, and the residue
was dissolved in DCM (10 mL) before a solution of NaOH (440 mg, 11 mmol) in EtOH (5 mL)
and H,O (10 mL) was added. The reaction mixture was stirred overnight. Saturated brine
(10 mL) was added and the product was extracted with DCM (2 x 10 mL). The organic layer
as washed with an aqueous solution of NH4Cl (saturated, 10 mL) before the organic solvent
was removed under reduced pressure. Lactone 6 (1.0 g, 8.9 mmol, 89%) was obtained as a
colorless oil.

'TH NMR (400 MHz, d6-DMSO): 8/ppm = 5.77 — 5.66 (m, -CO-CH-, 1H), 4.29 (t,J= 6.2 Hz,
-O-CH>-CHz»-, 2H), 2.38 (t, J= 6.2 Hz, -CH2-CH,-CCH3s-, 2H), 1.96 (d, /= 0.9 Hz,-CH>-CCH;-,
3H).
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13C NMR (101 MHz, d6-DMSO): 8/ppm = 164.0 (-CO-), 160.0 (-CH2-CH2-CCHs-), 115.5 (-
CO-CH-CCHs3-), 65.7 (-O-CH»>-CHz-), 28.5 (-CH2-CH>-CCH3-), 22.5 (-CH2-CCH3-).
MS (EL 70 eV): % (m/z) = 112 (48), 111 (1), 83 (8), 82 (100).

Synthesis of 2-methyl-2-vinyloxirane (7)

7

7
To a suspension of isoprene (1, 15.0 g, 220 mmol), Oxone (80 g, 260 mmol), H>O (500 mL),
MeCN (300 mL), and ice (100 g), a precooled solution of NH4Br (19.6 g, 200 mmol) was added
in a fast-dropping manner within 3 min. The reaction mixture was stirred for 6 additional min
and was then poured through a suction filter. EtOAc was added, and the layers were separated.
The aqueous layer was extracted with EtOAc (3 x 200 mL), and the combined organic phases
were washed with saturated solutions of NaHCO3, NaSQOs, and brine. After drying over NaSO4
and subsequent filtration, the solvent was removed under reduced pressure to give 1-bromo-2-
methylbut-3-en-2-ol (8, 28.5 g, 172 mmol, 86%).
A precooled solution of NaOH (14.4 mL, 10 M) was dropped to 1-bromo-2-methylbut-3-en-2-
ol (8, 15.75 g, 95 mmol) at 0 °C and stirred for 2 h. The phases were separated, and the colorless
upper layer (organic phase) consisted of almost pure epoxide 7 (purity > 90% as verified by
GCMS, 6.9 g 83 mmol, 87%).
'"H NMR (400 MHz, d6-DMSO): §/ppm = 5.62 (dd, J = 17.5, 10.7 Hz, 1H, H,C-CH-CCH3-),
5.35(dd,J=174, 0.9 Hz, 1H, H.C-CH-CCH3-), 5.22 (dd, /= 10.7, 1.0 Hz, 1H, H,C-CH-
CCHzs-), 2.81 (t,J=4.5 Hz, 1H, -O-CH,-CCHs- ), 2.69 (d, /= 5.4 Hz, 1H, -O-CH>-CCH3-),
1.37 (s, 3H, -O-CH2-CCHj;-).
13C NMR (101 MHz, d6-DMSO): §/ppm = 140.0 (H.C-CH-CCH3s-), 117.0 (H,C-CH-
CCHzs-), 55.3 (H2C-CH-CCH3-), 54.4 (-O-CH»>-CCH3-), 18.6 (H2.C-CH-CCH3-).
MS (EL 70 eV): m/z (%) =84 (9.1), 83 (28), 69 (19), 56 (36), 55 (66), 54 (16), 53 (54), 42
(9.0), 41 (29), 39 (100), 37 (2.8).

Polymerization of 4-methyl-4-vinylazetidin-2-one (2) to poly2

N o

N
H
n

Lactam 2 (200 mg, 1.8 mmol), N-benzoyl-caranlactam (4.4 mg, 0.016 mmol, 0.8%, refer to
Section 2.4B and 4.7) and NaH (60% on paraffin, 3.8 mg, 0.01 mmol, 0.6%) were mixed under
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inert atmosphere and then heated to 170 °C. The polymerization started immediately. After 15
min at 170 °C, the polymer was cooled on air. Poly2 was obtained as a yellow solid. 180 mg
were stirred in a mixture of H>O (20 mL) and EtOH (20 mL) at 70 °C for 12 h to remove residual
monomers and oligomers. The resulting almost colorless powder was dried under reduced
pressure to give pure poly2 (120 mg, 67%) which was then analyzed by NMR, DSC and GPC.
'"H NMR (400 MHz, d6-DMSO): §/ppm = 6.19 — 5.92 (1H, H.C-CH-), 5.38 — 5.14 (2H, HxC-
CH-), 2.90 (2H, -CO-CH>-), 1.62 (3H, -NH-CCHj3-).

13C NMR (101 MHz, d6-DMSO): &/ppm = 172.4 (-CO-), 140.6 (H>C-Carar H-), 140.5 (H2C-
CaarH-), 114.5 (H2C-CH-), 57.2 (-CO-CH>-), 45.6 -NH-CCHs-), 24.7 (-NH-CCuwiH3), 24.4 (-
NH-CCuwiH3).
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NMR spectra of 4-methyl-2-0x0-5,6-dihydropyridine-1(2H)-sulfonyl chloride (SO2Cl1-4)
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NMR spectra of 4-methyl-1.6-dihydropyridin-2(3H)-one (5)
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NMR spectra of 4-methyl-5.6-dihydropyridin-2(1H)-one (6)

Methods
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NMR spectra of 4-methyl-1-(prop-1-en-2-yl)-4-vinylazetidin-2-one (acetyl-2)
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NMR spectra of 4-methyl-1-tosyl-4-vinylazetidin-2-one (tosyl-2)
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NMR spectra of 4-methyl-4-vinylazetidin-2-one (2)

Methods
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NMR spectra of 2-methyl-2-vinyloxirane (7)

Methods
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NMR spectra of polyisoprene-B-amide( poly2)
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GPC curve of Polyisoprene-f-amide (poly2)

Methods
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4.2 Methods section 2.3 “New Bio-Polyamides from Terpenes: a-Pinene and (+)-3-
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1 General information

1.1 Analytical methods and instruments

1.1.1 Gas chromatography/Mass spectrometry (GC/MS)

GC analysis was performed using GC-2010 Plus (Shimadzu) in combination with auto-
injector AOC-5000 (Jain, Combi PAL). Separation was achieved via GC capillary column
(BPX 5: 5% phenyl, 95% methyl polysilphenylene / siloxan; SGE). For coupled MS, MS-
QP2010 Plus (Shimadzu) with electron ionization (70 eV) was used. Software analysis of
measured data was accomplished with GC-MS Postrun Analysis (Shimadzu). Gathered data
was compared with the National Institute of Standards and Technology database version 08.

Table SI-1 displays the used parameters.

Methods
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Table SI-1: Heating- and elution-parameters of the GC-MS analysis.

Parameters Values

split rate 5

injection temperature 250 °C

carrier gas helium

column flow-through 1.69 ml/min.

heating program 50 °C for 1 min.
50-120 °C, heating 15 °C per min.
120-170 °C, heating 5 °C per min.
170-200 °C, heating 20 °C per min.
200 °C for 7 min.
BPXS5 (CS Chromatography), length 30 m,

column
inner diameter 0.25 pm, diameter 0.25 mm

1.1.2 Nuclear magnetic resonance (NMR) spectroscopy

All NMR-measurements were carried out on a JNM-ECA 400 MHz spectrometer from JEOL
at 25 °C using standard pulse programs. Chemical shifts are reported as J-values in ppm.
Coupling constants (J-values) are given in Hertz (Hz). The DEPT135° technique was used to
assign CHjy-signales. 2D NMR methods (COSY, HSQC, HMBC) were applied if useful.
Chemical shifts are reported as follows: value (multiplicity, coupling constant(s) where
applicable, number of protons). NMR spectra assignation was supported by comparison with
literature values for similar compounds. Only clearly identifiable peaks are assigned. For the
characterization of observed signal multiplicities, the following abbreviations were applied:
s (singlet), d (doublet), dd (double doublet), dt (double triplet), t (triplet), q (quartet), quint

(quintet) and m (multiplet).

Methods
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1.1.3 Fourier transform Infrared (FTIR) spectroscopy

For FTIR measurements, the Bruker Tensor 27 FT-IR with a diamond attenuated total
reflectance (ATR) top plate was utilized. Software analysis of measured data was
accomplished with OPUS 7.0. The absorption bands are reported in wavenumbers (cm™). For
the band characterization, the following abbreviations were used: s (strong), m (medium), w

(weak), and vw (very weak).

1.1.4 Thin layer chromatography (TLC)

TLC was performed using aluminum plates coated with SiO, (Merck 60, F-254) and the spots
were visualized with a KMnOy stain. Flash column was performed using SiO; (0.06-0.2 mm,

230-400 mesh ASTM) from Roth.
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1.1.5 Gel permeation chromatography (GPC)

GPC was performed by a SECcurity GPC system with an autosampler (1260 Infinity, Agilent
Technologies) and a TCC6000 column oven (Polymer Standards Service, PSS). The data was
evaluated using PSS WinGPC UniChrom (PSS). PMMA was chosen for narrow molar mass
standard calibration and correlated to PA6 standards with a ready-call-kit
(Mw/M;, = 31400/17400 kDa; 22000/13000 kDa; 17200/11300) broad calibration. For sample
preparation, the polyamide was dissolved in a solution of 0.05 M sodium trifluoroacetate
(NaTFA) and hexafluoro-iso-propanol (HFIP). Table SI-2 displays the applied GPC

parameters.

Table SI-2: GPC-parameters applied for analysis of terpene-based polyamides.

Parameters Values

column temperature 25 °C
flow 0.6 mL/min
elution solvent 0.05 M NaTFA in HFIP

sample concentration 3.0 mg/mL

injection volume 50 uL
elution time 51 min
elution volume 30.6 mL
column 1 PSS PFG pre-column
column 2 PSS PFG 100 A
column 3 PSS PFG 1000 A

4
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Figure SI-1: Narrow PMMA calibration (green) and PMMA/PA broad calibration (red).

1.1.6 Differential Scanning Calorimetry (DSC)

DSC was performed on a DSC 1 from Mettler Toledo with the software STARe V. 16.00. The
samples (5-10 mg) were prepared in alumina crucibles. Table 3 displays the applied method.
The usual tempering time (segment 4) was 20 min but was increased to 180 min for poly-3R-
caranamide (polySb). The last heating run (segment 8) was used for evaluation.

Table SI-3: DSC method for thermal analysis of polyamides.

Segment Temperature [°C] heating rate [K/min] N, [mL/min]

Start/End
1 20/350 20 50
2 350/20 -20 50
3 20/220 10 50
4 220 (20 min) 0 50
5 220/0 -10 50
6 0/370 10 50
7 370/0 -10 50
8 0/440 10 50
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1.2 Chemicals

All applied chemicals were purchased commercially in technical grade if not otherwise stated.

2 Synthesis of lactam monomers

2.1 Synthesis of a-pinene derived lactams 5a and 6a

Remark: All o-pinene (1a) derivatives are racemic as racemic a-pinene (1a) was the starting
material and no enatioselective reactions were performed. The entiomeric ratio has not been
investigated. For clarity, only one enantiomer is discussed in text and schemes.

2.1.1 Synthesis of (1R.2R.5S)-2.,6.6-trimethylbicyclo[3.1.1]heptan-3-one (3a)

o

Pinanol (2a, 122 g, 0.79 mol, 1.0 eq.) and Al(OiPr); (8.1 g, 40 mmol, 0.05 eq.) were dissolved

in dry toluene and stirred for 10 min at room temperature. Then 3-nitrobenzaldehyde (144 g,
0.95 mol, 1.2 eq.) was added to toluene (400 mL). After 12 h, the solvent was removed under
reduced pressure and the resulting yellow oil was filtered through silica gel using hexane (3.0
L) as the eluent to separate the catalyst from the reaction mixture. The organic layer was then
reduced to 500 mL under reduced pressure and washed with solutions of HCI (1 M, 2x150
mL), saturated NaHCO3 (2x150 mL) and water (150 mL). Total evaporation of the solvent
yielded crude (1R,2R,55)-2,6,6-trimethylbicyclo[3.1.1]heptan-3-one (3a, 135 g, estimated
yield). Purification could not be achieved by flash column chromatography or fractional
distillation. However, the structure of the desired product could be verified by GC-MS data
base and 'H/’C NMR. The GC-MS purity was 70% (uncorrected values) and used as
estimated yield for all calculations for the subsequent reactions. As the synthesis and isolation
of the next intermediates was successful applying the crude ketone 3a, a successful

purification method was not developed.
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'H NMR (400 MHz, DMSO-de): 8/ppm = 2.61 — 2.53 (m, 1H), 2.52 — 2.41 (m, DMSO

superposition), 2.06 (tt, J = 5.9, 2.8 Hz, 1H), 2.00 (td, J] = 6.3, 1.8 Hz, 1H), 1.34 — 1.20 (m,
5H), 1.10 (d, J = 7.4 Hz, 3H), 0.80 (s, 3H).

BC NMR (101 MHz, DMSO-ds): 8/ppm = 213.3, 50.2, 44.4, 44.1, 38.7, 38.4, 33.5, 26.7,
21.5,16.5.

MS (EL 70 eV): m/z (%) = 152 (11), 97 (24), 95 (43), 83 (81), 81 (19), 69 (93), 67 (22),

55 (100), 41 (58) 39 (18).

2.1.2 Synthesis of (1R.2R,5S.E)-2.6.6-trimethylbicyclo[3.1.1 Jheptan-3-one oxime (4a)

N
-~

Crude pinanon (3a, 113 g, est. purity 70%, 0.52 mmol, 1.0 eq.) in EtOH (150 mL) was added

to a mixture of hydroxylamine hydrochloride (77.4 g, 1.1x mol, 2.1 eq.) and NaOAc-3H,0O
(150 g, 1.1x mol, 2.1 eq.) in EtOH (150 mL) and H,O (150 mL) at 65 °C and stirred
vigorously for 4 h. After the reaction was complete, the mixture was extracted with toluene
(5x150 mL). The solvent was removed under reduced pressure to give crude (1R,2R,5S,E)-
2,6,6-trimethylbicyclo[3.1.1]heptan-3-one oxime (4a, 107 g). 5.02 g of the yellow oil was
dissolved in MeCN and pure oxime 4a (2.8 g, 16 mmol, 65%) crystallized at -10 °C within
several weeks. The crude mixture was used without further purification.

"H NMR (400 MHz, DMSO-dy): 8/ppm = 10.41 (s, 1H), 2.79 — 2.66 (m, 2H), 2.45 — 2.34 (m,
2H), 1.91 (&, J = 5.8, 2.9 Hz, 1H), 1.84 (td, J = 5.9, 2.0 Hz, 1H), 1.20 (m, 6H), 0.90 (dd, J =
10.4, 6.5 Hz, 1H), 0.83 (s, 3H).

BC NMR (101 MHz, DMSO-dg): 8/ppm = 158.4, 45.5, 40.8, 38.5, 37.6, 33.0, 30.4, 27.1,

21.41,19.4.
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IR (diamond-ATR, neat): V/cm™ = 3272 (m), 2985 (m), 2968 (m), 2951 (s), 2930 (m),
2886 (m), 1651 (vw), 1448 (m), 1369 (m), 1327 (w), 1262 (w), 1226 (w), 1155 (m), 1092 (w),
963 (m), 946 (s), 856 (m), 838 (m), 813 (m), 744 (s), 560 (m).

MS (EIL 70 eV): m/z (%) = 167 (6), 152 (100), 108 (29), 96 (24), 69 (45), 67 (33), 55 (77),

43 (34), 41 (63), 28 (57).

2.1.3 Synthesis of (1S,2R.6S)-2.7,7-trimethyl-3-azabicyclo[4.1.1]octan-4-one (5a)

NaOH (75 mL, 4 M, 300 mmol, 3 eq.) was slowly added to a solution of pinanoxime (4a,
17.0 g, 0.1x mol, 1.0 eq.) in THF (80 mL) at 0 °C within 10 min. After stirring for 6 h at this
temperature, 4-toluenesulfonyl chloride (21.0 g, 0.11 mol, 1.1 eq.) in THF (30 mL) was
slowly added over a time of 45 min. The reaction mixture was kept at 0 °C for additional 2 h
and was then allowed to warm up to room temperature overnight. As the reaction was
complete, the organic layer of the two-phased mixture contained only little amounts of the
desired product but various side-products from the previous intermediates and other
unidentified impurities. The aqueous layer contained lactam 2a in high purity. The organic
layer was discarded, and the aqueous layer was extracted with toluene (5 x 100 mL). Toluene
was removed under reduced pressure and the residue was dissolved in EtOAc for
crystallization at -10°C. (1S,2R,65)-2,7,7-trimethyl-3-azabicyclo[4.1.1]octan-4-one (5a,
7.32 g, 44.0 mmol, 43%) was obtained as colourless crystals.

'"H NMR (400 MHz, DMSO-dg): 8/ppm = 7.40 (s, 1H), 3.59 — 3.49 (m, 1H), 2.56 — 2.39
(DMSO superposition), 2.12 —2.05 (m, 1H), 1.83 — 1.76 (m, 1H), 1.30 — 1.23 (m, 4H), 1.17 (d,
] =6.9 Hz, 3H), 1.01 (s, 3H).

BC NMR (101 MHz, DMSO-ds): 8/ppm = 172.6, 53.2, 46.8, 38.2, 38.0, 37.3, 30.2, 27.3,

21.7,21.3.
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IR (diamond-ATR, neat): 7/cm™' = 3270 (w), 3173 (m), 3038 (m), 2986 (m), 2951 (m),
2899 (m), 2867 (m), 1639 (s), 1491 (m), 1451 (m), 1439 (m), 1407 (m), 1355 (m), 1307 (m),
1228 (w), 1150 (w), 1121 (w), 1037 (w), 858 (m), 802 (m), 766 (m), 520 (s).

MS (EL 70 eV): m/z (%) = 167 (4), 126 (38), 124 (33), 110 (33), 84 (60), 70 (63), 69 (71), 55

(100), 44 (93), 41 (68).

