Imperial College London

Department of Chemical Engineering

lterative Synthesis of Uniform Poly(ethylene glycol) via
Organic Solvent Nanofiltration

Marc Schaepertoens

First submitted September 2017
Revised June 2019

Supervised by Prof. Andrew G. Livingston

Submitted in part fulfilment of the requirements for the degree of Doctor of Philosophy



Copyright declaration

The copyright of this thesis rests with the author. Unless otherwise indicated, its contents are licensed

under a Creative Commons Attribution-NonCommercial 4.0 International License (CC BY-NC 4.0).

Under this licence, you may copy and redistribute the material in any medium or format. You may also
create and distribute modified versions of the work. This is on the condition that: you credit the author

and do not use it, or any derivative works, for a commercial purpose.

When reusing or sharing this work, ensure you make the licence terms clear to others by naming the
licence and linking to the licence text. Where a work has been adapted, you should indicate that the work

has been changed and describe those changes.

Please seek permission from the copyright holder for uses of this work that are not included in this

licence or permitted under UK Copyright Law.



Declaration of originality

The work contained in this thesis is my own, except where noted otherwise and all external sources are

appropriately referenced. Where required, permission has been sought for use of external content
(p- 411).

Please consult the Acknowledgements for details on materials provided by colleagues and the technical

services used for analytical work.



Abstract

This thesis describes the synthesis of uniform, heterobifunctional poly(ethylene glycol) via organic
solvent nandfiltration, a scalable and cost-effective membrane-based technology that allows reactions
and purifications to be carried out in liquid medium throughout and provides access to oligomers of
commercially relevant length. This membrane-based strategy contrasts with established routes via

chromatography, extraction and solid phase synthesis.

The preparation of uniform oligomers relies on the stepwise addition of building blocks, one at a time,

over many synthetic extension cycles. To ensure uniformity, the growing oligomer requires purification
from excess building block and reaction debris after each extension. In this strategy, intermediate and
final products en route to the desired poly(ethylene glycol) oligomer are freed from impurities by

diafiltration.

In order to facilitate the removal of impurities during diafiltration, multiple oligomers are synchronously
grown on a soluble, multivalent anchor. The attachment of multiple growing oligomers onto the anchor
leads to a fast-growing product complex with enough size to be well-retained by a membrane. On the
other hand, the separable impurities consisting of much smaller building block and reaction debris can
readily pass through the membrane, resulting in an efficient separation. To enhance discrimination, the
anchor is enlarged, and the size of the functional groups on the building block minimized. Further, the

anchor is designed to be sufficiently distinct and readily detectable by UV.

A two-stage diafiltration process then allowed the synthesis of uniform, mono-methyl Egso (MPEG-2700)
with excellent quality (dispersity B = 1.0006, oligomer purity = 97 %) from an Eg.2 building block in four

chain extension cycles.

It is demonstrated that deprotection and purification may be accomplished jointly via nandfiltration with a
poly(ether ether ketone) membrane that is sufficiently stable towards acidic deprotection conditions and
that spent diafiltration solvent may be partially recovered by membrane-based solvent recovery in a

closed loop.
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General introduction

Uniform and sequence-defined polymers provide substantial benefits over their disperse counterparts.
For several natural polymers such as deoxyribonucleic acid (DNA), ribonucleic acid (RNA) and peptides,
the exact sequence of base pairs or amino acids is crucial to their function. For other macromolecules
such as poly(ethylene glycol), the extent of dispersity influences their physical properties and may go as

far as determining in vivo behaviour.

In contrast to conventional polymer synthesis, the preparation of sequence-defined oligomers relies on
the stepwise addition of building blocks, one at a time, over many synthetic extension cycles. To ensure
uniformity of the final product, the growing oligomer must be purified from excess building block and
reaction debris after each extension cycle. Sequence-defined oligomers are therefore substantially more
costly to produce in comparison to conventional polymers as a result of the repeated purifications

necessary between extension cycles.

Technology does exist to synthesize sequence-defined oligomers to industrially relevant lengths. For
example, solid phase synthesis (SPS), developed by Robert B. Merrifield (Nobel Prize in Chemistry
1984), has been used since the 1960s to synthesize oligonucleotides, peptides and other sequence-
defined oligomers on a solid matrix in an iterative fashion. Purification is made easier as the growing
oligomers are immobilized on the solid support and excess reagent after extension cycles can simply be
washed away. The technology does however suffer from several drawbacks, chiefly a lack of continuous
scalability due to the limitations of the solid beds used and a related lack of economies of scale.
Chromatography, a technology often used for the purification of synthetic oligomers such as
poly(ethylene glycol), is in principle linearly scalable and can be combined with reactions in a
homogeneous liquid but also lacks meaningful economies of scale. Both technologies work by

separating on a heterogeneous medium.

Extraction is an alternative which does in principle allow the purifications in a fully liquid system with the
associated benefits of processability and provides economies of scale. However, particularly for systems
where the growing oligomer and the reaction debris and building blocks do not exhibit good separation
and distribution across the aqueous and organic phase, separation is complicated. The problem
becomes exacerbated for oligomers with surfactant properties such as poly(ethylene glycol) (PEG),
which distribute increasingly evenly across both aqueous and organic phases with increasing chain

length and impede de-mixing after extraction with a tendency to form emulsions.

Specific to PEG, as of 2017 the longest oligomers synthesized using chromatography or extraction for
purification between chain extensions are Egess and Eg.4 respectively. These oligomers are therefore also

much shorter than the lengths typically required for pharmaceutical applications (5-20 kDa).
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Problem Statement: There is currently no established, scalable and cost effective technology platform
enabling the synthesis of poly(ethylene glycol) oligomers towards commercially relevant chain
lengths.

A membrane-based technology, organic solvent nanofiltration (OSN), would enable reactions and
purifications to be carried out in a liquid medium throughout and promises to be a more scalable and
cost-effective alternative. OSN also promises to enable synthesis of oligomers with sufficient length to be
of commercial relevance. To successfully prepare uniform oligomers with this purification technology, the
synthetic chemistry used during building block preparation and chain extension must be compatible with
the membrane-based separation. The chemistry is therefore chosen to be synergistic and to facilitate the
purification and the individual process steps are optimized with the goal of a working process with the

potential for large scale implementation in mind.

While the problem statement extends to other oligomers such as oligonucleotides and peptides for which
the work of colleagues’ is ongoing, this thesis focuses on the synthesis of uniform, heterobifunctional

poly(ethylene glycol) via organic solvent nanofiltration.
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This thesis is divided into four chapters, followed by an experimental chapter.

Chapter 1 introduces the motivation for obtaining uniform (monodisperse) polymers and the current
perspective on uniform and sequence-defined oligomers in general. The first chapter then moves on to

the synthesis of poly(ethylene glycol) and discusses the specific challenges related to its synthesis.

Different iterative growth strategies are compared for their speed of growth, the oligomer length increase

per chain extension cycle, and the ease of product purification.

Ultimately an approach is chosen, whereby multiple oligomers are attached to and grown on a single
anchor. This approach, the homostar approach, provides a large size differential between the growing
oligomer product and the building block and reaction debris to be separated. It is then demonstrated that
synthesis of an oligomer comprising 56 units of ethylene glycol (56-mer, Egss) is feasible with known
chemistry and that the chosen growth strategy is potentially suitable for nanofiltration, but the

purifications in Chapter 1 are still only chromatography-based.

Aims:
o Select a growth strategy suitable for purification by nanofiltration
o Establish that the synthetic chemistry of all steps involved in the preparation of a uniform

oligo(ethylene glycol) is feasible

Chapter 2 details a kinetic study carried out alongside the preparative synthesis towards Egss described
in Chapter 1. In preparation for attaining commercially relevant chain lengths, it is necessary to check
whether the reaction kinetics of chain extension remain sufficiently fast or become slower with increasing

chain length.