2.1.4 Synthesis of (2S,5R)-2.8.8-trimethyl-3-azatricyclo[5.1.1.02.5]nonan-4-one (6a)

ii\:;o

Chlorosulfonyl isocyanate (7.78 g, 55.0 mmol, 1.0 eq.) in dry THF (30 mL) was dropped into

a solution of racemic a-Pinene (1a, 7.50 g, 55.0 mmol, 1.0 eq.) in dry THF (200 mL) at room
temperature within 30 min. After stirring for 1 h, the reaction mixture was cooled to 0 °C. The
pH value was raised from 2 to 7-8 by slow addition of KOH (3.5 M). A solution of Na,SO;
(1M, 100 mL) was dropped to the reaction mixture while the pH value was maintained at 7-8
using KOH. During the whole progress, the reaction temperature was kept below 5 °C. The
reaction mixture was then stirred for 1 h at room temperature. After extraction with toluene
(5x100 mL) and evaporation of solvents under reduced pressure, the obtained yellow oil was
dissolved in n-hexane (10 mL) and stored at 5 °C overnight. The colourless crystals thus
formed were washed with precooled n-hexane and dried in vacuo to give (2S,5R)-2,8,8-
trimethyl-3-azatricyclo[5.1.1.02,5]nonan-4-one (4a, 7.28 g, 40.7 mmol, 74%).

"H NMR (400 MHz, DMSO-dg): 8/ppm = 7.66 (s, 1H), 2.58 — 2.53 (m, 1H), 1.94 — 1.83 (m,
2H), 1.25 (s, 3H), 1.08 — 0.92 (m, 8H), 0.60 — 0.48 (m, 2H).

BC NMR (101 MHz, DMSO-ds): 8/ppm = 169.5, 53.5, 51.6, 28.8, 28.0, 26.5, 18.2, 17.7,

17.4,17.1,15.7.
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IR (diamond-ATR, neat): Flem! = 2991 (w), 2981 (w), 2925 (m), 2912 (m), 2869 (w),
1742 (s), 1715 (s), 1473 (m), 1454 (m), 1378 (m), 1365 (m), 1297 (m), 1123 (m), 1108 (m),
1071 (m), 1028 (m), 711 (s), 690 (m), 585 (m).

MS (EI, 70 eV): m/z (%) = 179 (0.3), 136 (18), 94 (12), 93 (100), 92 (52), 91 (24), 79 (15),

77 (14), 70 (11), 41 (17).

2.2 Synthesis of (+)-3-carene derived lactams 5b and 6b

2.2.1 Synthesis of (1R.4R,65)-4,7.7-trimethylbicyclo[4.1.0]heptan-3-one (3b)

3b
Caranol (2b, 90.0 g, 0.46 mol, 1.0 eq.) and Al(OiPr); (17.9 g, 87.x mmol, 0.2 eq.) were
dissolved in toluene (400 mL) and stirred at room temperature for 0.5 h. 3-Nitrobenzaldehyde
(105 g, 0.69 mol, 1.5 eq.) were added portion-wise and it was stirred for 14 h. Full conversion
was verified by GC-MS and the solvent was removed under reduced pressure. The remaining
viscous oil was poured into water and the resulting precipitate, which predominately consisted
of 3-nitrophenol was filtered off and repeatedly washed with hexane. The aqueous layer was
extracted with hexane (8x100 mL) and the combined extraction and washing fractions were
washed with a saturated solution of NaHCO3 (100 mL) and dried over Na,SO,. The solvent
was removed under reduced pressure to give crude (1R4R.6S)-4,7,7-
trimethylbicyclo[4.1.0]heptan-3-one (3b, 75.7g, x mol, x%) as yellow oil. A small sample was
purified by LC (hexane 12:1 ethyl acetate) and 57w% was obtained, corresponding to a total

yield of 61% (0.28 mol).
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'H-NMR (DMSO-dg, 400 MHz): 5 (ppm) =2.57 (dd, J = 17.6, 8.4 Hz, 1H), 2.41 — 2.23 (m,

2H), 2.12 (dd, J = 17.6, 2.1 Hz, 1H), 1.20 — 1.11 (m, 1H), 1.09 — 1.02 (m, 1H), 1.00 (s, 3H),
0.99 —0.93 (m, 1H), 0.83 (d, J = 6.4 Hz, 3H), 0.78 (s, 3H).

BC-NMR (DMSO-dg, 101 MHz): 3 (ppm) = 215.2, 41.0, 36.4, 29.2, 27.6, 22.5, 19.6, 18.9,
14.7,14.1.

MS (EL 70 eV): m/z (%) = 152 (40), 137 (19), 110 (46), 109 (44), 96 (25), 95 (43), 83 (13),
82 (51), 81 (100), 79 (24), 69 (27), 68 (16), 67 (97), 56 (14), 55 (27), 53 (16), 43 (12), 41
(45), 39 (22), 27 (13).

IR (Diamond-ATR, neat): 7 (cm’) = 2930 (m), 1710 (vs), 1532 (m), 1456 (m), 1350 (m),

1165 (w), 1045 (w).

2.2.2 Synthesis of (1R.4R.6S.E)-4.7.7-trimethylbicyclo[4.1.0]heptan-3-one oxime (4b)

~ “OH

4b
Caranon (4b, 25.3 g, 0.17 mol, 1.0 eq.), NaOAc-3H,O (26.9 g, 0.2x mol, 1.2 eq.) and
hydroxylamine hydrochloride (17.1 g, 0.25 mol, 1.5 eq.) were dissolved in water (75 mL) and
ethanol (105 mL) and stirred at 60 °C for 1 h. GC-MS showed full conversion of ketone 3b.
The mixture was extracted with toluene (4x100 mL) and the combined organic layers were
extracted with a saturated solution of NaHCO; (225 mL) and brine (150 mL). Toluene was
removed under reduced pressure to give crude (IR, 4R,6S,E)-4,7,7-
trimethylbicyclo[4.1.0]heptan-3-one oxime (4b, 27.0 g) as colourless oil. A small sample was
purified by LC (hexane 4:1 ethyl acetate) and 91w% was obtained, corresponding to a total
yield of 90% (0.18 mol). As crystallization failed, the crude oxime was used without further

purification.
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'H NMR (400 MHz, DMSO-dg): 8/ppm = 10.33 (s, 1H), 2.79 (dd, J = 18.1, 1.6 Hz, 1H),

2.25-2.07 (m, 3H), 1.01 — 0.92 (m, 7H), 0.91 — 0.82 (m, 1H), 0.79 — 0.70 (m, 4H).

BC NMR (101 MHz, DMSO-d): 8/ppm = 160.2, 33.7, 29.4, 27.9, 19.8, 19.7, 19.3, 17.8,
16.5, 14.5.

MS (EL 70 eV): m/z (%) = 167 (17), 136 (57), 134 (37), 112 (60), 108 (62), 107 (56), 106
(51), 95 (32), 94 (37), 93 (44), 91 (33), 81 (45), 79 (55), 69 (44), 67 (69), 55 (100), 53 (35),
43 (45), 41 (96), 39 (40), 28 (41).

IR: 7 (cm™) = 3277 (w), 2929 (m), 2865 (W), 1375 (W), 939 (s), 819 (m).

2.2.3 Synthesis of (1R,5R.75)-5.8.8-trimethyl-4-azabicyclo[5.1.0]octan-3-one (5b)

50
Crude caranoxime (4b, 26.5 g, w = 91 %, 0.14 mol, 1.0 eq.) was dissolved in THF (120 mL)
and cooled with an ice bath. Sodium hydroxide solution (4 M, 120 mL, 0.48 mol, 3.3 eq.)
were dropped into the reaction mixture within 30 min. The resulting emulsion was stirred
vigorously for 4.5 h at 5 °C. P-toluenesulfonyl chloride (33.0 g, 0.18 mol, 1.2 eq.) in THF
(42 mL) was slowly added within 2 h and the temperature was kept below 10 °C. After
stirring for additional 12 h at room temperature, the layers were separated, and the organic
solvent was removed under reduced pressure. The remaining brown oil was poured into water
and the aqueous layers were combined and extracted with toluene (5x100 mL). The combined
organic layers were washed with a solution of saturated NaHCO; and toluene was removed
under reduced pressure to give crude (1R,5R,7S)-5,8,8-trimethyl-4-azabicyclo[5.1.0]octan-3-
one (5b, 24.3 g). After crystallization from a mixture of hexane (300 mL) and EtOAc (50 mL),

lactam 5b (9.2 g, 55 mmol, 38%) was yielded as colourless crystals.
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'H NMR (400 MHz, DMSO-dy): /ppm = 0.71 — 0.78 (m, 2H); 0.99 und 1.03 (2s, 6 H); 1.06

(d, J = 6,4 Hz, 3H); 1.41 — 1.50 (m, 1H); 1.81-1.85 (m, 1H); 2.29-2.37 (m, 2H); 3.43 — 3.48
(m, 1H); 6.91 (s, 1H).

3C NMR (101 MHz, DMSO-d,): 8/ppm = 16.3, 19.2, 22.0, 23.8, 24.4, 28.7, 30.2, 33.5, 50.1,
173.5.

MS (EL 70 eV): m/z (%) = 167 (11), 152 (30), 125 (14), 124 (17), 110 (60), 99 (18), 96 (11),
82 (38), 81 (47), 79 (15), 70 (11), 68 (11), 67 (66), 57 (20), 55 (19), 53 (14), 44 (100), 43 (14),
42 (14), 41 (37), 39 (18).

IR: 7 (cm™) = 3205 (m), 3075 (w), 2924 (m), 1646 (vs), 1454 (m), 1378 (m), 1328 (s), 844 (s).

2.2.4 Synthesis of (1R,3R,55)-4,4,7-trimethyl-8-azatricyclo[5.2.0.03.5]nonan-9-one (6b)

N
\:ﬁo

6b
(+)-3-carene (2.72 g, 18.x mmol, 1.0 eq.) was dissolved in dry THF (25 mL) and a solution of
chlorosulfonyl isocyanate (2.84 g, 19.6 mmol, 1.1 eq.) in dry THF (25 mL) was added drop-
wise at room temperature. After stirring for 24 h, the mixture was cooled with an ice bath and
the pH value was carefully set to 8 under application of a solution of KOH (3.5 M). A pre-
cooled solution of Na,SO3 (2 M, 50 mL, x mol, x eq.) was slowly added and the pH value was
kept between 7 and 9 during this process. After the addition was complete, it was stirred for
an hour before extraction with toluene (5x50 mL). The thereby formed precipitate was filtered
off and discarded. Toluene was removed under reduced pressure and the residue was
dissolved in hexane for crystallization. (1R,3R,55)-4.4,7-trimethyl-8-

azatricyclo[5.2.0.03,5]nonan-9-one (6b, 0.6 g, x mol, 18%) was yielded as colourless crystals.
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'H NMR (400 MHz, DMSO-de): 8/ppm = 0.48 — 0.62 (m, 2H); 0.94 (s, 3H); 1.01 (s, 3H);

1.00 — 1.11 (m, 2H); 1.25 (s, 3H); 1.84 — 1.94 (m, 2H); 2.53 (m, 1H), 7.66 (s, 1H).

BC NMR (101 MHz, DMSO-dy): 8/ppm = 15.7, 17.1, 17.4, 17.7, 18.2, 26.5, 28.0, 28.8, 51.6,
53.5,169.5.

MS (EL 70 eV): m/z (%) = 179 (2) [M'], 136 (34), 121 (24), 108 (10), 107 (10), 94 (16), 93
(100), 92 (28), 91 (26), 84 (13), 81 (10), 80 (17), 79 (20), 77 (17), 70 (10), 67 (14), 55 (11),
43 (16), 42 (21), 41 (21), 39 (12).

IR: 7 (cm™) 3229 (m), 2927 (m), 1759 (s), 1709 (s), 1446 (m), 666 (m), 643 (m).

2.2.5 Synthesis of 2-((1R.35)-3-((R)-2-aminopropyl)-2.2-dimethylcyclopropylacetic acid

(hydSb)

w
HO NH,

hydsb

'2

g-Caranlactam (5b, 1.0 g, 6.0 mmol, 1.0 eq.), NaOH (0.48 g, 12 mmol, 2.0 eq.) and water
(3.0 mL) were dissolved in EtOH (7.0 mL) and stirred for 1 h at 80 °C. The conversion of
lactam Sb was observed by GC-MS. The reaction mixture was cooled to room temperature
and the pH value was set to 7 by addition of a solution of HCI (1 M). The formed precipitate
was filtered off and the solvent was removed under reduced pressure. The residue was
crystallized from EtOH and 2-((1R,3S)-3-((R)-2-aminopropyl)-2,2-
dimethylcyclopropyl)acetic acid (hyd5b, 0.4x g, 2.2 mmol, 36%) was yielded as colourless

crystals.

"H-NMR (D;0): 6 (ppm) = 0.54 (dd, J = 15.4, 7.2 Hz, 1H); 0.72 — 0.90 (m, 1H); 0.92 (s, 3H):
1.06 (s, 3H); 1.30 (d, J = 6.6 Hz, 3H); 1.36 — 1.52 (m, 2H); 2.09 (dd, J = 16.1, 8.3 Hz, 1H);

2.20(dd, J =16.1, 7.1 Hz, 1H), 3.10 - 3.30 (m, 1H)
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IR: 7 (cm™) = 3041 (m), 2943 (m), 2880 (m), 1621 (s), 1521 (vs), 1418 (m), 1386 (vs), 674

(s)

3. Ring opening polymerization of the lactam monomers

3.1 General Polymerization method of the g-lactams Sa and Sb

In a typical procedure, lactam 2a or 2b was stirred in a sealed argon-flushed glass tube at
different temperatures between 150-280 °C. After complete melting at the given temperature,
the initiator was added, directly followed by the activator. The reaction mixture was stirred at
various temperatures and times. If a change of the viscosity was observed, the reaction
mixture was kept at that temperature for at least 20 min. and then cooled to room temperature.
The obtained solid or viscous oil was washed with acetone, ethanol and water. To remove the
residual monomers and oligomers, the resulting solids were crushed (in case of very hard
solids, liquid nitrogen was applied to facilitate the crushing) and stirred in a mixture of H,O
and MeOH (1:1) under reflux for 24 h. After filtration and repeated washing with acetone, the
obtained yellow or colourless powders were dried in vacuo and analysed by GPC, IR and

NMR if they were soluble.

3.2 Polymerization of the B-lactams 6a and 6b

The B-lactam based polymers were synthesized in the same set-up as the e-lactams. NaH (0.02
eq.) were used as initiator and an activator was not required. The reaction temperature was

160 °C The residual monomers were removed by the same protocol as described above.
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4. NMR analysis of the polyamides

4.1 Graphical NMR comparison of lactam 5a and poly5a

. _CHm
cH L't H 1
(8 ‘f iy |
(}I'. “I ‘_"\\ H,
& T\ " \:
Hao % g G
B DMSO
| /
A 7C DI . |
i I ll M |'I". il” J
H
G|l
DMS0
I
/
Py
residual monomer
N
A ﬂ J—/‘HJJ
A
____Jﬁ'\d___/\‘____,-\_ __.A..)M m_,, - CIa
4.0 3.0 2.0 1.0y 0.2
a/ppm
Figure SI-2: 'H-spectra of lactam 5a and the corresponding poly6a in a mixture of formic

acid and deuterated DMSO.

4.2 Complete NMR signal assignment of poly5h

For 2D spectra, see chapter 6.

poly6b n

'"H NMR (400 MHz, DCOOD): 8/ppm = 4.13 — 3.99 (1H, -NH-CHCH;-CH,-), 2.55 — 2.35

(2H, -HN-CO-CH,-CH-), 1.77 — 1.60 (1H, -NH-CHCH3-CH,-CH-), 1.54 — 1.39 (1H, -NH-

CHCH;-CH,-CH-), 1.32 — 1.22 (3H, -NH-CHCH;-CH,-), 1.18 — 1.07 (3H, -CO-CH,-CH-

CCHCH;CH;3-, methyl group facing carboxylic group), 1.06 — 1.00 (3H, -NH-CHCH;-CH-

CCHCH;CHs;-, methyl group turned away from carboxylic group), 0.99 — 0.88 (1H, -CO-

CH,-CH-), 0.76 — 0.64 (1H, -NH-CHCH3-CH,-CH-).
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B3¢ NMR (100 MHz, DCOOD): &/ppm = 176.6 (-CO-), 47.5 (-NH-CHCH3-), 31.3 (-CO-

CH>»-), 30.7 (-CHCH3-CH>»-), 28.2 (-CCHCH3CHj3-, methyl group facing carboxylic group),
23.3 (-CO-CH,-CH-), 21.9 (-CHCH;-CH,-CH-), 19.3 (-CHCH3-), 17.9 (-CCHCHCH;CH3-),

14.5 (-CCHCH3CHj3-, methyl group facing turned away from carboxylic group).

4.3 Graphical NMR comparison of lactam 5b, hyd5b and poly5Sb

3H 3H
1T coro €910
8
0 4
®
©071™"3 57 NH, &
2 6

1H i H 44 g
c7 DMSO 6 s M c5

N JAMMM M

3H
C9/10

Figure SI-3: 'H-spectra of hydrolysed monomer hyd5b and polyamide polySb. The spectra

were measured in a mixture of formic acid and deuterated DMSO.

17

Methods

158



Methods

WILEY-VCH

4.4 Complete NMR signal assignment for poly6b

For 2D spectra, chapter 6.

O,
EG+NH } EG

polysb
"H NMR (400 MHz, C¢Dg): 5/ppm = 8.36 — 8.08 (1H, -NH-), 3.73 (1H, -CCH;NH-CH,-CH-),
241 (1H, -HCCO-CH,-CH-), 1.74 (1H, -HCCO-CH,-CH-), 1.56 (1H, -CCH3;NH-HCCO-
CH;- ), 1.41 (3H, -CCH;NH-), 0.89 — 0.57 (8H superposition; -CCH3CHj3, 6H; -CCH;NH-
CH,-CH-, 1H; -CCH;NH-CH,-CH-, 1H), 0.54 — 0.42 (1H,-HCCO-CH,-CH-).
13C NMR (101 MHz, C¢De): &/ppm = 186.1(-CO-), 63.6 (-CCH;3NH-), 61.5 (-CHCO-), 39.5-
CCH;NH-CH,-CH-, 38.8 (-CCH3CHj3-), 34.7 (-CCH;3NH-), 31.3 (-HCCO-CH,-CH-), 29.3 (-

CCH;3;NH-CH,-CH-), 28.4 (-CCH3;NH-CH»-CH-), 27.7 (-CCH3CH3), 25.4 (-CCH3CH3-).

5 Pictures of transparent Polyamides and water uptake measurement

5.1 Poly-3R-caranamide (poly5Sb) after tempering (220 °C/180 min)
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5.2 Poly-3R-caranamide (poly5b) crude polymer

5.3 Polycaran-p-amide (poly6b)

19
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5.4 Water-uptake of Poly-3R-caranamide (poly5b) compared to PA6

PA6 was polymerized and purified as described in section 3.1 (2.8 mmol caprolactam,

0.1 mmol NaH 60% on paraffin wax, 0.05 mmol Ac,0, 180 °C). 30-42 mg of PA6 (3 samples,

table SI-4 entry 1-3) or polySb (2 samples, table SI-5 entry 4-5) were transferred in a DSC

alumina crucible and tempered for 3 min at 230 °C in a nitrogen atmosphere to remove water

from the polyamide powders and to produce solid polymer blocks. The masses were measured

on an OHAUS Discovery DV215CD balance with a maximum error of 0.01 mg. The blocks

were stirred in water at 25 °C for three days. The samples were then dried on air and scaled

after 30 min and 4.5 h. The samples were then heated to 80 °C in an oven for three hours; this

was sufficient to completely remove the residual water from the poly5b polymer blocks. The

higher water uptake of PA6 under saturation conditions and the increased drying time

supports the suggestion that poly5b is less hydrophilic than PA6.

Table SI-:4 Pre-treatments: A= DSC sample polymer block; B = Water-bath (3 d) and
Drying on air (0.5 h); C = Drying on air (4.5 h); D = Drying at 80 °C (3.0 h).

A B C D
Entry Polymer Water uptake [w%]
Weight [mg]

1 PA6-1 35.66 37.45 37.01 36.05
5.4 4.0 15

2 PAG6-2 37.78 39.57 39.36 38.16
49 43 1.1

3 PA6-3 31.86 33.67 32.58 322
5.7 2.3 1.1

4 Poly 5b-1 40.75 41.44 40.80 40.62
20 0.44 0

5 Poly 5b-2 30.89 31.32 30.92 30.7
23 0.75 <0.1
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100

mPA6

Water uptake*

W poly5b

B C D
Pre-treatments

Figure SI-4: Average Water-uptake (B) and drying (C, D) of polymer blocks of PA6 (blue)

and poly5b (orange). * = Average water uptake of PA6 samples, table SI-4, entries 1-3, after
pre-tratment B was set to 100%.
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6 NMR Spectra

6.1 NMR Spectra of (1R.2R.55)-2.6.6-trimethylbicyclo[3.1.1]heptan-3-one (3a) in DMSO-ds
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6.2 NMR-Spectra of (1R,2R.5S.E)-2.6.6-trimethylbicyclo[3.1.1]heptan-3-one oxime (4a) in

WILEY-VCH

DMSO-dg
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/ ~oH

4a, rac.

3

T T
115 11.0 105 100 095 9.0 8.5 8.0 7.5 70 65

90
ft (ppm)

60 55 50 45 40 30 25 20 15 10 05 00
fL (ppm)
8 w ogmpos =g
@ . Rbhuwavs TS
g g 98RNERN w2
[ R r0.25
F0.20
Fo.15
F0.10
[ [
i
F0.05
F0.00
T T T T T T T T T T T T T T T T T T T
180 170 160 150 140 130 120 110 100 70 60 50 40 30 20 10 0

23

Methods

164



WILEY-VCH

6.3 NMR-Spectra _of (1S5.2R.6S)-2,7,7-trimethyl-3-azabicyclo[4.1.1]octan-4-one (5a) in

DMSO-d,
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6.4 NMR Spectra of (2S,5R)-2.8.8-trimethyl-3-azatricyclo[5.1.1.02,5]nonan-4-one (6a) in

DMSO-d,

6a, rac.
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6.5 NMR-Spectra of (1R.4R.65)-4.7.7-trimethylbicyclo[4.1.0]heptan-3-one (3b) in DMSO-de

WILEY-VCH
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6.6 NMR-Spectra of (1R.4R.6S.E)-4.7.7-trimethylbicyclo[4.1.0]heptan-3-one oxime (4b) in

WILEY-VCH
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6.7 NMR-Spectra_of (1R,5R.7S)-5.8.8-trimethyl-4-azabicyclo[5.1.0]octan-3-one (Sb) in

DMSO-d,
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6.8 NMR-Spectra_of (2S,5R)-2,8.8-trimethyl-3-azatricyclo[5.1.1.02.5]nonan-4-one (6a

DMSO-d,

6b
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6.9 NMR Spectra of polySb in DMSO-d¢
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6.10 NMR Spectra of poly6b in DMSO-ds
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8. GPC molar mass distribution
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8.3 poly5b (entry 5)
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8.5 poly5b (entrv 8)
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8.7 poly6b (entry 11)

WILEY-VCH

J PSS SECcurity RI
4 3
—] Mn 1.4298e3 g/mol
- Mw:  1.4970e3 g/mol
= Mz 15771e3 g/mol
- Mv 1.4757e3 g/mol
7 D 1.0470e0
3 7 I} 6087e1 mlfg
= Vp: 2.0654e1 mi
= Mp: 141253 g/mol
=} \ Fl: 6.0277e3 mi*V
—_ — \ <727 0.00
= - \ we%: 10000
8, 2 7 \ > 3346  0.00
- \
= b i \
— /‘I N\
=] / \
2 / .
— / \
- / \\
1 7 / \
7 Fi N
- / \
3 / N
Jo— / \\,_\_
- / N
0 7 / T
- p —~—_
T T T
. R .
110 210 3*10

41

Molar mass [Da]

Methods

182



9. DSC spectra
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9.3 poly5b (220 °C / 180 min)
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4.3 Methods section 2.4 “Biobased Chiral Semi-Crystalline or Amorphous High-

Performance Polyamides and their Scalable Stereoselective Synthesis

Supplementary Information

V. Sieber et al.

Biobased Chiral Semi-Crystalline or Amorphous High-Performance Polyamides and
their Scalable Stereoselective Synthesis
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1. Supplementary Figures
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Allyl alcohol

L

Supplementary Figure 1: Isomeric ketones 3-35 and 3-3R and the intermediate allyl alcohol.
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N Isomerization
—_—
N
33R

Supplementary Figure 2: GCMS-spectra of the enrichment of ketone 3-3R by acidic isomerization of ketone 3-3S, kinetic resolution

Oximation

by oximation with HONH,-HCl and subsequent distillation.

NOH
0 NOH
— £3R
438 1

Distillation
—_—

Methods

188



Methods

Supplementary Figure 3: Enzyme bag loaded with Novozyme-435 for epoxidation of (+)-3-carene (1) to epoxide 2-3S (left) and
azeotropic distillation of cyclohexane before the Meinwald rearrangement of epoxide 2-3S to ketone 3-3S catalysed by
Fe(ClOa4)2-H20 (right) in the 4.0 L scale.
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Supplementary Figure 4: Lactam 5-3S synthesized in the 4.0 L scale after crystallization at -20 °C.
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Supplementary Figure 5: Calibration curve for GPC measurements with narrow PMMA calibration (green) and PMMA/PA broad

calibration (red).
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Supplementary Figure 6: MALDI-TOF measurements of poly5-3S and poly5-3R.
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4 = |
Supplementary Figure 7: Pictures of polymerizations under application of polymerization method A.
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Supplementary Figure 10: DSC curves of various poly-3S-caranamides a)-i) as described in Supplementary Table 12, measured
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Supplementary Figure 12: GPC elugrams of poly5R displaying the monomer conversion at different activator concentrations
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Supplementary Figure 15: Evaluation of the conversion of monomer 5-3R at different concentrations of activator.
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Supplementary Figure 16: Evaluation of the conversion of monomer 5-3S at different concentrations of activator.
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Supplementary Figure 17: Pictures of the reaction vial and oven for polymerization method B.
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Supplementary Figure 18: NMR-spectra of Poly-3S-caranamide (DCOOD, 1H 400 MHz, 13C 100 MHz).
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Supplementary Figure 21: DSC curves of various poly-3R-caranamides e)-f) as described in Supplementary Table 13, measured

using DSC method A, segment 6 (heating, black, upper), segment 7 (cooling, red, upper) and segment 8 (black, heating to

decomposition, lower).
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Supplementary Table 16 entries E4-E8.
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Supplementary Figure 26: DSC curves of various co-polyamides a)-k) as described in Supplementary Table 16, measured using

DSC method A, segment 6 (heating, black, upper), segment 7 (cooling, red, upper) and segment 8 (black, heating to

decomposition, lower).
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Supplementary Figure 27: Selected protons (red: 5-3S, blue: co-monomer) for the determination of different built-ins under
various reaction conditions by NMR.
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Supplementary Figure 28: Incorporation of 5-3S and CL at different reaction times. Reaction conditions: 3S-
caranlactam (5-3S, 2.36 g, 14.1 mmol), caprolactam (CL, 1.64 g, 14.5 mmol, NaH (60% on paraffin, 10.0 mg,
0.25 mmol) and Bz5-3S (54.0 mg, 0.22 mmol), 190 °C
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Supplementary Figure 29: Incorporation of 5-3S and LL at different reaction times. Reaction conditions: 35-
caranlactam (5-3S, 2.39 g, 14.3 mmol), laurolactam (LL, 2.82 g, 14.3 mmol, NaH (60% on paraffin, 9.6 mg,
0.24 mmol) and Bz5-3S (56.0 mg, 0.23 mmol), 190 °C.
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Supplementary Figure 31: Diffraction patterns (Cu Ka) from 5-3S (a) and 5-3R (b) and poly5-3S (c) S- and poly5-3R (d, black lines)
with simulated diffractograms from the respective best-match crystal structures (lowest grey lines). In (c), the subtraction of the
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(a)

Supplementary Figure 32: Structure of 5-3S (left) and 5-3R (right) with bonding hydrogens only, viewed in unit cell direction

a.

(b)
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Supplementary Figure 33: Structure of 5-3S (left) and 5-3R (right) with bonding hydrogens only, viewed in unit cell direction
b.
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Supplementary Figure 34: Structure of 5-3S (left) and 5-3R (right) with bonding hydrogens only, viewed in unit cell direction c.
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Supplementary Figure 35: Structure of poly5-3S, viewed in unit cell direction b (unit cell with bonding hydrogens only, the
expanded repeating unit without hydrogens (lower).
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Supplementary Figure 36: Structure of poly5-3S, viewed in unit cell direction c; unit cell with bonding hydrogens only (left), the

expanded repeating unit without hydrogens (right).
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Supplementary Figure 37: NMR spectra of 2-3S.
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Supplementary Figure 38: NMR spectra of 2-3R.
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Supplementary Figure 40: NMR spectra of 3-3R.
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Supplementary Figure 41: NMR spectra of 4-3S.

Methods

250



Methods

NOH

\/

4-3R

0.95-]

T T
1.0 105 100 95 9.0 8.5 8.0 75 7.0 6.5 6.0

160.17

NOH

0.035

\/

4-3R

(-0.030

{-0.025

0.020

r0.015

{-0.010

{-0.005

T T T T T T T T T T T
220 210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 -10 -20
£

1 (nnm)

T T T T T T T T T T T T

Supplementary Figure 42: NMR spectra of 4-3R.
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Supplementary Figure 43: NMR spectra of 5-3S.
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Supplementary Figure 46: NMR spectra of Bz5-3R.
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2. Supplementary Tables

Supplementary Table 1: Heating- and elution-parameters of the GC-MS analysis and retention times of the (+)-3-
carene (1) derivatives

Parameters Values
split rate 5
injection temperature 250 °C
carrier gas helium
column flow-through 1.69 ml/min.
heating program 50 °Cfor 1 min.

50-120 °C, heating 15 °C per min.
120-170 °C, heating 5 °C per min.
170-200 °C, heating 20 °C per min.
200 °C for 7 min.
column BPX5 (CS Chromatography), length 30 m,

inner diameter 0.25 um, diameter 0.25 mm

Substance Retention time [min]
(+)-3-carene (1) 5.7 -
3S-caranepoxide (2-3S) 7.3 -
3S-caranketone (3-3S) 8.2 -
3R-caranketone (3-3R) 8.0 -
3R-caranoxime (4-3R) 11.1 (trans, major) 11.0 (cis, minor)
3S-caranoxime (4-3S) 10.8 (trans, major) 10.9 (cis, minor)
3R-caranepoxide (2-3R) 7.2 -
3S-caranlactam (5-3S) 14.6 (major) 14.5 (minor)
3R-caranlactam (5-3R) 14.1 (major) 14.3 (minor)
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Supplementary Table 2: Influence of solvent polarity on the rearrangement of 3S-caranepoxide (2-3S) to the R- and
S-caranketone isomers. All experiments were carried out with a concentration of 1 M at 25 °C and 0.2% Fe(ClO4)>-H.0
for 8 h. Conversion of 3S-caranepoxide (2-3S) was 100%. Data values refer to TIC of GCMS analytics (uncorrected
values).

Entry Solvent Relative I ketone 3-3R 3-35
polarity” [%] [%] [%]
1 Cyclohexane 0.006 70 11 89
2 Hexane 0.009 64 13 87
3 Heptane 0.012 64 13 87
4 Toluene 0.099 71 14 86
5 2-Me-THF - 66 26 74
6 THF 0.207 51 39 61
7 EtOAc 0.228 67 a4 56
8 Chloroform 0.259 68 38 72
9 DCM 0.309 60 57 43
10 2-butanone 0.327 38 60 40
11 Acetone 0.355 24 61 39
12 Isopropanol 0.546 12 20 80
13 EtOH 0.654 26 50 50
14 MeOH 0.762 <1 - -

* data retrieved from Christian Reichardt, Solvents and Solvent Effects in Organic Chemistry, Wiley-VCH Publishers,
3rd ed., 2003.
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Supplementary Table 3: Screening of Lewis-acidic catalysts under various conditions. Data values refer to TIC-area
of GCMS spectra (uncorrected values).

Entry Catalyst Solvent (o T Conversion 2 3-3R 3-38 t

[%] (M] [°cl  [%] ketone  [%] [%] [h]
[%]

1 ZnBr; - - 60 100 60 25 75 4
10%

2 Fe(OTf), EtOAc 0.05 60 100 57 30 70 1
10%

3 Z5M-5 EtOAC 1 45 100 54 34 66 1
15 w%

4 Zn(OTf), EtOAc 0.05 60 100 60 34 66 1
10%

5 ZnBr; EtOAc 0.25 70 100 68 a5 55 2
100%

6 ZnBr; toluene 0.25 80 100 64 45 55 4
10%

7 ZnBr, CHCls 0.25 80 100 66 a5 55 4
10%

8 AlCl3 EtOAc 0.25 60 45 20 50 50 48
100%

9 FeCl3:6H:0 EtOAc 0.25 60 100 22 50 50 12
100%

10 ZnBn EtOAc 025 60 100 85 55 45 12
100%

11 Ti(BuO)a EtOAc 0.2 50 0 0 0 0 12
20%

12 Sn(OAc)2 EtOAc 0.25 50 0 0 0 0 12
10%

13 CuCl, EtOAc 0.25 60 0 0 0 0 12
100%

14 CeNO3-6H,0 EtOAc 0.25 60 0 0 0 0 12
100%

15 ZnS047H,0 EtOAc 0.25 60 0 0 0 0 12
100%

16 ZnCl; EtOAc 0.25 60 0 0 0 0 12
100%

17 CoCl»-6H,0 EtOAc 0.25 60 0 0 0 0 12
100%

18 Cul EtOAc 0.25 60 0 0 0 0 12
100%

19 FeOAc EtOAc 0.25 60 0 0 0 0 12
100%
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Supplementary Table 4: Comparison of Fe- and Zn-Lewis acids at 60 °C in cyclohexane with a concentration of 1 M

and 0.2% catalyst. Data values refer to TIC-area of GCMS spectra (uncorrected values).

Entry Catalyst Conversion 3 ketone 3-3R 3-38 t
[%] [%] [%] [%] [%] [h]
1 Zn(OAc), 0 0 0 0 12
2 Zn(0Tf), 48 70 9 91 40
3 Zn(Cl0a4)2-H,0 73 78 13 77 4
4 Fe(OAc), 0 0 0 0 0
5 Fe(OTf), 91 73 15 85 0.5
6 Fe(ClO4)>H,0 100 82 15 85 0.5
7 Fe(ClO4)3-H,0 100 81 16 84 0.5
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Supplementary Table 5: Meinwald rearrangement of 3S-caranepoxide (2-3S) to ketones 3-3S and 3-3R using sulfonic

acids. Data values refer to TIC-area of GCMS spectra (uncorrected values).

Entry Catalyst  Solvent (o T Conversion I ketone 3-3R 3-3§ t
[%] M Il [%] (%] [%] [%] [h]

1 CF3S0zH toluene 1 25 100 73 13 87 1
0.1%

2 CFsSO3H pentane 0.5 25 100 68 13 87 1
0.1%

3 CF3SOzH hexane 0.5 50 100 67 15 85 1
0.1%

4 CF3SO3H toluene 0.5 50 100 74 15 85 1
0.1%

5 PTSA cyclohexane 1 60 100 69 17 83 12
1%

6 CF3S03H toluene 1 60 100 79 19 81 1
0.1%

7 CF3SOsH toluene 1 85 100 73 22 78 1
0.1%

8 CF3SOsH EtOAc 1 0 100 52 37 63 1
0.1%

9 MeSOsH 2-Me-THF 0.7 80 100 60 84 16 1
20%

10 MeSOzH heptane 3 90 100 24 86 14 0.5
7%

11 CSA toluene 0.2 100 O 0 0 0 12
20%

263



Methods

Supplementary Table 6: Influence of the amount of Fe(ClO4),-H,0 on the rearrangement of 3S-caranepoxide (2-3S)
to the R- and S-caranketone isomers. All experiments were carried out with a concentration of 1 M at 25 °Cfor 5 h.
Data values refer to TIC-area of GCMS spectra (uncorrected values).