Aims:
¢ Quantify the chain extension kinetics and gain an understanding of kinetics with increasing chain
length

¢ Identify and quantify kinetics of significant side reactions

Chapter 3 begins with a review of the iterative synthesis of uniform and sequence-defined oligomers via

OSN to date. It is then identified that the chemistry used for the synthesis of Egse described in Chapter 1

requires modifications to facilitate purification of the growing oligo(ethylene glycol) oligomer by OSN. The
three key functional elements — protecting group, leaving group and hub — of the molecules to be

separated are then optimized for nanofiltration in conjunction with the overall strategy.

15



Based on the adapted building blocks and a new hub, the successful purification of the growing
oligomeric PEG product from the building block and reaction debris via OSN is then demonstrated. As
proof of concept, a nearly uniform mono-methyl Egeo oligomer (mPEG-2700) with excellent quality
(dispersity B = 1.0006, oligomer purity = 97 %) is then assembled in four iterative chain extensions from
a 12-mer building block, replacing chromatographic purification entirely with membrane-based

separation.

e Adapt the homostar and building block chemistry to optimize purification by OSN
e Demonstrate successful purification of a growing oligo(ethylene glycol) over several extension
cycles

e Extend an oligomer towards commercially relevant length

Chapter 4 discusses the implications of high solvent consumption during product purification by
nanofiltration. The problem is not specific to purifying uniform oligomers but is a feature of the washing
process used. The recovery of washing solvent is in principle also possible via OSN but must use a
tighter membrane which ideally retains all impurity and only permeates solvent. However, membranes
with an ideal separation profile for this solvent recovery application are difficult to find in practice. To
enable solvent recovery by nandfiltration with imperfect membranes that do not fully retain all impurity, a

process adaption is devised.

e Trial an integrated membrane-based solvent recovery for a two-stage cascade in a closed-loop
set-up based on prior work
¢ Demonstrate successful purification of the product by diafiltration even when the solvent recovery

membrane unit cannot fully retain all impurities.

The overarching goal of the project is to prepare uniform heterobifunctional oligo(ethylene glycol) of
commercially relevant length via iterative synthesis using OSN as the purification technique and doing so

in a cost-effective and scalable manner which translates well to a potential industrial process.
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1. Chapter 1: Iterative Synthesis of Uniform Poly(ethylene glycol)

1.1. Introduction

Most synthetic polymers exhibit an inherent size distribution as a result of their manufacturing process. In
a typical polymerization process, upon initiation, a quantity of monomer is allowed to polymerize, and
monomers can combine successively to form the polymer chain. The exact mechanism of polymerization
varies depending on the monomer, e.g. step-growth or chain-growth, but the concept is similar in that
monomers combine continuously until the reaction is complete. An example of a step-growth
polymerization typical of a condensation polymer with a single bifunctional monomer is shown below

(Figure 1).

"Normal" polymerization Multiple successive attachments
with a single monomer (M") are possible !

2 \/ (—@—(
Fups, S

N attachments of the same building block
yield a polymer of length N

(n=1,23,..,N-1,N)

Figure 1. Step-growth polymerization where multiple successive attachments of a single bifunctional
monomer (M") form the polymer chain. The monomer has two different complementary sites, A and B,
which can combine (B — A) to form the polymer while two similar sites (A — A and B — B) cannot
combine.

17



Due to the statistics of an unhindered polymerization, some monomers will combine faster than others so
that the polymer chains in the mixture do not grow at the same rate. The product is therefore a polymer

with a mixture of different chain lengths, typically with a Gaussian distribution.

One measure of size distribution, i.e. distribution of molar masses in polymers, is dispersity (previously
referred to as polydispersity index, PDI), more specifically molar-mass dispersity (D), the ratio of the
mass-average molar mass, relative molecular mass, or molecular weight (M), to the number-average

molar mass, relative molar mass, or molecular weight (M).2

M
P =

W
_ >
M, D=1

Equation 1

(Note that the mass-average and number-average molar mass, My and M, respectively, should not be

confused with the abbreviation for a generic monomer, M', in Figure 1.)

Much of the physical behaviour and properties of polymers are affected by their dispersity. For example,
polymers typically do not exhibit sharp melting (Tm) and glass transition points (Tg) as their behaviour

changes over a temperature range as a result of dispersity.