Entry Fe(Cl04)2:H.0 Conversion [%] I ketone 3-3R 3-35
[mol%] [%] [%] [%]

1 0.1 90 71 20 80

2 0.25 95 69 14 86

3 0.5 98 67 15 85

4 1 100 63 15 85

5 5 100 54 28 72
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Supplementary Table 7: Influence of the concentration of 35-caranepoxide (2-3S) on the rearrangement to ketones
3-3S and 3-3R. All experiments were carried out with a concentration of 1 M at 25 °C and 0.2 % Fe(ClO4)2-H>0 for 7 h.
Data values refer to TIC-area of GCMS spectra (uncorrected values).

Entry Cs-caranepoxide [M] Conversion Jketone 3-3R 3-3§
[%] [%] [%] (%]

1 0.1 <1 - - -

2 0.25 8 56 20 80

3 0.5 78 74 13 87
a4 1.0 100 70 10 90

5 2.0 100 67 10 90

6 3.0 100 66 10 90
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Supplementary Table 8: Comparison of temperature effects on combinations of Fe(ClO4),-H,0 (0.2%) in

cyclohexane and CF3S0O;H in hexane/pentane (0.1%).

Entry Catalyst [%] Solvent C T Conversion I ketone 3-3R 3-3s t
Ml [l [%] [%] [%] [%] [h]
1 Fe(ClO4)'H,O  cyclohexane 1 25 100 70 10 90 7
2 Fe(ClO4)'H,O  cyclohexane 1 60 100 82 15 85 0.1
3 CF3SOsH pentane 05 25 100 68 13 87 1
4 CF3SOsH hexane 0.5 50 100 67 15 85 1
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Supplementary Table 9: Influence of the solvent on the isomerization of a 3S-caranketone (3-3S) enriched solution
(purity 79%, R-caranketone 11%, S-caranketone 89%). All experiments were carried out with a concentration of 1 M
and HCl (6.0%, from a 2 M solution) as isomerization agent. Samples were taken after stirring for 6 h at room
temperature (a), additional 15 h at room temperature (b) and additional 48 h at 60 °C (c). Data values refer to TIC-
area of GCMS spectra (uncorrected values).

Entry Solvent Relative Z ketone 3-3R 3-3S
polarity” [%] [%] [%]

a b c a b c a b c
1 Cyclohexane 0.006 77 77 70 20 20 74 80 80 26
3 Toluene 0.099 77 76 70 21 21 79 79 79 21
4 THF 0.207 76 76 73 78 85 78 22 15 22
5 EtOAC 0.228 77 77 73 55 85 78 45 15 22
6 Chloroform 0.259 77 77 73 21 21 23 79 79 77
7 Acetone 0.355 78 78 30 85 85 100 15 15 0
8 MeCN 0.460 78 78 20 80 82 100 20 18 0
9 EtOH 0.654 77 77 73 25 36 79 75 64 21
10 MeOH 0.762 78 78 70 33 57 76 77 43 24

* data retrieved from Christian Reichardt, Solvents and Solvent Effects in Organic Chemistry, Wiley-VCH Publishers,

3rd ed., 2003.
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Supplementary Table 10: GPC-parameters applied for analysis of terpene-based polyamides.

Parameters

Values

column temperature
flow
elution solvent
sample concentration
injection volume
elution time
elution volume
column 1
column 2

column 3

35°C
0.6 mL/min
0.05 M NaTFA in HFIP
1.0 mg/mL
50 pL
30 min
18.0 mL
PSS PFG pre-column
PSS PFG 100 A

PSS PFG 1000 A
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Supplementary Table 11: Effect of the reaction temperature and the activator concentration on the molecular

weights. Polymerization method A was applied. Conditions: 1.8 mmol 5-3S, 2.0 — 5.5 mol% NaH on paraffin,
180 °C or 220 °C, 1 h, work up method A. M/A ratio = Monomer/Activator ratio. Molecular weights refer to
masses over 1.0 kDa.

Entry M/A ratio M, My M, Po Tg Tm
[kDa] [kDa] [kDa] [°c] [°cl

180 °C A) 90 10.2 16.2 14.0 1.59 115 250-280
180 °C B) 50 9.3 14.5 12.6 1.56 115 260-285
180 °CC) 46 9.1 14.1 12.5 1.55 113 255-285
180 °C D) 24 6.7 9.5 9.4 1.42 111 245-280
180 °CE) 16 5.9 8.3 8.4 1.41 105 245-280
220 °CF) 100 7.5 9.6 9.4 1.28 112 240-270
220 °C G) 96 7.1 9.0 9.0 1.27 112 230-270
220 °CH) 25 6.0 7.5 7.8 1.26 110 240-270
220°Cl) 16 5.6 7.3 7.4 1.30 108 230-270
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Supplementary Table 12: DSC method B, method without tempering segment.

Segment Temperature [°C] heating rate [K/min] N; [mL/min]

Start/End
1 -20 (2 min) isotherm 50
2 -20/320 10 50
3 320 isotherm 50
4 320/-20 10 50
5 -20 (1 min) Isotherm 50
6 -20/320 10 50
7 320 (1 min) Isotherm 50
8 320/-20 10 50
9 -20 (1 min) Isotherm 50
10 -20/320 10 50
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Supplementary Table 13: Impact of the activator concentration on the conversion. The conversion was verified
by NMR (closed lactam -NH-CHCH3-CH,- compared to open lactam -NH-CHCH3-CH,-, see also Supplementary
Figure 12) and GPC (Mn> 1.0 kDa). Conditions: 3.0 mmol 5-3S or 5-3R, 3.0 mol% NaH on paraffin, 190 °C, 1 h,
polymerization method B, work-up method B. Conv. = conversion. M/A ratio = Monomer/Activator ratio. M/A

CCR = Monomer/Activator conversion-correlated ratio [(Nwuonomer® conversion [%] * 100!) * Nactivator 1].

Entry M/A GPC NMR M/A M, My PD Te
conv. conv.
ratio CCR [kDa] [kDa] [°c]
[%] [%]

poly5-3R- 1250 45 39 500 19.9 32.9 1.65 119
E1l
poly5-3R- 789 57 53 418 20.2 43.8 2.17 120
E2
poly5-3R- 330 84 85 281 19.6 45.6 2.33 117
E3
poly5-3R- 158 84 88 134 15.2 36.3 2.38 116
E4
poly5-3R- 107 86 88 93 13.5 31.8 2.35 115
E5
poly5-3R- 79 86 91 69 13.1 29.7 2.27 117
E6
poly5-35- 150 1 1.5 5 3.3 7.3 2.22 -
E7
poly5-3s- 107 19 19 24 6.6 13.7 2.08 -
E8
poly5-3S- 79 65 64 54 8.6 16.9 1.97 -
E9
poly5-3S- 54 71 69 43 8.4 15.2 1.81 -
E10
poly5-3s- 38 87 88 36 7.6 13.9 1.83 -
E11
poly5-3S- 27 85 84 26 7.1 12.8 1.79 -
E12
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Supplementary Table 14: Impact of the reaction time on the conversion and the state. Reaction conditions: 35-
caranlactam (5-3S, 1.80 mmol), NaH (60% on paraffin, 6.0 mg, 0.15 mmol) and Bz5-3$ (15.0 mg, 0.06 mmol), 180 °C,
polymerization method B.

Entry Reaction Integral Integral Conversion  State
time B [%]
H H—
N {5 NH
[min] 0]
5-38
A 5 1.00 1.03 49 viscous oil, yellow
B 15 1.00 0.63 61 very viscous oil, yellow
C 30 1.00 0.48 68 brittle solid, yellow
D 45 1.00 0.32 76 brittle solid, yellow
E 120 1.00 0.23 81 brittle solid, brown
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Supplementary Table 15: DSC method A, method for thermal analysis of polyamides including a tempering

segment (4).

Segment Temperature [°C] heating rate [K/min] N; [mL/min]

Start/End
1 20/350 20 50
2 350/20 -20 50
3 20/220 10 50
4 220 (20 min) isotherm 50
5 220/0 -10 50
6 0/370 10 50
7 370/0 -10 50
8 0/440 10 50
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Supplementary Table 16: Built-in was investigated by NMR. * = Application of Ac;0 and NaH for in-situ generated
Ac5-3S as activator instead of Bz5-3S. # = detection limit insufficient.

Reaction Conditions

Entry 5-3S 53-R LL CL M/A T t NaH Polymerization
[%] [%] [%] [%] ratio [°C] [min]  [%] method

E1 15 85 333 190 20 3.0 B

E2 50 50 64" 190 30 4.2 A

E3 83 17 73 190 60 25 B

E4 30 70 50 170 30 1.6 A

ES5 41 59 44 190 30 5.6 A

E6 37 63 400 190 30 1.6 A

E7 50 50 70 190 60 3.8 B

E8 85 15 20 190 60 2.0 A

E9 25 75 213 190 30 2.1 A

E10 50 50 86 190 60 3.0 B

E11 75 25 53 175 60 1.9 B

Analytical Data
Entry Built-in [%] M, My, Te Tm PD
53s 53R LL a [kba] ~ [kDa] ra rd

El o 100* 19.8 38.9 111 - 1.96

E2 30 70 nodata nodata 111 - no data

E3 75 25 10.4 15.0 109 210- 1.43
250

E4 27 73 no data no data 43 120- no data
150

E5 32 68 12.5 245 46 - 1.96

E6 33 67 30.2 60.1 49 1.99

E7 41 59 10.0 15.6 55 - 1.56

E8 83 17 nodata nodata 82 220- no data
240

E9 18 82 15.2 31.1 62 160- 2.04
190

E10 48 52 121 17.3 88 - 1.42

E11 73 27 no data no data 94 - no data
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Supplementary Table 17: Incorporation of 5-3S in co-polymerization with CL or LL at different reaction times.

POlv( 5-3550%'CL50%)

Co-polymer composition [%]

Time [s] Incorporated 5-3S Incorporated CL Total conversion [%]
30 0] 100 2.8

60 18 82 6.7

120 30 70 14.7

180 35 65 28.7

240 37 63 41

360 39 61 47.9

420 41 59 59.4

3600 49 51 84

Poly(5-3Sso%-LLsos%)
Co-polymer composition [%]

Time [s] Incorporated 5-3S Incorporated LL Total conversion [%]
30 100 0 0.39

60 66 34 7.9

120 63 37 21.7

180 59 41 31.1

240 58 42 34.5

3600 52 48 64.4
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Supplementary Table 18: Outline of the determined crystal structures.

Name SG a, b, c[A] o, B, v[] v [A%] plgem’]
5-3S C121 10.302(10) 90.00 969.0(17) 1.147
7.635(8) 101.37(4)
12.566(14) 90.00
53R P12,1  6.716(4) 90.00 949.5(9) 1.171
8.133(4) 91.38(2)
17.370(10) 90.00
Poly5-35  P2:2:2; 9.79(6) 90.00 952(11)  1.167
15.10(6) 90.00
6.44(6) 90.00
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3. Supplementary Methods

Analytical methods and instruments

Gas chromatography/Mass spectrometry (GC/MS). GC analysis was performed using GC-2010 Plus
(Shimadzu) in combination with auto-injector AOC-5000 (Jain, Combi PAL). Separation was achieved
via GC capillary column (BPX 5: 5% phenyl, 95% methyl polysilphenylene / siloxane; SGE). For coupled
MS, MS-QP2010 Plus (Shimadzu) with electron ionization (70 eV) was used. Software analysis of
measured data was accomplished with GC-MS Postrun Analysis (Shimadzu). Gathered data was
compared with the National Institute of Standards and Technology database version 08.
Supplementary Table 1 displays the used parameters and retention times.

Nuclear magnetic resonance (NMR) spectroscopy. All NMR-measurements were carried out on a JNM-
ECA 400 MHz spectrometer from JEOL at 25 °C using standard pulse programs. Chemical shifts are
reported as 6-values in ppm. Coupling constants (J-values) are given in Hertz (Hz). The DEPT135°
technique was used to assign CH»-signales. 2D NMR methods (COSY, HSQC, HMBC) were applied if
useful. Chemical shifts are reported as follows: value (multiplicity, coupling constant(s) where
applicable, number of protons). Only clearly identifiable peaks are assigned. For the characterization
of observed signal multiplicities, the following abbreviations were applied: s (singlet), d (doublet), dd
(double doublet), dt (double triplet), t (triplet), g (quartet), quint (quintet) and m (multiplet). The data
was evaluated with JEOL Delta v5.0.4.4 or MestReNova 6.0.2. For polymer sample preparation, the
polyamide (10-15 mg) was dissolved in 600 uL of DCOOD and shook until a homogenous, clear solution
was obtained. The samples were measured immediately. As displayed in the spectra, the signals, as

typical for polymers, are broadened. Therefore, no conclusive multiplet analysis was possible.

Thin layer chromatography (TLC). TLC was performed using aluminium plates coated with SiO, (Merck
60, F-254) and the spots were visualized with a KMnOj, stain. Flash column was performed using SiO,
(0.06-0.2 mm, 230-400 mesh ASTM) from Roth.

Size exclusion chromatography (SEC). SEC was performed by a SECcurity GPC system with an
autosampler (1260 Infinity, Agilent Technologies) and a TCC6000 column oven (Polymer Standards
Service, PSS). As columns, a system of three Novema GPC/SEC columns was used (1: 50x8 mm, 10 pm;
2:300x8 mm, 10 um, 100 A; 3: 300x8 mm, 10 um, 3000 A). The data was evaluated using PSS WinGPC
UniChrom (PSS). PMMA was chosen for narrow molar mass standard calibration and PA6 standards
from a PSS ready-call-kit (Mw/M, = 31400/17400 Da; 22000/13000 Da; 17200/11300 Da) for the broad
calibration. For sample preparation, the polyamide was dissolved in a solution of 0.05 M sodium
trifluoroacetate (NaTFA) and hexafluoro-iso-propanol (HFIP). Supplementary Table 10 displays the

applied GPC parameters.
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Differential Scanning Calorimetry (DSC). DSC was performed on a DSC 1 from Mettler Toledo with the
software STARe V. 16.00. The samples (5-10 mg) were prepared in alumina crucibles. Supplementary
Tables 15 and 11 displays the applied methods DSC method A and DSC method B. For method A, the
segments 6 and 7 were used for verification of Tg and T, if not otherwise stated. For method B, the
last heating run was used for evaluation.

Matrix-assisted laser desorption/ionization — time-of-flight (MALDI-TOF). MALDI-TOF was
conducted on a Bruker Ultra Flex TOF/TOF mass spectrometer. a-cyano-4-hydroxycinammic acid or

dithranol was applied as the matrix. HFIP or formic acid were used as solvents.

Single crystal X-ray diffraction. Monomers were analysed by single-crystal X-ray diffractometry (SC-
XRD, D8 Venture, Bruker AXS, Madison, WI, USA) equipped with a 4-circle goniometer (Kappa
geometry), a CMOS detector (Photon 100, Bruker AXS), a rotating anode (TXS, Bruker AXS) with MoKa
radiation (A=0.71073 &), and a multilayer mirror monochromator (HELIOS, Bruker AXS), using the APEX
2 software package (version 2008.4., Bruker AXS). The measurements were performed on single
crystals coated with perfluorinated ether, frozen under a stream of cold nitrogen at 100 K. A matrix
scan was used to determine the initial lattice parameters. Reflections were merged and corrected for
Lorenz and polarization effects, scan speed, and background using a narrow-frame algorithm (SAINT
version 7.56a, Bruker AXS). Absorption corrections were performed using SADABS (version 2008/1,
Bruker AXS). Space group assignments were based upon systematic absences, E statistics, successful
solution (using SHELXT ) and refinement of the structures. These were solved by direct methods with
the aid of successive difference Fourier maps, and were refined against all data using SHELXL-2014
in conjunction with SHELXLE."® If not mentioned otherwise, non-hydrogen atoms were refined with
anisotropic displacement parameters. Hydrogen atoms were placed in ideal positions using the SHELXL
riding model. Full-matrix least-squares refinements were carried out by minimizing £ w(F?-Fc)’ with
the SHELXL-20142 weighting scheme. Neutral atom scattering factors for all atoms and anomalous
dispersion corrections for the non-hydrogen atoms were taken from International Tables for
Crystallography.® For 3S-caranlactam (5-3S), a clear colourless fragment-like specimen of CioH17NO,
approximate dimensions 0.060 mm x 0.221 mm x 0.263 mm, was used. A total of 1228 frames were
collected, for a total exposure time of 2.96 hours.

For 3R-lactam (5-3R), a clear colourless fragment-like specimen of C1oH17NO, approximate dimensions
0.204 mm x 0.214 mm x 0.445 mm, was used. A total of 1420 frames were collected, for a total

exposure time of 0.74 hours.

Powder X-ray diffraction. Polymers were assessed by powder X-ray diffraction in Bragg-Brentano
geometry (PXRD, Miniflex, Rigaku, Japan, with silicon strip detector D/teX Ultra). Copper Ka radiation
was used and sample holders rotated around the axis at half the scattering angle 20 to reduce effects

of texture. Intensities were recorded in steps of © = 0.02°, using incident and receiving Soller slits with
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angular apertures of 2.5° and 1.0°. 3S- and 3R-polycaranamide (poly5-3S, poly5-3R) powders were
compressed on low-background holders (cut silicon wafers) with flat recesses. Also, scattering patterns
of solvent-cast thin films of poly5-3S were recorded. In the latter, crystallization was effectively
guenched through rapid solvent evaporation, allowing to record amorphous reference patterns. For
presentation, scattering patterns from S- and R-monomers, deposited from solution, were recorded.
All patterns were corrected for their sample holder backgrounds.

For 5-3S, the amorphous reference was scaled to give the volume fraction of crystalline phase, fc via
the fractions of integral intensities. Its structure was determined by the direct space method simulated
annealing (SA) in Expo2014.5! In detail, molecular models retaining the hydrogen atoms at the three
chiral centres were used. The distance between the bonding atoms C1-C6 was flexibly constrained to
1.54 pm, the distance between N1 and O1 to 2.85 pm. An initial selection of unit cells and space groups
(SG) was made, based on reflex positions, indexed by N-TREOR09.! For each cell, ten SA runs were
performed with a resolution of 1.8 A. Each result was characterized by a figure of merit CF (lower
meaning better match). The results were discriminated, based on the CF and the requirements that

the obtained crystalline phases possess:

* Densities p., matching the density of the corresponding monomeric crystals pcm as pep € Pem

Pem/5.

e Structures that are chemically plausible, in particular with respect to the bond angle between

ClandCe.