To improve upon properties by narrowing the size distribution, ways have been found to synthesize
polymers with relatively low dispersity, for example through living polymerization. Living polymerization is
a variant of chain-growth polymerization characterized by a rapid chain initiation, i.e. much faster chain
initiation than chain propagation, and by the absence of chain transfer or chain termination reactions. As
such, all active species are formed simultaneously and all then react continuously at an approximately
similar rate until all monomer units are used up, and without termination until the active species are
quenched. For some important polymers such as poly(ethylene glycol) (PEG) which is used widely in the
pharmaceutical industry as a non-toxic, non-immunogenic ingredient, B values as low as 1.05 are now
the norm for polymers smaller than 30 kDa, and D values around 1.1 are considered acceptable for
higher molecular weights.® However, even with dispersity values of around 1.05, samples may still
contain a double digit figure of chains with different length for each chain of the desired size, i.e.
specified M. A typical sample of PEG manufactured via living anionic polymerization with B of 1.03 for a

Mw of approx. 2,200 Da still contains less than 10 % of the denominated target species (Figure 2).

Most industrially produced synthetic polymers are therefore not exactly defined in their size and

properties but this usually does not impede their function.
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Figure 2. MALDI-ToF mass spectrum of a sample of a-methoxy w-aminopropyl PEG-2000 purchased
from NOF Corporation (JP). Despite the relatively low dispersity of 1.03 for a standard polymer, the
product contains less than 10 % of the MeO—Eg47—C3sHsNH. target species. Adapted from # with
permission from John Wiley & Sons.

Sequence-defined and uniform oligomers

There are in contrast some polymers for which an exact definition of size and sequence is critical to their
function. Biopolymers such as deoxyribonucleic acid (DNA), ribonucleic acid (RNA), polypeptides and
polysaccharides are the foundation of life. For DNA and RNA, sequence-definition is the prerequisite for
their function. Strikingly, nature can synthesize these biopolymers in a very precise fashion and the
universal genetic code of all life on earth relies on exact replication and transcription of these two
polymers comprising a combination of only four monomers, or base pairs — adenine, guanine, cytosine

and either thymine for DNA or uracil for RNA.

DNA and RNA are therefore examples of sequence-defined polymers as the exact sequence of bases is

well-defined. Their precise sequence-definition is crucial to their functionality.

A distinction can be drawn between sequence-defined and uniform polymers in that a sequence-defined
polymer refers to a macromolecule comprising more than one monomer in a defined sequence while

uniformity or non-uniformity is a reference to whether the bulk polymer, i.e. the assembly of chains
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constituting the polymer, exhibit dispersity (non-uniform) or are all of the same length (uniform). A
collection of sequence-defined oligomers will therefore also necessarily be of uniform molecular size,
while a uniform polymer comprising many chains of the same length but assembled from only one

monomer would not exhibit sequence-definition.

Oligomers and polymers

Lastly, a distinction should be made between polymers and oligomers. An oligomer (Ancient Greek:

OAiyog (oligos, “few”, “small”, “little”) and pépog (méros, “part”)) is, according to the International Union

of Pure and Applied Chemistry (IUPAC), “a molecule of intermediate relative molecular mass, the
structure of which essentially comprises a small plurality of units [...] in contrast to a polymer, where the
number of monomers is, in principle, not limited.” As a result, oligomer syntheses are discussed here
conceptually as an (often small) sequence of several individual addition steps rather than one continuous

reaction which yields a fully polymerized product.
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1.1.1. Synthetic strategies towards sequence-defined oligomers

There are various ways of synthesizing and replicating defined sequences by mimicking their
biosynthesis, e.g. by templating, as practised during polymerase chain reaction. However, the focus here

will be on the ways of manufacturing sequence-defined oligomers using synthetic chemistry.

The defining feature of all strategies towards sequence-defined oligomers is that monomers are not
allowed to attach twice successively in the same reaction step as is common in normal polymerizations
as previously shown in Figure 1. Instead, multiple attachments are actively prevented by using protecting
groups, orthogonal functional group chemistries, or by more exotic means such dormant reactive groups

and exploiting vastly different reaction activation energies with temperature swings.