The cells yielding positive results were explored by additional 50 SA runs, with subsequently added
hydrogens. They were then tested for their physical plausibility by semi-empirical geometry
optimization by the Molecular Orbital Package (MOPAC, PM7 algorithm, singlet state).”’ As the final
figure of merit (FOM), we multiplied the root mean square displacement (RMSD) between the results

and their MOPAC-optimized geometries with their respective CF.
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Synthetic procedures

Unless otherwise stated, all chemicals, solvents and starting materials were commercially available
and used as received. All intermediates were separated from side products by distillation, column
chromatography or crystallization until combined data of GCMS and NMR could verify the product and
subsequent reactions could be performed satisfactorily. For the enzymatic epoxidation, Novozyme-

435 (CALB lipase immobilized on acrylic resin) was applied.

Synthesis of 3S-caranepoxide (2-3S) (1S,3S,5R,7R)-3,8,8-trimethyl-4-oxatricyclo[5.1.0.03,5]octane
(Enzyme catalysis). (+)-3-carene (1) (92.2 g, 677 mmol, 1.00 equiv.) was dissolved in EtOAc (2.80 L) and
heated under stirring to 50 °C. Novozyme-435 (20 g) was added followed by portions of H,0; (35%,
80.4 mL, 918 mmol, 1.40 equiv., 13.4 mL every hour). The reaction mixture was stirred over night until
full conversion of the substrate and the enzyme was removed by filtration. The organic phase was
washed with Na;HCOj3 (saturated solution, 1.50 L) Na,SOs (saturated solution) until a peroxide test
(Quantofix peroxide 100) was negative. The combined aqueous layers were extracted with toluene.
The organic layers were dried using MgSO4 and the organic solvent was removed under reduced
pressure to give crude 3S-caranepoxide (2-3S, 98.5 g, 646 mmol, 96%) as yellow oil. The purity of the
crude product was above 95% (GCMS, NMR) and could be used without further purification. The yield

after distillation was 84%.

Synthesis of 3S-caranepoxide (2-3S) (1S,3S,5R,7R)-3,8,8-trimethyl-4-oxatricyclo[5.1.0.03,5]octane
AcOOH (38%, 170 mL, 800 mmol 1.10 equiv.) were given to a solution of NaOAc:3H,O (130g,
950 mmol, 1.30 equiv.) in water 500 mL) and heated in an oil bath until the mixture reached a
temperature of 30 °C. (+)-3-carene (1) (100 g, 730 mmol, 1.00 equiv.) was dropped to the solution
within a period of 0.5 h under vigorous stirring. Without external heating, the temperature of the
reaction mixture increased to 60 °C. The full conversion of (+)-3-carene (1) was reached after 1 h, as
monitored by GCMS. After cooling to room temperature, pentane (200 mL) and NaCl (saturated
solution, 200 mL) were added and the layers of the reaction mixture were separated. The organic layer
was washed with NaOH solution (1 M, 2x250 mL), Na,SO; (saturated solution, 1x250 mL) and water
(1x250 mL) and dried over MgSO.. All layers were tested for remaining peracid species. After the
solvent was removed under reduced pressure, 100 g of the crude product were distilled (45 °C, 2 mbar)

to yield 3S-caranepoxide (2-3S, 92 g,605 mmol, 82%) as colourless oil.

H NMR (400 MHz, DMSO-d6): 5/ppm = 2.76 (s, 1H, -CH»-CHO-CCH:0-), 2.15 (ddd, J = 16.3, 9.1, 1.9 Hz,
1H, -CCHs0-CH,-CH-), 2.03 (dd, J = 16.1, 9.1 Hz, 1H, -CHO-CH,-CH-), 1.55 (dt, J = 16.3, 2.4 Hz, 1H, -
CCHs0-CH>-CH-), 1.42 (dd, J = 16.1, 2.3 Hz, 1H, -CHO-CH»-CH-), 1.16 (s, 3H, -CHCH5-), 0.98 (s, 3H, -
CCHCHCH5CHs-), 0.69 (s, 3H, 3H, -CCHCHCHsCHs-), 0.43 (td, J = 9.1, 2.3 Hz, 1H, -CHO-CH,-CH-), 0.35 (td,
1=9.1, 2.4 Hz, 1H, -CCHs0-CH,-CH-).
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13C NMR (100 MHz, DMSO-d6): 6/ppm = 56.6 (-CCH30-), 54.8 (-CHO-), 27.5 (-CCHCHCH3CHs-), 22.9 (-
CHO-CH2-CH-), 22.9 (-CCH30-), 18.8 (-CCH30-CH,-CH-), 15.7 (-CHO-CH,-CH-), 15.5 (-CCHCHCH3CH3-),
14.4 (-CCHCHCH3CHs-), 13.6 (-CCH30-CH,-CH-).

MS (El, 70 eV): m/z (%) = 152.10 (0.94), 151.05 (0.48), 138.15 (3.64), 137.10 (34.48), 136.15 (0.79),
135.10 (0.77), 134.10 (2.37), 133.15 (0.37), 124.10 (1.81), 123.10 (14.74).

MS (El, 70 eV): % (m/z) = 100.00 (43.05), 83.40 (67.10), 67.72 (41.10), 63.07 (109.10), 44.70 (81.10),
44.59 (39.10), 34.48 (137.10), 32.83 (79.10), 30.62 (55.05), 27.86 (95.10).

Synthesis of 3R-caranepoxide (2-3R) (1S,3R,5S,7R)-3,8,8-trimethyl-4-oxatricyclo[5.1.0.03,5]octane.
(+)-3-Carene (1, 50 g, 370 mmol, 1.00 equiv.) were dissolved in acetone (200 mL) and H,O (200 mL)
and cooled in an ice bath before N-bromsuccinimide (72.0 g, 400 mmol, 1.08 equiv.) were added
portion-wise while the temperature of the reaction mixture was kept below 10 °C. After the addition
was complete, the reaction was allowed to reach room temperature and was then stirred for 1 h before
another portion of N-bromsuccinimide (5.00 g, 28.0 mmol, 0.08 equiv.) was added without cooling.
When the conversion of (+)-3-carene (1) was complete, NaOH (5 M, 250 mL) were dropped to the
reaction mixture and stirred at room temperature for 12 h. After extraction with hexane (2x200 mL),
the combined organic layers were washed with Na,SO; (saturated solution, 250 mL) and NaCl
(saturated solution, 250 mL) and then dried over MgSQa. The solvent was removed under reduced
pressure and the crude product was purified by fractionated vacuum distillation (55-90 °C, 3 mbar) to
yield 3R-caranepoxide (2-3R, 26.1 g, 170 mmol, 46 %, purity: 97 % 3R-caranepoxide (2-3R) and 3.0 %

3S-caranketone (3-3S) as verified by GCMS) as colourless oil.

H NMR (400 MHz, DMS0-d6): 5/ppm = 2.84 (d, J = 5.4 Hz, 1H, -CCH3CO-CHO-CHa-), 2.29 (ddd, J = 16.7,
9.2, 5.4 Hz, 1H, -CHO-CH,-CH-), 2.08 (dd, J = 16.4, 9.2 Hz, 1H, CCH30-CH,-CH-), 1.71 — 1.61 (m, 2H, -
CHO-CHy-CH-, -CCH30-CHy-CH-), 1.22 (s, 3H, -CCH50-), 0.94 (s, 3H, -CCHCHCH:CHs-), 0.88 (s, 3H, -
CCHCHCH5CH3-), 0.61— 0.48 (m, 2H, -CHO-CH-CH-, -CCH30-CHy-CH-).

13C NMR (100 MHz, DMSO-d6): 5/ppm = 56.8 (-CHO-), 55.07 (-CCH30-), 28.86 (-CCHCHCH;CH3-), 24.47
(-CCH30-), 23.33 (-CHO-CH,-CH-), 19.16 (CCH30-CH,-CH-), 17.70 (-CHO-CH,-CH-), 16.84 (CCH30-CHa-
CH-), 16.68 (-CCHCHCH3CHs-), 14.76 (-CCHCHCH3CH;-).

MS (El, 70 eV): m/z (%) = 152.20 (1.27), 138.10 (1.91), 137.15 (17.91), 136.15 (0.53), 134.10 (1.17),
124.15 (1.31), 123.15(10.85), 122,15 (1.08), 121.15 (2.56), 120.15 (1.05).

MS (El, 70 eV): % (m/z) = 100.00 (79.10), 93.02 (43.05), 67.30 (67.10), 52.62 (41.05), 44.01 (109.10),
42.23 (94.10), 34.09 (81.10), 29.28 (93.10), 27.58 (39.05), 26.27 (95.10).
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Synthesis of 3S-caranketone (3-3S) (1R,4S,65)-4,7,7-trimethylbicyclo[4.1.0]heptan-3-one. 3S-
caranepoxide (2-3S, 43.6 g, 280 mmol, 1.00 equiv.) was dissolved in cyclohexane (230 mL) and heated
to 60 °C. Fe(ClO4);'H>0 (167 mg, 0.2 mol%) in EtOAc (1 mL) was added. The rearrangement was
completed after 1.5 h. GCMS verified a de of 95%. The mixture was washed with HCI (2.0 M, 2x50 mL),
NaHCOj; (saturated solution, 100 mL) and water (100 mL). Cyclohexane was removed under reduced
pressure and 15.0 g of the crude product were purified by fractional vacuum distillation (100 — 140 °C,

10 mbar) to yield 3S-caranketone (3-3S, 8.0 g, 53%) as colourless oil.

'H NMR (400 MHz, DMSO-d6): 6/ppm = 2.56 — 2.47 (m, 1H, -CO-CH»-CH-, superposition by solvent
peak), 2.10 (qdd, J = 7.3, 5.0, 2.7 Hz, 1H, -CHCH3s-), 2.03 = 1.90 (m, 2H, -CHCH3-CH2-CH-, -CO-CH»-CH-),
1.70 - 1.62 (m, 1H, -CHCHs-CH,-CH-), 1.13 (d, J = 7.2 Hz, 3H, -CHCHjs-), 1.04 (s, 3H, -CCHCH3CHs-), 1.03
—0.97 (m, 1H, -CO-CH,-CH-), 0.90 (s, 3H, -CCHCHsCHs-), 0.80 (td, J = 8.9, 6.4 Hz, 1H, -CHCH;-CH»-CH-).

3C NMR (100 MHz, DMSO-d6): 5/ppm = 216.1 (-CO-), 40.7 (-CHCHs-), 33.9 (-CO-CH,-CH-), 27.8 (-
CCHCHCHsCHs-, 26.3 (-CHCH3-CH,-CH-), 21.1 (-CO-CH,-CH-), 19.0 (-CCHCHCH3CHs-), 16.7 (-CHCH3-),
16.4 (-CO-CH,-CH-), 14.6 (-CCHCHCH3CHs-).

MS (El, 70 eV): m/z (%) = 153.10 (2.77), 152.10 (27.38), 138.10 (1.16), 137.10 (12.12), 135.15 (0.47),
134.10 (2.59), 125.15 (0.48), 124.10 (4.38), 123.10 (4.10), 121.10 (0.54).

MS (El, 70 eV): % (m/z) = 100.00 (67.10), 83.36 (81.10), 69.63 (41.10), 45.24 (39.10), 44.25 (82.10),
33.71(95.10), 32.68 (109.10), 30.74 (110.10), 27.40 (55.10), 27.38 (152.10).

Synthesis of 3R-caranketone (3-3R) (1R,4R,6S)-4,7,7-trimethylbicyclo[4.1.0]heptan-3-one by
rearrangement of 3R-caranepoxide (2-3R). 3R-caranepoxide (2-3R, 10.0 g, 66 mmol, 1.00 equiv.) was
dissolved in cyclohexane (55 mL) and heated to 60 °C before a solution of Fe(ClO.),-H.0 (78 mg,
0.30 mmol, 0.005 equiv.) in EtOAc (0.5 mL) was dropped to the reaction mixture and stirred for 3 h.
GCMS revealed a de of 100%. After complete conversion, Na,SO; (saturated solution, 150 mL) was
added and the layers were separated. The organic layer was washed with water (1x100 mL) and the
solvent was removed under reduced pressure. Crude product (8.80 g) was purified by fractional
vacuum distillation (105 °C, 30 mbar) to yield a mixture of caranketones (5.74 g, 57 % purity > 80% as
confirmed by GCMS and NMR, R 82%, S 18%). As no 3S-caranketone (3-3S) was present before the
distillation and a heat-induced isomerization was not observed for pure 3R-caranketone (3-3R), it is
likely that the 3S-caranketone (3-3S) formation is promoted by residual bromide species that could not

be removed by the washing steps.

Synthesis of 3R-caranketone (3-3R) (1R,4R,6S)-4,7,7-trimethylbicyclo[4.1.0]heptan-3-one by
isomerization of 3S-caranketone (3-3S) and subsequent enrichment of 3R-caranketone (3-3R) by

reaction with HONH,-HCI. Freshly distilled 3S-caranepoxide (2-3S, 88.0 g, 580 mmol, 1.00 equiv.) was
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dissolved in cyclohexane (600 mL) and heated to 60 °C. FeClO4-6H,0 (150 mg, 0.58 mmol, 0.001 equiv.)
in EtOAc (1.0 mL) was added and stirred overnight until all 3S-caranepoxide (2-3S) was converted. After
washing with Na;SOs (2.0 w%, 2 x 400 mL), HCI (0.1 M, 500 mL) and NaCl (saturated solution, 500 mL)
and drying under use of MgSQj, the organic solvent was removed under reduced pressure to give crude
3S-caranketone (3-3S, 83.8 g) that was then dissolved in MeCN (500 mL). For the isomerization to 3R-
caranketone (3-3R), HCI (2 M, 120 mL) was then dropped to the solution within 30 min under vigorous
stirring and then stirred for 48 h until the equilibrium isomeric ratio of 4:1 in favour of the R-isomer
was reached. As the S-isomer reacts faster to the corresponding oxime, a further enrichment of the R-
isomer was possible. NaOAc:3 H,0 (6.56 g, 80.0 mmol) in water (200 mL) was given to the reaction
mixture and stirred for 5 min before HONH»-HCI (5.07 g, 73 mmol) was added portion-wise within an
hour. After stirring for 4 h, the reaction mixture was investigated by GCMS. The whole process is
displayed in Supplementary Figure 17. The layers were separated, and the aqueous phase was
extracted with cyclohexane (3 x 100 mL). The combined organic phases were washed with NaHCO;
(saturated solution, 300 mL) and NaCl (saturated solution, 300 mL) and dried using Na;SO.. The crude
product was purified by vacuum distillation (60 - 100 °C, 3 mbar) to yield 3R-caranketone (3-3R,
41.3 g, 47%, purity > 90 % as confirmed by GCMS and NMR, isomeric ratio > 25:1).

'H NMR (400 MHz, DMSO-d6): 6/ppm = 2,57 (dd, J = 17.6, 8.4 Hz, 1H, -CO-CH»-CH-), 2.41 — 2.23 (m,
2H, -CHCH3-CO-, -CHCH3-CHz-CH-), 2.12 (dd, J = 17.6, 2.1 Hz, 1H, -CO-CHz-CH-), 1.20 — 1.10 (m, 1H, -
CHCH3-CH-CH-), 1.06 (td, J = 8.8, 2.3 Hz, 1H, -CO-CH,-CH-), 1.00 (s, 3H, -CCHCHCH3CHs-), 1.00 — 0.92
(m, 1H, -CHCH3-CH,-CH-), 0.83 (d, J = 6.4 Hz, 3H, -CH,-CHCH;-CO-), 0.78 (s, 3H, -CCHCHCH3CHs-).

13C NMR (100 MHz, DMSO-d6): 5/ppm = 215.2 (-CO-), 41.0 (-CHCHs-), 36.4 (-CO-CH,-CH-), 29.2 (-
CHCH3-CH»-CH-), 27.6 (-CCHCHCHsCHs-), 22.5 (-CO-CHy-CH-), 19.6 (-CHCHs-CH»-CH-), 18.9 (-
CCHCHCH3CH3-), 14.7 (-CCHCHCH3CHs-), 14.1 (-CHCHs-).

MS (El, 70 eV): m/z (%) = 153.15 (3.05), 152.20 (28.19), 138.20 (1.46), 137.20 (14.60), 135.15 (0.64),
134.15 (2.69), 124.15 (4.17), 123.15 (4.72), 119.15 (3.62), 111.15 (3.35).

MS (El, 70 eV): % (m/z) = 100.00 (67.10), 87.96 (81.15), 36.29 (41.10), 46.76 (82.15), 37.97 (39.10),
36.57 (95.15), 35.65 (109.15), 34.44 (110.15), 29.04 (55.10), 28.19 (152.20).

Synthesis of 3S- and 3R-caranoxime (4-3S and 4-3R) (1R, 4S,6S)-4,7,7-trimethylbicyclo[4.1.0]heptan-
3-one oxime and (1R,4R,6S)-4,7,7-trimethylbicyclo[4.1.0]heptan-3-one oxime. 3-caranketone (3-3S or
3-3R, 1.00 equiv.) was dissolved in MeCN (1.25 M) and NaOAc (1.40 equiv.) followed by HONH,-HCI
(1.20 equiv.) were added sequentially. The suspension was stirred overnight until full conversion was
verified by GCMS. The volume was doubled by the addition of water and the layers were separated.

The aqueous phase was extracted with EtOAc until no oxime was observed in the aqueous phase and
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the combined organic phases were washed with NaHCOs; (saturated solution, equivoluminar) and NaCl
(saturated solution, equivoluminar) and dried using Na,SO4. The solvent was removed under reduced
pressure to give the respective oximes 4-3S or 4-3R as a mixture of cis- (15%) and trans-oximes (85%)

as very viscous oil in a total yield of 90 %.

3S-caran-trans-oxime:

'H NMR (400 MHz, DMSO-d6): 5/ppm = 10.07 (s, 1H, -NOH), 2.56 (dd, J = 18.6, 1.6 Hz, 1H, -CNOH-CH,-
CH-), 2.32 - 2.17 (m, 2H,-CHCHs-, -CNOH-CH»-CH-), 1.90 = 1.78 (m, J = 16.8, 8.1, 3.1 Hz, 1H, -CHCHs-
CH»-CH-), 1.37 (dt, J = 14.4, 4.9 Hz, 1H, -CHCH3-CH>-CH-), 1.05 (d, J = 7.1 Hz, 3H, CH»-CHCH3-CNOH-),
0.96 (s, 3H, -CCHCHCH;CHs-), 0.79 (td, / = 8.9, 1.8 Hz, 1H, -CNOH-CH,-CH-) 0.71 (s, 3H, -CCHCHCH3CHs-
), 0.69 = 0.62 (m, 1H, CHCHs-CH,-CH-).

13C NMR (100 MHz, DMSO-d6): 8/ppm = 161.5 (-CNOH-), 32.8 (-CHCHs-), 28.5 (-CCHCHCH:CHs-), 26.8
(-CHCH3-CH,-CH-), 19.3 (CH,-CHCH3-CNOH-), 19.1 (-CNOH-CH,-CH-), 18.3 (CCHCHCHsCHs), 17.1 (-
CNOH-CH2-CH-), 16.7 (-CHCHs-CH,-CH-), 14.9 (-CCHCHCH3CHs-).

MS (I, 70 eV): m/z (%) = 168.05 (1.30), 167.00 (11.80), 166.05 (1.66), 153.10 (1.47), 152.05 (15.72),
151.05 (1.69), 150.05 (10.83), 149.05 (1.90), 148.10 (5.97), 139.10 (2.56).

MS (EI, 70 eV): % (m/z) = 100.00 (41.05), 51.40 (39.10), 47.59 (67.05), 43.19 (112.10), 42.42 (79.05),
41.89 (107.10), 40.65 (55.10), 39.11 (106.05), 38.33 (43.05), 29.88 (81.05).

3R-caran-trans-oxime:

4 NMR (400 MHz, DMSO-d6): §/ppm = 10.29 (s, 1H, -CNOH-), 2.75 (dd, J = 18.1, 1.6 Hz, 1H, -CNOH-
CH,-CH-), 2.21—2.02 (m, 3H, -CNOH-CHa-CH-, -CHCH3-, -CHCH3-CH-CH-),0.97 —0.86 [7H, 2XCH3 1XxCHH:
0.94 (s, 3H, CCHCHCH3CH;-), 0.91 (d, J = 6.2 Hz, 3H, -CHCHs-), superposition -CHCH3-CH,-CH-)] 0.85 —
0.77 (m, 1H, -CNOH-CH,-CH-), 0.73 (dd, J =9.0, 2.0 Hz, 1H, CHCH3-CH>-CH-), 0.70 (s, 1H, -CCHCHCH3CHj-
).

13C NMR (100 MHz, DMSO-d6): §/ppm = 160.2 (-CNOH-), 33.7 (-CHCH3-), 29.4 (-CHCH3-CH,-CH-), 28.0

(-CCHCHCH3CHs-), 19.8 (-CNOH-CHj-CH-), 19.7 (CNOH-CH,-CH-), 19.3 (-CNOH-CH:-CH-), 17.8
(CCHCHCH3CHs), 16.6 (CH2-CHCH3-CNOH-), 14.5 (-CCHCHCH3CHs-).

MS (EI, 70 eV): m/z (%) = 168.15 (1.95), 167.15 (15.02), 166.15 (2.30), 153.15 (2.14), 152.15 (19.40),
151.20(2.22), 150.20 (16.60), 149.20 (2.13), 148.15 (7.09), 139.15 (3.59).

MS (EI, 70 eV): % (m/z) = 100.00 (41.10), 59.79 (112.10), 57.23 (67.10), 54.27 (79.10), 51.43 (107.10),
48.84 (106.10), 48.75 (55.10), 48.26 (39.05), 42.55 (43.10), 37.77 (134.15).
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Synthesis of 3S- and 3R-caranlactams (5-3S and 5-3R) (1R,5R,7S)-5,8,8-trimethyl-4-
azabicyclo[5.1.0]octan-3-one and (1S,5S,75)-5,8,8-trimethyl-4-azabicyclo[5.1.0]octan-3-one. 3-
caranoxime (4-3S or 4-3R, 1.00 equiv.) was dissolved in MeCN (1 M) and cooled in an ice bath before
NaOH (2 M, 3.10 equiv.) was dropped to the solution. The reaction mixture was stirred for 2 h and tosyl
chloride (1.10 equiv.) was added slowly within 1.5 h. The ice bath was removed after additional stirring
for 2 h and kept at room temperature overnight. The aqueous layer was extracted with EtOAc until no
product was detected in the agqueous phase and the combined organic layers were then washed with
NaHCOj; (saturated solution, equivoluminar) and NaCl (saturated solution, equivoluminar) and dried
using Na;S0.. The solvent was removed under reduced pressure and the remaining solid was
recrystallized from EtOAc at -20 °C to yield pure 3-caranlactam as colourless crystals (3R-caranlactam

5-3R: 74 %; 3S-caranlactam 5-35: 76 %).

3S-caranlactam (5-3S)

H NMR (400 MHz, DMSO-d6): 5/ppm = 6.92 (s, 1H, -CO-NH-) 3.5 — 3.14 (m, 1H, -NH-CHCHs-CH2-), 2.31
—2.15(m, 2H, -CO-CH>-CH-), 1.71 — 1.49 (m, 2H, -CH-CH>-CCHCHs-), 1.05 (d, J = 6.4 Hz, 3H, -NH-CHCHx-
}, 1.01 (s, 3H, -CCHCHCHsCH-), 0.97 (s, 3H, -CCHCHCH3CH3-), 0.85 —0.76 (m, 1H, -CCHCHCHsCHs-}, 0.57
(td, J=9.0, 2.1 Hz, 1H, -CCHCHCH5CH-).

13C NMR (100 MHz, DMSO-d6): 6/ppm = 173.8 (-CO-), 46.3 (-NH-CHCHs-), 30.6 (-CO-CHo-CH-), 30.4 (CH-
CH2-CHCH3-), 28.6 (-CCHCHCHsCHs-), 21.11 (-NH-CHCHs-), 20.1 (CO-CH,-CH-), 20.1 (-CHCH3-CH,-CH-),
17.4 (-CCHCHCHsCH-), 14.9 (-CCHCHCH5CHs-).

MS (EI, 70 eV): m/z (%) = 168.10 (1.05), 167.15 (8.33), 166.25 (0.70), 154.20 (0.30), 153.20 (4.44),
152.20 (44.99), 151.25 (0.22), 150.20 (0.23), 139.20 (1.42), 138.15 (1.09).

MS (El, 70 eV): % (m/z) = 100.00 (44.10), 60.39 (67.10), 44.99 (152.20), 44.18 (81.10), 42.43 (82.10),
37.54 (110.15), 35.25 (41.05), 28.11 (57.10), 19.97 (39.05), 19.46 (55.10).

m.P.:171°C

3R-caranlactam (5-3R)

'H NMR (400 MHz, DMSO-d6): §/ppm = 6.90 (s, 1H, -CO-NH-), 3.50 — 3.41 (m, 1H, -NH-CHCH3-CH,-),
2.37-2.29 (m, 2H, -CO-CHz-CH-), 1.88 — 1.77 (m, 1H, -CH-CH,-CCHCH3-), 1.51 — 1.40 (m, 1H, -CH-CH-
CCHCHs-), 1.06 (d, J = 6.4 Hz, 3H, -NH-CHCHs-), 1.03 (s, 3H, -CCHCHCHsCHs-), 0.99 (s, 3H, -
CCHCHCH3CH3s-), 0.79 — 0.69 (m, 2H, -CCHCHCH3CHj3-, -CCHCHCH3CH3-).

3C NMR (100 MHz, DMSO-d6): 5/ppm = 173.1(-C0O-), 49.6 (-NH-CHCHs-), 33.0 (-CO-CH2-CH-), 29.7 (CH-
CH2-CHCH3-), 28.2 (-CCHCHCH3CHs-), 24.0 (-NH-CHCHs-), 23.4 (CO-CH,-CH-), 21.5 (-CHCH3-CH,-CH-,
18.7 -CCHCHCH3CH3-), 14.8 (-CCHCHCH3CH3s-).

Methods

285



MS (EI, 70 eV): m/z (%) = 168.10 (1.42), 167.10 (13.20), 166.15 (1.41), 153.15 (3.19), 152.10 (32.36),
139.15 (1.90), 138.15 (1.66), 134.15 (0.71), 127.15 (0.55), 126.15 (5.91).

MS (El, 70 eV): % (m/z) = 100.00 (44.05), 71.08 (67.05), 59.84 (110.10), 50.77 (81.10), 41.82 (41.05),
41.15 (82.10), 32.36 (152.10), 24.22 (57.10), 22.96 (55.10), 21.80 (99.10).

m.P.: 140 °C

Synthesis of N-benzoyl-3S-caranlactam (Bz5-3S) (1R,5S,75)-4-benzoyl-5,8,8-trimethyl-4-
azabicyclo[5.1.0]octan-3-one. 2-Methyl-THF (30 mL) in a nitrogen atmosphere was cooled in an ice
bath and NaH (540 mg 60 % on paraffin wax, 15.5 mmol, 2.60 equiv.) was added. After 10 min 3S-
caranlactam (5-3S, 1.00g, 6.0 mmol, 1.00 equiv.) was added portion-wise within 5 min; a rise of
temperature was not observed. After stirring for 2 h, BzCl (1.00 mL, 7.80 mmol, 1.30 mmol) was
slowly given to the mixture via syringe. The mixture was allowed to reach room temperature and was
stirred over for 12 h before 20 g ice was added. After extraction with hexane (3x100 mL), the combined
organic phases were washed with NaOH (2.0 M, 150 mL), NaHCO; (saturated solution, equivoluminar)
and NaCl (saturated solution, equivoluminar) and dried using Na,SO,. The solvent was removed under
reduced pressure and the crude product was crystallized from pentane/EtOAc (4:1) at -20 °C to give N-

benzoyl-3S-caranlactam (Bz5-3S, 930 mg, 3.40 mmol, 57%) as colourless crystals.

H NMR (400 MHz, DMSO-d6): 6/ppm = 7.66 — 7.61 (m, 2H, ortho-CH-), 7.54 — 7.48 (m, 1H, para-CH-),
7.46 - 7.39 (m, 2H, meta-CH-), 4.22 (pd, J = 6.6, 2.6 Hz, 1H, -CHCH3-), 2.76 (dd, J = 13.9, 10.1 Hz, 1H, -
CO-CH,-CH-), 2.56 (dd, J = 13.9, 6.8 Hz, 1H, -CO-CH>-CH-), 2.19 — 2.06 (m, 1H, -CHCH3-CH-CH-), 1.94 —
1.83 (m, 1H, -CHCH3-CHo-CH-), 1.26 (d, J = 6.6 Hz, 3H, -CHCH3), 1.10 (s, 3H, -CCHCHCH;CHs-), 1.07 (s,
3H, -CCHCHCH5CH3-), 0.94 — 0.83 (m, 2H, -CHCH3-CH,-CH-, -CO-CHy-CH-).

13C NMR (100 MHz, DMSO-d6): §/ppm = 177.3 (-CH-CO-NBz-), 174.6 (-N-CO-Ph), 136.5 (-N-CO-ipso-
Cen), 131.7 (2% ortho-Cen), 128.3 (2x meta-Cen), 128.2 (para-Cen), 51.9 (-CHCH3-), 34.4 (-CO-CH,-CH-),
28.3 (-CHCH3-CH,-CH-), 28.2 (-CCHCHCH5CH3-), 20.9 (-CO-CH,-CH-), 20.0 (-CHCH3-CH,-CH-), 19.9 (-
CCHCHCH3CH3-), 18.8 (-CHCH3-), 14.7 (-CCHCHCH;CH3-).

MS (El, 70 eV): m/z (%) = 273.20 (0.09), 272.10 (0.86), 271.10 (4.65), 270.10 (2.47), 257.05 (0.15),
256.10 (0.84), 253.10 (0.23), 244.15 (0.12), 243.10 (0.90), 242.10 (0.46).

MS (EI, 70 eV): % (m/z) = 100.00 (105.05), 35.39 (77.05), 14.02 (82.05), 12.28 (148.10), 10.27 (67.10),
9.19 (41.05), 9.01 (81.10), 8.20 (166.10), 7.90 (106.05), 6.34 (70.05).
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Synthesis of N-benzoyl-3R-caranlactam (Bz5-3R) (1R,5R, 7S)-4-benzoyil-5,8,8-trimethyl-4-
azabicyclo[5.1.0]octan-3-one. 2-Methyl-THF (50 mL) was cooled in an ice bath under nitrogen
atmosphere and NaH (600 mg 60 % on paraffin wax, 17.2 mmol, 1.90 equiv.) and 3R-caranlactam (5-
3R, 1.50 g, 9.00 mmol, 1.00 equiv.) was added after 5 min. The reaction mixture was stirred for 2 h
before BzCl (1.5 mL, 11.7 mmol, 1.30 equiv.) was dropped to the mixture via syringe. The reaction
mixture was allowed to reach room temperature and after stirring for 12 h, NaH (350 mg 60% on
paraffin wax, 10.0 mmol, 1.10 equiv.) and BzCl (0.5 mL, 3.90 mmol, 0.40 equiv.) were added to
complete the conversion within 4 h. The reaction was quenched by addition of water. The mixture was
extracted with hexane (3x100 mL) and the combined organic layers were washed with NaOH (2.0 M,
150 mL), NaHCOs (saturated solution, equivoluminar) and NaCl (saturated solution, equivoluminar)
and dried using Na;S0s. After several crystallizations (EtOAc : hexane/ 1 : 4), N-benzoyl-3R-caranlactam

(Bz5-3R, 530 mg, 1.90 mmol, 17 %) was obtained as colourless crystals.

H NMR (400 MHz, DMSO-d6): 5/ppm = 7.51 — 7.39 (m, 5H, -phenyl- ), 4.36 (dp, ] = 12.7, 6.3 Hz, 1H, -
CHCHs-), 2.65 — 2.54 (m, 2H, -CHCHs-CH>-CH-), 2.17 (ddd, J = 15.0, 6.4, 5.1 Hz, 1H,-CO-CH,-CH-), 1.44
(dt, J = 15.0, 12.1 Hz, 1H,-CO-CH,-CH-), 1.26 (d, ] = 6.3 Hz, 3H, -CHCH>-), 1.18 (ddd, J = 10.7, 8.9, 6.5 Hz,
1H,-CO-CH-CH-), 1.10 (s, 3H, -CCHCHCH3CHs-), 1.10 (s, 3H, -CCHCHCHsCHa-), 0.95 (ddd, I = 12.1, 8.8,
5.1 Hz, 1H, -CHCH3-CH»-CH-).

3¢ NMR (100 MHz, DMSO-d6): 5/ppm = 180.51 (-CH,-CO-NBz-), 173.93 (-N-CO-Ph), 136.79 (-N-CO-
ipso-Cen), 130.68 (2x ortho-Cen), 128.33 (2x meta-Cer), 127.44 (para-Cen), 52.98 (-CHCH3-), 34.64 (-CO-
CH,-CH-), 28.68 (-CHCHs-CH,-CH-), 27.82 (-CCHCHCHsCHs-), 22.19 (-CHCHs-), 21.77 (-CO-CH,-CH-),
21.34 (-CHCH3-CH,-CH-), 18.86 (-CCHCHCH:CHs-), 15.10 (-CCHCHCH5CHs-).

MS (EI, 70 eV): m/z (%) = 272.15 (0.53), 271.15 (2.92), 270.15 (3.77), 257.10 (0.56), 256.10 (2.81),
253.10 (0.11), 245.15 (0.10), 244.10 (0.97), 243.15 (4.99), 242.15 (1.28).

MS (EI, 70 eV): % (m/z) = 100.00 (105.10), 34.01 (77.10), 10.07 (82.10), 8.97 (70.10), 8.25 (106.10),
7.47 (67.10), 7.15 (41.10), 6.72 (81.10), 6.55 (148.15), 5.82 (51.05).
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Methods

Scale-up one-vessel four-step synthesis of 3S-caranlactam (5-3S).

a. Enzyme catalyzed epoxidation. (+)-3-carene (1, 240 mL, 1.50 mol, 1.00 equiv.) was transferred
into the reactor and EtOAc (2.80 L) was added. A pre-washed standard nylon sock (enzyme
bag) filled with Novozyme-435 (50 g) was immersed into the mixture and the temperature was
set to 60 °C at a stirring rate of 100 rpm min. H,0, (30%, 1.65 mol, 1.10 equiv., 12 x 15 mL)
was added within 5 h. After the addition was complete, the spent Novozyme-435 was
exchanged by new Novozyme-435 (20 g). After another 3 h, the conversion surpassed 98% and
the reaction was terminated by removing the enzyme bag. The organic layer was washed with
NaOH solution (1.00 M, 2x250 mL), sodium sulphite (saturated solution, 250 mL) and H.O
(1x250 mL). Additional cyclohexane (1.00 L) was added for azeotropic distillation to remove all
water residuals (Tjacket = 95 °C) until the remaining volume in the reactor was 1.25 L, consisting
of crude 3S-caranepoxide (2-3S) and cyclohexane.

b. Epoxidation with diluted AcOOH. A solution of NaOAc (267 g, 3.25 mol, 1.30 equiv.) and
AcOOH (38%, 570 mL 3.25 mol, 1.30 equiv.) in H,0O (1.70 L) was transferred into the reactor
and (+)-3-carene (1, 341 g ,2.5 mol, 1.00 equiv.) was added portion-wise within 15 min and
stirred at room temperature for 2 h. The temperature was set to 30 °C for another 2 h to
complete the conversion to 3S-caranepoxide (2-3S). During the whole process the stirring
speed was set to 300 rpm to guaranty sufficient mixing. After cooling to room temperature,
cyclohexane (1.00 L) was added and the aqueous layer was separated via the bottom outlet.
The organic layer remaining in the reactor was then washed with NaOH solution (1.00 M,
2x500 mL), sodium sulphite (saturated solution, 500 mL) and H,O (1x500 mL). Additional
cyclohexane (2.00 L) was added for azeotropic distillation to remove all water residuals (Tjacket
= 95°C) until the remaining volume in the reactor was 2.50 L, consisting of crude 3S-
caranepoxide (2-3S) and cyclohexane.

c. Meinwald rearrangement. For the rearrangement of 3S-caranepoxide (2-3S) to 3S-
caranketone (3-3S), the temperature was set to 60 °C and Fe(Cl0O4)>'H,0 (1.28 g, 3.6 mmol,
0.002 equiv.) dissolved in EtOAc (5 mL) was dropped into the mixture within 3 min. The
mixture was allowed to reach room temperature after two hours (80% conversion) and was
stirred for 12 h to complete the reaction. The catalyst was removed by washing with HCI
solution (1 M, 2x500 mL), NaHCOs; (saturated solution, 1.00L) and water (1.00L) and
cyclohexane was distilled off (Tjacket 90 °C — 125 °C).

d. Oximation. Acetonitrile (2.00L) and water (1.00L) were poured into the vessel and
NaOAc-3H,0 (238 g, 1.75 mol, 0.70 equiv.) was added. Then, HONH2'HCl (122 g, 1.75 mol,

0.70 equiv.) was added portion-wise within 10 min. After stirring for 2 h at 30 °C, the
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conversion was complete. The aqueous layer was separated and analysed by GCMS, revealing
no significant amounts of 3S-caranoxime (4-3S).

Beckmann rearrangement. NaOH (260 g, 6.5 mol, 2.60 equiv.) dissolved in water (1.00 L) was
slowly dropped to the reaction mixture within 2 h and the temperature was kept beneath 20 °C
(Tjacket = 15 °C) during the process. After stirring for 1 h, TsCl (333 g, 1.75 mol, 0.70 equiv.) was
added in aliquots (28 x 12 g) within 3 h while the temperature was kept beneath 25 °C. GCMS
analysis showed that all 3S-caranoxime (4-3S) was consumed and NaCl (saturated solution,
200 mL) was added to support phase separation. The aqueous layer was removed and
extracted with EtOAc (3 x 600 mL). The combined EtOAc extracts were poured back into the
reaction vessel. After washing with NaHCO; (saturated solution, 500 mL) and NaCl (half-
saturated solution, 500 mL) the solvent was removed until the remaining volume was
approximately 1.5 L. The solution was cooled down to 15 °C and stirred for 12 h. The crystals
were filtered off, washed with water and recrystallized from EtOAc. The mother liquor was
cooled to -20 °C in the freezer for 12 h and the formed crystals were filtered off and washed
with water. The crystal fractions were combined and recrystallized from EtOAc to give pure

3S-caranlactam (5-3S, 101 g, 30 w%, 24 mol%) as colourless crystals (Supplementary Figure 4).
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NMR analysis of the polyamides

Poly-3S-caranamide (poly5-3S)

ZT

poly5-3S

'H NMR (400 MHz, DCOOD): §/ppm = 4.19 — 4.04 (1H, -NH-CHCH3-CH,-, repeating unit), 2.57 — 2.35
(2H, -HN-CO-CH;-CH-, repeating unit), 1.66 — 1.53 (2H, -NH-CHCH3-CH,-CH-, repeating unit), 1.36 — 1.20
(3H, -NH-CHCH3-CH,-, repeating unit), 1.18 — 1.08 (3H, -CO-CH,-CH-CCHCH3CH3-, methyl group facing
carboxylic group, repeating unit), 1.05 — 1.00 (3H, -NH-CHCH3-CH-CCHCH3CHs;-, methyl group turned
away from carboxylic group, repeating unit), 0.98 — 0.90 (1H, -CO-CH,-CH-, repeating unit), 0.79 — 0.67
(1H, -NH-CHCHs-CH,-CH-, repeating unit).

13C NMR (100 MHz, DCOOD): §/ppm = 176.5 (-CO-), 47.3 (-NH-CHCH3s-), 31.5 (-CO-CH>-), 30.9 (-CHCHs-
CH,-), 28.2 (-CCHCH3CHs-, methyl group facing carboxylic group), 23.4 (-CO-CHz-CH-), 21.8 (-CHCHs-
CH,-CH-, 19.6 (-CHCH3-), 17.9 (-CCHCHCH3CHs-), 14.7 (-CCHCH3CHs-, methyl group facing turned away

from carboxylic group).

Poly-3R-caranamide (poly5-3R)

ZT

poly5-3R

'H NMR (400 MHz, DCOOD): §/ppm = 4.13 — 3.99 (1H, -NH-CHCH3-CH,-, repeating unit), 2.55 — 2.35
(2H, -HN-CO-CH;-CH-, repeating unit), 1.77 — 1.60 (1H, -NH-CHCH3-CH,-CH-, repeating unit), 1.54 — 1.39
(1H, -NH-CHCH3-CH,-CH-, repeating unit), 1.32 — 1.22 (3H, -NH-CHCH3-CH,-, repeating unit), 1.18 — 1.07
(3H, -CO-CH,-CH-CCHCH;CHs-, methyl group facing carboxylic group, repeating unit), 1.06 — 1.00 (3H,
-NH-CHCH3-CH-CCHCH;3CH3-, methyl group turned away from carboxylic group, repeating unit), 0.99 —
0.88 (1H, -CO-CH,-CH-, repeating unit), 0.76 — 0.64 (1H, -NH-CHCH3-CH,-CH-, repeating unit).

13C NMR (100 MHz, DCOOD): §/ppm = 176.6 (-CO-), 47.5 (-NH-CHCH3-), 31.3 (-CO-CH>-), 30.7 (-CHCHs-
CH,-), 28.2 (-CCHCH3CHs-, methyl group facing carboxylic group), 23.3 (-CO-CH;-CH-), 21.9 (-CHCHs-
CH»-CH-), 19.3 (-CHCH3-), 17.9 (-CCHCHCH3CHs-), 14.5 (-CCHCH3CHs-, methyl group facing turned away

from carboxylic group).
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3S-caranlactam-3R-caranlactam-copolyamide (copoly(5-35S:5-3R))

(@]
bln

copoly(5-3S-5-3R)

H NMR (400 MHz, DCOOD): §/ppm = 4.18 — 3.99 (1H, -NH-CHCH3-CH,-), 2.58 — 2.36 (2H, -HN-CO-CHa-
CH-), 1.77 — 1.64 (0.7 Hy.isomer, -NH-CHCH3-CH2-CH-), 1.63 — 1.53 (0.6 Hsisomer, -NH-CHCH3-CH,-CH-), 1.52
—1.41 (0.7 Hg-isomer, -NH-CHCH3-CH2-CH-), 1.33 — 1.23 (3H, -NH-CHCH3-CH,-), 1.17 — 1.07 (3H, -CO-CH,-
CH-CCHCH3CH3-), 1.06 — 1.00 (3H, -NH-CHCH3-CH-CCHCH3CHs-), 0.99 — 0.89 (1H, -CO-CH,-CH-), 0.80 —
0.65 (1H, -NH-CHCH3-CH,-CH-).

3C NMR (100 MHz, DCOOD): §/ppm = 176.6 (-CO-), 47.5 (-NH-CgHCHs-), 47.3 (-NH-CsHCHs-) 31.4 (-
CrsO-CH>-), 30.8 (-CHCH3-CgsH>-), 28.3 (-CCHCH3CgsH3-), 23.4 (-CO-CH2-CgsH-), 22.0 (-CHCHs-CH>-CrH-
), 21.8 (-CHCHs3-CH2-CsH-), 19.6 (-CHGsHs-), 19.4 (-CHCgHs-), 17.9 (-CasCHCHCHsCHs-), 14.8 (-
CCHCsH3CHs-), 14.6 (-CCHCgH3CH3-).

3S-caranlactam-caprolactam-copolyamide (copoly(5-3S-CL))

Iz
ZT

o)
a

copoly(5-3S-CL)

In the *C-spectra, additional 3C-signals were observed in close proximity to the expected signals.
These signals can be interpreted as sign for a random built-in of small blocks of each monomer. The
major *C-signal refers to the in-block carbons (+5-35+5-35+5-3S-; +CL+CL+CL+), whereas the minor
signals are from the block-change units (+CL+5-3S+). A similar effect was not observed in the H-
spectra, probably due to the broad signals.

'H NMR (400 MHz, DCOOD): &/ppm = 4.17 — 4.01 (-NH-CHCH;3-CH,-), 3.46 — 3.26 (-CH>-NH-), 2.56 —
2.35 (-HN-CO-CH,-CH-; -CO-CH;-CH,-), 1.85 — 1.51 (-NH-CHCH3-CH>-CH-, NH-CH,-CH>-, -CO-CH»-CH,-),
1.50 — 1.34 (CH,-CH2-CH3-, 1.32 — 1.18 (-NH-CHCH;-CH>-), 1.16 — 1.06 (-CO-CH,-CH-CCHCH3CH3-), 1.05
—0.98 (-NH-CHCH;3-CH-CCHCH;5CH3-), 0.96 — 0.86 (-CO-CH,-CH-), 0.80 — 0.65 (-NH-CHCH3-CH2-CH-).

13C NMR (100 MHz, DCOOD): 5/ppm =

176.7 (-CO-), 47.3 (-NH-CHCH3-), 31.3 (-CO-CH,-), 30.8 (-CHCH3-CH,-), 28.3 (-CCHCH3CH;-, methyl group
facing carboxylic group), 23.3 (-CO-CH-CH-), 21.5 (-CHCH3-CH,-CH-, 19.5 (-CHCH;-), 17.9 (-
CCHCHCH3CH3-), 14.6 (-CCHCH3CH3-, methyl group facing turned away from carboxylic group). (from 5-

3S, major 13C signals).
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177.6 (-CO-), 40.3 (-NH-CH-), 35.6 (-CO-CH>-CH>-), 28.1 (-NH-CH>-CH>-), 26.0 (-CO-CHz-CH>-), 25.4 (-
CH;-CH,-CH,-). (from CL, major signals).

3S-caranlactam (5-3S)-laurolactam-copolyamide (copoly(5-3S-LL))

ZT

Iz

o
a

copoly(5-3S-LL)

In the *C-spectra, additional *3C-signals were observed in close proximity to the expected signals.
These signals can be interpreted as sign for a random built-in of small blocks of each monomer. The
major 3C-signal refers to the in-block carbons (+5-35+5-35+5-3S-; +LL+LL+LL+), whereas the minor
signals are from the block-change units (+LL+5-35+). A similar effect was not observed in the H-
spectra, probably due to the broad signals.

'H NMR (400 MHz, DCOOD): &/ppm = 4.18 — 4.03 (-NH-CHCH3-CHa-), 3.47 — 3.31 (-CH2-NH-), 2.58 —
2.38 (-HN-CO-CH-CH-; -CO-CH;-CH>), 1.82 — 1.21 (-NH-CHCH3-CH2-CH-; -NH-CHCH3-CH,-; -CH2-CH;-),
1.19-1.10 (-CO-CH,-CH-CCHCH3CH3-), 1.09 — 1.00 (-NH-CHCH3-CH-CCHCH3CHs-), 0.99 — 0.87 (-CO-CH»-
CH-), 0.83 - 0.66 (-NH-CHCH3-CH»-CH-).

13C NMR (100 MHz, DCOOD): §/ppm =

177.1 (-CO-), 47.4 (-NH-CHCH3-), 31.3 (-CO-CH,-), 30.8 (-CHCH3-CH>-), 28.2 (-CCHCH3CH3-, methyl group
facing carboxylic group), 23.3 (-CO-CH,-CH-), 21.6 (-CHCH3-CH,-CH-, 19.5 (-CHCH;-), 17.9 (-
CCHCHCH3CH3-), 14.6 (-CCHCH3CH3-, methyl group facing turned away from carboxylic group). (from 5-
3S, major 13C signals).

178.0 (-CO-), 40.7 (-NH-CH,-), 35.5 (-CO-CH,-CH,-), 29.3 (2xC -CH,-), 29.0 (-CH,-), 28.8 (-CH,-), 28.8 (-
CHj-), 28.5 (-CH,-), 26.6 (-CH>-), 25.9 (-CH,-). (from LL, major signals).

Methods

292



4. Supplementary Notes

Supplementary Note 1. Single-crystal X-ray diffraction. For 5-3S (CCDC 1938732), the integration of
the data using a monoclinic unit cell yielded a total of 6057 reflections to a maximum @ angle of 26.41°
(0.80 A resolution), of which 1959 were independent (average redundancy 3.092, completeness =
99.9 %, Rint = 2.65%, Rsig = 2.75%) and 1840 (93.93 %) were greater than 20(F?). The final cell constants,
Supplementary Table Supplementary Table 18, are based upon the refinement of the XYZ-centroids of
4510 reflections above 20 o(l) with 6.609° < 20 < 52.68°. The ratio of minimum to maximum apparent
transmission was 0.862. The calculated minimum and maximum transmission coefficients (based on
crystal size) are 0.9810 and 0.9960. The final anisotropic full-matrix least-squares refinement on F?
with 117 variables converged at R1 = 3.00%, for the observed data and wR2 = 7.52% for all data. The
goodness-of-fit was 1.081. The largest peak in the final difference electron density synthesis was
0.177 e’/A? and the largest hole was -0.157 e /A® with an RMS deviation of 0.034 e /A3,

On the basis of the final model, the calculated density was 1.147 g/cm?, and F(000) 368 e". For 5-3R
(CCDC 1938733 redetermination of CCDC 145220), the integration of the data using a monoclinic unit
cell yielded a total of 25457 reflections to a maximum © angle of 28.31° (0.75 A resolution), of which
4685 were independent (average redundancy 5.434, completeness = 99.7 %, Rin=2.96 %, Rsz=2.09 %)
and 4541 (96.93 %) were greater than 20o(F?). The final cell constants, Supplementary
Table Supplementary Table 1, are based upon the refinement of the XYZ-centroids of 9509 reflections
above 20 of(l) with 4.693° < 20 < 56.60°. The ratio of minimum to maximum apparent transmission
was 0.922. The calculated minimum and maximum transmission coefficients (based on crystal size) are
0.6874 and 0.7457. The final anisotropic full-matrix least-squares refinement on F° with 232 variables
converged at R1 = 2.89 %, for the observed data and wR2 = 7.74 % for all data. The goodness-of-fit was
1.081. The largest peak in the final difference electron density synthesis was 0.280 e /A? and the largest
hole was -0.155 e’/A® with an RMS deviation of 0.035 e’ /A3. On the basis of the final model, the
calculated density was 1.171 g/cm?, and F(000) 368 e".

Directional views of their structures were prepared as PLUTON periodic graphs, Supplementary Figures
32, 33 and 34.1® The diffraction patterns obtained from 5-3S and 5-3R (from PXRD) showed narrow

isolated Bragg reflexes without amorphous background, Supplementary Figures 31 (a) and (b).

Supplementary Note 2. Powder X-ray diffraction of poly5-3S. The diffraction patterns recorded from
poly5-3S were characteristic of a semi-crystalline polymer, Supplementary Figure 31 (c). By scaling the
amorphous reference patterns to match them at 20 values outside the range of Bragg peaks, we
obtained fc = 0.43 from the ratios of the integrated intensities. Patterns from poly5-3R showed nho
distinct reflexes, save from residual monomer, Supplementary Figure 31 (d). Finding the structure of

poly5-3S was impeded by the small number of distinct Bragg peaks. But, out of an initial selection of
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13 tested unit cells and space groups, one met all three requirements for further assessment laid out
in Experimental. The space group was Cambridge Structural Database entry 58438, Supplementary
Table 17. The 50 SA runs performed on this structure then yielded a clear outcome: Three results
presented distinctly lowest FOM. Of these, the one with the lowest CF simultaneously showed the
most plausible atomic arrangement with regard to bonding angles, and the N-H:::O bond arrangement.
Directional views of its structure were prepared as periodic graphs, and as Oak Ridge thermal ellipsoid

plots, Supplementary Figures 35,36, Figure 10.1%°]
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Methods

4.4 Methods section 2.5 “Limonene, a-pinene, and (+)-3-carene as precursor for diol

monomers”

Synthesis of 6-oxo-3-(prop-1-en-2-yl)heptanal (8)

8

4-isopropyl-1-methyl-7-oxabicyclo[4.1.0]heptane (5, 6.4 g, 42 mmol) was added to a solution
of MeCN (100 mL), H>O (100 mL), and NalO4 (9.0 g, 42 mmol) at 25 °C. HCI (2 mmol) was
added and the reaction was monitored by GCMS. After 90 min, the reaction mixture consisted
of 1% 5, 90% 8 and 9% of the opened epoxide hydroxy-5. The reaction was complete after
another 90 min. The precipitate was isolated by filtration and dried under reduced pressure to
give NalOs (6.4 g, 32 mmol, 77%). EtOAc (100 mL) and a solution of saturated NaCl (100 mL)
were added to the filtrate and the layers were separated. The aqueous layer was extracted with
EtOAc (3 x 50 mL) and the combined organic phases were washed with a saturated solution of
NaH>COs and brine. After drying over Na>xSQOs, the organic solvent was removed under reduce
pressure. The crude oil was purified by fractional distillation (2.5 mBar, 90 °C) to give 6-oxo-
3-(prop-1-en-2-yl)heptanal (8, 8.8 g, 28.6 mmol, 68%) as a clear, colorless oil.

'"H NMR (400 MHz, CDCl3): 8/ppm = 9.67 (t, J = 2.2 Hz, 1H, -CHO), 4.84 — 4.82 (m, 1H, -
CCH3-CHH), 4.77 (s, 1H, CCH3-CHH), 2.71 — 2.63 (m, 1H, -CH>-C(iso-propenyl)H-CH>-),
2.51 — 2.42 (m, 2H,-CH>-CHO), 2.38 (t, J = 7.4 Hz, 2H, -CH>-CO-CHa), 2.12 (s, 3H, CH;-
CO-), 1.76 — 1.66 (m, 2H, -CO-CH2-CH>-), 1.63 (s, 3H, -CCH2CH).

13C NMR (101 MHz, CDCl3): 8/ppm = 208.4 (-CO-), 201.9 (-CHO), 145.2 (-CCHCH,CH3),
113.4 (-CCHCH2CH3), 47.6 (-CH>-CHO), 41.1 (-CH2-CH»>-CO-), 40.9 (-CH2-C(iso-propyl)H-
CH>-), 30.2 (CH3-CO-), 26.6 (-CH>-C(iso-propenyl)H-CH>-), 18.5 (-CCHCH2CH3)

MS (EIL, 70 eV): m/z (%) =151 (0.24), 150 (2.0), 140 (0.11), 125 (2.4), 107 (32), 97 (5.1), 82
(14), 67 (22), 55 (19), 43 (100), 41 (27).
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Synthesis of 4-isopropyl-1-methyl-7-oxabicyclo/4.1.0] heptane (9)

)(J)\/X\/\
=0

9

(1S,7R)-3,8,8-trimethyl-4-oxatricyclo[5.1.0.03,5]octane (7, 15.22 g, 100 mmol) was added to
a solution of MeCN (200 mL), H,O (200 mL), and NalO4 (21.4 g, 100 mmol), and HCI

(2 mmol) at 25 °C. The conversion was complete after 4 h and the colorless precipitate (NalO3)
was separated by filtration. EtOAc (200 mL) and a saturated solution of NaCl (200 mL) were
added and the layers were separated. The aqueous layer was extracted with EtOAc (3 x 100
mL) and the combined organic phases were washed with a saturated solution of NaH>CO3 and
a saturated solution of NaCl (200 mL). Purification by distillation (2.0 mBar, 85 °C) gave 6-
ox0-3-(prop-1-en-2-yl)heptanal (9, 9.2 g, 54.7 mmol, 55%) as colorless oil

'TH NMR (400 MHz, d6-DMSO): 6/ppm = 9.63 (t, J = 1.6 Hz, 1H, -CH,-CHO), 2.37 — 2.31
(m, 4H, -CH,-CO-CH3, -CH>-CHO ), 2.04 (s, 3H, CH;3-CO-), 1.03 (s, 3H, -CHCHCCH;CH3),
0.83 —0.75 (m, 5H, -CHCHCCH;CHj3, -CO-CH-CH-, -CH-CH,-CHO).

13C NMR (101 MHz, d6-DMSO): /ppm = 208.1 (CH3-CO-), 203.0 (-CH»-CHO), 39.0 (-CH,-
CO-), 38.6 (-CH»-CHO), 29.5 (CH3-CO-), 28.4 (-CHCH3CH3), 20.8 (-CH-CH2-CO-), 19.1 (-
CH-CH>-CHO), 16.5 (-CHCHCCH3CHa), 15.1. (-CHCH3CH3)

MS (EL 70 eV): m/z (%) = 168.15 (0.06), 153 (0.6), 139 (7.5), 125 (6.6), 111 (16), 93 (10.0),
81 (12), 67 (12), 55 (31), 43 (100).

Synthesis of 4-isopropyl-1-methyl-7-oxabicyclo/4.1.0] heptane (dihydro-5)

0

dihydro-5

I-methyl-4-(prop-1-en-2-yl)-7-oxabicyclo[4.1.0]heptane (5, 1.9 g, 9.2 mmol) was dissolved in
EtOH (20 mL) and PtO> (0.09 mmol) was added. A hydrogen atmosphere was realized with a
balloon. After stirring overnight, full conversion was observed by GCMS. The catalyst was
separated by filtration and the solvent was removed under reduced pressure. 4-isopropyl-1-
methyl-7-oxabicyclo[4.1.0]heptane (dihydro-5, 1.2 g, 7.8 mmol, 85%) was obtained as slightly
yellow oil and used without further purification after the structure was confirmed by GCMS.
MS (EL, 70 eV): m/z (%) = 154 (1.2), 139 (15), 125 (12), 111 (49), 95 (11), 83 (18), 69 (40),
55(30), 43 (100).

297



Methods

Synthesis of 3-isopropyl-6-oxoheptanal (dihydro-8)

0]
gee

dihydro-8
4-isopropyl-1-methyl-7-oxabicyclo[4.1.0]heptane (dihydroe-5, 1.0 g, 6.5 mmol) was dissolved
in MeCN (15 mL), H,O (15 mL), and NalO4 (1.4 g, 6.5 mmol) before HCI (0.2 mmol, 2 M
HCI) was added. After 2.5 h, GCMS analysis verified full conversion. EtOAc (50 mL) and a
saturated solution of NaH>COs (50 mL) were added, the layers separated, and the aqueous
phase was extracted with EtOAc (3 x 50 mL). The combined organic layers were washed with
a saturated solution of NaH>COj3 and brine. After drying over NaSO4 and removing of the
solvent under reduced pressure, 3-isopropyl-6-oxoheptanal (dihydro-8, 1.0 g, 5.8 mmol, 90%)
was obtained as slightly yellow oil and used without further purification.
MS (EI, 70 eV): m/z (%) = 170 (0.27), 152 (0.86), 126 (6.8), 112 (10), 109 (17.6), 95 (7.3),
71 (19), 58 (26), 43 (100), 41 (20).

Synthesis of 3-(prop-1-en-2-yl)heptane-1,6-diol (11)

6-0x0-3-(prop-1-en-2-yl)heptanal (8, 5.0 g, 29.7 mmol) was dissolved in MeOH (60 mL) and
cooled in an ice bath. NaBH4 (1.13 g, 30 mmol) was added portion-wise within 30 min and the
temperature was kept beneath 8 °C. After the addition was completed, GCMS verified that all
substrate was consumed. After 30 min of additional stirring, NH4Br (6.0 g, 61 mmol) dissolved
in H>O (50 mL) were carefully added. The mixture was stirred for 30 min before EtOAc (60
mL) and brine (50 mL) were added. The layers were separated, and the aqueous layer was
extracted with EtOAc (3 x 60 mL). The combined organic phases were washed with a saturated
solution of NaH>CO3 and brine. The organic solvent was removed under reduced pressure after
drying under Na;SOs4, and crude product was obtained (3.50 g). The purification was performed
by column chromatography (EtOAc : hexanes = 1 : 1, 160 g silica, column diameter 3.5 cm)
and pure 3-(prop-1-en-2-yl)heptane-1,6-diol (11, 3.30 g, 19.1 mmol, 64%) was obtained as a
colorless oil.

Bp.: 280 °C (DSC).

'"H NMR (400 MHz, d6-DMSO): &/ppm = 4.78 — 4.74 (m, 1H, CCH3-CHH), 4.74 — 4.70 (m,
1H, CCH;-CHH), 3.81 — 3.69 (m, 1H, CH3-CHOH-), 3.64 — 3.51 (m, 2H,-CH,-CHO), 2.26 —
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2.12 (m, 1H, -CHz-C(iso-propenyl)H-CH»-),), 1.63 — 1.55 (m, 5H, CH;-CHOH-, -CH»-
CH:OH), 1.51 — 1.27 (m, 4H, -CH>-CH»-CHOH-, -CH:-CH>-CHOH-), 1.16 (s, 1.5H,
diastereo:CCHCH.CH3), 1.15 (s, 1.5H, diastereo: CCHCH.CH3).

13C NMR (101 MHz, d6-DMSO): §/ppm = 147.38, 147.33 (diastereo: -CCHCH>CH3), 112.37,
112.34 (diastereo: -CCHCH>CH3); 68.38, 67.86 (diastereo: CH3-CHOH- ) 61.39, 61.35
(diastereo: -CH2-CH>OH) 44.45, 43.99 (diastereo: -CH»-C(iso-propyl)H-CH»-) 37.19, 36.85
(diastereco: -CH,-CH>-CHOH-), 36.29, 36.27 (diasterco: -CH,-CH>OH), 29.59, 29.12
(diastereo: -CH»>-CH>-CHOH-), 23.72, 23.59 (diastereo: CH3-CHOH-), 17.84, 17.80
(diastereo: -CCHCH,CH3).

MS (EL 70 eV): m/z (%) = 157 (1.7), 154 (0.7), 139 (6.0), 136 (3.6), 111 (31), 95 (87), 81
(70), 69 (99), 55 (87), 41 (100).

Synthesis of /-(3-(2-hydroxyethvl)-2,2-dimethylcyclopropyl)propan-2-ol (12)

/OC/X\/\
OH

12

(1S,7R)-3,8,8-trimethyl-4-oxatricyclo[5.1.0.03,5]octane (7, 11.1 g, 73.0 mmol) was dissolved
in MeCN (150 mL)and H>O (150 mL) and NalOs (15.6 g, 73.0 mmol) was added. The reaction
mixture was stirred overnight. GCMS confirmed that the conversion was complete. NalO3; was
filtered of, and EtOAc (200 mL) and H>O (200 mL) were added. The layers were separated,
and the aqueous phase was extracted with EtOAc (3 x 150 mL). The combined organic phases
were washed with a saturated solution of NaH>COj and brine. After drying with Na>SQOy, the
solvent was removed under reduced pressure and crude 1-(3-(2-hydroxyethyl)-2,2-
dimethylcyclopropyl)propan-2-ol (12, 10.4 g, 84%) were obtained as a yellow oil. The structure
was determined by NMR and GCMS.

'"H NMR (400 MHz, d6-DMSO): 5/ppm = 4.41 — 4.25 (m, 2H, -CHH-OH, -CHH-CHOH-),
3.61 —3.49 (m, 1H, CH3-CHOH-), 3.39 — 3.30 (m, 2H, CHH-OH, -CHH-CHOH), 1.37 — 1.22
(m, 2H, -CH-CH:>-CH»-OH), 1.04 — 098 (m, 3H, CH3;-CHOH-), 097 — 0.93 (m,
3H, -CHCHCCH;3CHs), 0.81 (m, 3H, -CHCHCCH3CHs), 0.52 — 0.31 (m, 2H, -CO-CHa-
CH-, -CH-CH>-CH,OH).

MS (EIL, 70 eV): m/z (%) = 154 (0.38), 139 (2.4), 130 (14), 128 (25), 124 (1.4), 115 (36), 95
(82), 81 (51), 67 (91), 55 (100), 41 (70).
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Synthesis of 3-isopropylheptane-1,6-diol (dihydro-10)
OH

20e!

dihydro-10

3-isopropyl-6-oxoheptanal (dihydro-8, 6.0 g, 35.8 mmol) was dissolved in MeOH (100 mL)
and cooled in an ice bath before NaBH4 (1.02 g, 26.9 mmol) was portion-wisely given to the
mixture. The conversion was 90% as confirmed by GCMS and another portion of NaBH4 (110
mg, 0.5 mmol) was added. After stirring for another hour, acetone (40 mL) was carefully given
to the mixture. The mixture could reach room temperature, and a saturated solution of NaH>CO3
(100 mL) and EtOAc (100 mL) were added. The layers were separated, the aqueous phase was
extracted with EtOAc (3 x 100 mL) and the combined organic phases were washed with brine.
The mixture was dried with Na;SO4 and the solvent was removed under reduced pressure to
give crude product (5.7 g). 4.0 g of the crude oil were purified by column chromatography
(EtOAc : hexanes gradient 6 : 1 to 2 : 1, 160 g silica, column diameter 3.5 cm) and 3-
isopropylheptane-1,6-diol (dihydroe-10, 2.7 g, 15.5 mmol, 62%) was obtained as colorless oil.
'"H NMR (400 MHz, d6-DMSO): 8/ppm = 3.82 —3.72 (m, 1H, CH3-CHOH-), 3.71 — 3.60 (m,
2H, -CH»-CH>-OH), 1.72 - 1.65 (m, I1H,-CHCHCH3CHs), 1.64 - 1.54 (m,
1H,-CHCHCH3CH3), 148 — 1.22 (m, 6H, -CHOH-CH,-CH,-, -CHOH-CH,-CH,-, -CH>-
CH;OH), 1.19 (d, J = 6.3 Hz, 3H, CH;-CHOH-), 0.89 — 0.82 (m, 6H, -CHCHCH;CH}).

13C NMR (101 MHz, d6-DMSO): d/ppm = 68.73, 68.42 (diastereo: CH3-CHOH-), 61.94,
61.90 (diastereo: -CH>-CH>OH), 40.51, 40.14 (diastereo: -CH»-C(iso-propyl)H-CH,-, 37.40,
37.11 (diastereo: -CH>-CH,-CHOH-, 33.74, 33.58 (diastereo: -CH>-CH,OH), 29.63, 29.59
(diasterco: -CH>-CH,-CHOH-), 26.93, 26.75 (diastereco: -CHCHCH3CHj3), 23.74 (CHs-
CHOH-), 19.55, 19.45 (diastereo: -CHCHCH3CH3, 18.88, 18.81 (diastereo:-CHCHCH3CH3).

MS (EI, 70 eV): m/z (%) = 156 (0.61), 141 (2.6), 138 (1.0), 131 (2.0), 111 (11), 95 (68), 83
(39), 69 (100), 55 (74), 43 (65).
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Enzyme-catalyzed polymerization of 3-(prop-1-en-2-yl)heptane-1,6-diol (11) with dimethyl

adipate (14) to poly(1-methyl-4-iso-propenvl adipate) (polyl1-adipate)

o)
oJ\/I\/O
0 =
n

poly11-adipate

3-(prop-1-en-2-yl)heptane-1,6-diol (11, 78.6 mg, 0.50 mmol) and dimethyl adipate (14, 82.46
mg, 0.47 mmol) and CalB Lipase were stirred at 250 rpm, 50 °C and 50 mBar for 48 h. Then,
the temperature was set to 70 °C and the pressure was decreased to 25 mBar. After 48 h, the
viscosity of the mixture was strongly increased. NMR analytics in CDCIl3 revealed
oligomerization.

'"H NMR (400 MHz, d6-DMSO): 6/ppm = 4.80 (m, 1H, -COO-CHCH3-), 4.73 (s, 1H, -CH-
CCHH-CH3), 4.64 (s, 1H, -CH-CCHH-CH3), 3.93 (m, 2H, -CH,-CH>-O-CO-), 2.26 (m, 4H, 2x
-CH2-CH>-CO-), 2.14 — 1.97 (m, 1H, CH2>-CHC-CH>-), 1.55 (m, 9H, -O-CHCHj3-, 2x -CH>-
CH»-CO-0O-, -O-CHCH3-CH>-), 1.49 — 1.19 (m, 4H, -CH,-CH>-CH-, -CHC-CH,-CH>-0-), 1.17
—1.11 (m, 3H, -CHCCH:CH5).

Chemical polymerization of 3-(prop-1-en-2-yl)heptane-1,6-diol (11) with dimethyl

terephthalate (15) to poly(1-methyl-4-iso-propenyl terephthalate) (polyl1-terephthalate)

0
OJ\/IVO
@* )
0 n

poly11-terephthalate

3-(prop-1-en-2-yl)heptane-1,6-diol (11, 227 mg, 1.44 mmol), dimethyl terephthalate (15,
279 mg, 1.437 mmol) and Sn(OAc): (34.0 mg, 0.144 mmol) were stirred under a nitrogen
atmosphere at 180 °C for 4.5 h. The temperature was set to 200 °C and the pressure was lowered
to 2.5 mBar. After stirring for 2.5 h, it was heated to 220 °C and the pressure was reduced to
1.4 mBar. The viscosity was observed to increase noticeably. The reaction was cooled after
anotherl.5 h and the mixture was slowly cooled to room temperature. After cooling, the
obtained slightly orange solid was analyzed by NMR in CDCl; and DSC.

'"H NMR (400 MHz, CDCl3): 8/ppm = 8.15 — 7.95 (m, 4H, terephthalic), 5.16 (m, 1H, -COO-
CHCHs-), 4.83 (m, 1H, -CHCHHCH3), 4.77 (s, 1H, -CHCHHCH3), 4.37 — 4.16 (m, 2H, -CH»-
CH>OH), 2.33 — 2.19 (m, 1H, CH>-CHCCH>-), 1.92 — 1.75 (m, 2H, -O-CHCH3-CH>-CH>- ),
1.72 — 1.42 (m, 7H, CHCH;3-CH:-CH,-, -CH-CH,-CH;0O-), 1.40 — 1.28 (m, 3H, -CH-
CCH2CH3).
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NMR spectra of 6-0x0-3-(prop-1-en-2-yDheptanal (8)

Methods
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NMR spectra of 3-(prop-1-en-2-yl)heptane-1.6-diol (11)
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NMR spectra of 3-isopropylheptane-1.6-diol (dihydro-10)

Methods
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NMR spectra of 3-(prop-1-en-2-yl)heptane-1.6-diol (11)
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NMR spectra of 1-(3-(2-hydroxyethyl)-2.2-dimethylcyclopropyl)propan-2-ol (12)
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NMR spectra of poly(1-methyl-4-iso-propenyl terephthalate) (polyl1-terephthalate)
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Scheme 1.1 Biosynthesis of isoprene following the methylerythritol phosphate (MEP) and the mevalonate pathway (MVA).
MEP: DXS 1-deoxyxylulose-5-phosphate synthase, DXR 1-deoxy-Dxylulose-5-phosphate reductoisomerase, CMK 4-
diphophocytidyl-2-C-methyl-D-erythritol kinase, MCT 4-diphosphocytidyl-2-C-methyl-D-erythritol synthase, MDS 2-C-
methyl-Derythritol 2,4-cyclodiphosphate synthase, HDS 1-hydroxy-2-methyl-2-(E)-butenyl 4-diphosphate synthase, HDR
hydroxymethylbutenyl diphosphate reductase. MVA: AAT Acetyl-CoA C-acetyltransferase, HMGS hydroxymethylglutaryl-
CoA synthase, HMGR hydroxymethylglutaryl-CoA reductase, MK mevalonate kinase,, PMK phosphomevalonate

decarboxylase, MVD diphosphomevalonate decarboxylase.>” 3
Scheme 1.2 Eurochim-method for the synthesis of isoprene from iC4Hs and formaldehyde. 5
Scheme 1.3 Synthesis of a terpene-based co-polyester starting from the Diels-Alder reaction of a-phellandrene with malic

anhydride. 22

Scheme 1.4 Synthesis of terpene lactones from carvone (a),’®’” menthone (b)’® and B-pinene (c)”® and subsequent ROP to
polyesters. BHT = [4-[bis[4-[(3-sulfophenyl)amino]phenyl]methylidene]-1-cyclohexa-2,5-dienylidene]-

(4-sulfophenyl)azanium. 24
Scheme 1.5 Synthesis of limonene-based AB- and AA/BB-type homo-polyesters. TEMPO = 2,2,6,6-tetramethylpiperidin-1-
yDoxyl; bpy = 2,2"-bipyridine; NMI = N-methylimidazole.® 25
Scheme 1.6 Synthesis of hydroxyborneol and polymerization with succinic acid to a chiral terpene-based polyester.?! 26
Scheme 1.7 Synthesis of limonene-based poly(thioether amides). DMPA = 2,2-dimethoxy-2-phenylacetophenone
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Scheme 1.8 Synthesis of B-pinene based homopolyamides.® 27
Scheme 1.9 Synthesis and polymerization of a menthone-derived lactam by anionic ROP 378 28
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