As a result, sequence-defined polymers are typically grown in a stepwise, or iterative fashion, whereby
each unit of a sequence is inserted one at a time. Of course, this makes the synthesis of a sequence-
defined oligomer much more cumbersome and resource-intensive. While Chapter 1 details only the
synthetic challenges of making a uniform oligomer from poly(ethylene glycol), Chapter 3 is dedicated to
finding a way of mitigating the additional cost of purification between each iterative cycle by using

nanofiltration.

Strategies utilizing a protecting group

A common tool to prevent the reaction of a functional group in synthetic chemistry is the use of a
protecting group (Pg). A protecting group acts as a mask and temporarily passivates a functional group
so that it is no longer reactive. An important feature of a protecting group is that it can be selectively
removed again without affecting other sections of the molecule. The conceptually simplest strategy
towards a sequence-defined oligomer making use of a protecting group consists of one type of
heterobifunctional monomer with two different reactive sites. One site of the monomer is active and
ready for attachment to an existing chain, and the other site is inactive. The inactive site is masked by a
protective group which prevents further monomer attachment at this site in the same reaction step. The

attachment of monomer to a growing oligomer is the first part of a chain extension cycle.

After complete reaction, i.e. successful attachment of monomer to all reactive sites of an existing
oligomer mixture, the reaction is quenched. Prior to the next extension, the inactive sites still masked by
protective groups need to be deprotected and thereby made available for further extension in the next
chain extension cycle. The deprotection, or reactivation of the chain terminus for next extension, marks
the second part of the chain extension cycle. A complete chain extension cycle can be repeated multiple

times to give a uniform, sequence-defined monomer of the desired length (Figure 3).
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Figure 3. lterative strategy for preparing a sequence-defined polymer with protected building blocks of
type AB on a solid support (grey sphere). Monomers (M") may vary but have similar heterobifunctional
terminal functionality: two different complementary sites, A and B, which can combine (B — A) to form
the polymer but only after the protecting group (small orange sphere) has been removed from the
terminus. If all M" are equal, a uniform oligomer is obtained, and if M" are different that oligomer will also
be sequence-defined. Protecting group =
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Crucially, all residual monomer and debris from the previous reaction step must be removed prior to the
next extension reaction. This is because the deprotection affects the product oligomer as well as any
residual excess monomer from the previous extension step. Any leftover monomer from the previous
step would no longer contain a protective group on one end and would therefore lead to double coupling
in the next extension step as another monomer could attach to the unprotected end of these deprotected

monomers as shown in Figure 4.
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Figure 4. Incomplete removal of monomer after protecting group removal leads to undesired double
coupling of monomer during the subsequent chain extension cycle yielding a false sequence.
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Separation of the excess monomer may in theory be performed prior to, jointly with or after deprotection
and needs to take into account the reaction and deprotection debris. The choice of how exactly to purify
this mixture depends on multiple factors including the separation technique employed and this

separation problem will be one of the central themes in this thesis.

For the synthesis of uniform poly(ethylene glycol) in this work, a protecting group strategy is used and

several alternative protecting group-free approaches are outlined below for completion.

Protecting group-free strategies

Sequence-defined polymers may also be obtained via protecting group free strategies. These include
approaches utilizing orthogonal building block functionalities and approaches where a dormant site on a
building block is activated after building block attachment, a similar concept to using a protecting group.
Another strategy, which upon closer inspection yields copolymers, exploits different activation energies
and uses two different temperatures for attachment of two different building blocks. A last example
showcased exploits an internal rearrangement of a boronate ester within a temperature cycle and relies

on different stabilities of reagents and products at temperatures between -78 °C and room temperature.

Two homobifunctional monomers

The simplest protecting group-free approach makes use of two different monomers with similar terminal
functionality each. Expressed similarly to the previous example, the monomers possess AA and BB
functionality respectively, where sites A can only couple to sites B (Figure 5). Because each monomer is
homobifunctional (having similar functionality on each terminus), neither monomer can couple to itself.

Therefore, chain extension is only possible by alternating addition of each monomer.®

There is one serious drawback to the technique: because an added monomer has similar functionality on
each terminus, it can cross-link two growing chains (Figure 6). An extension strategy with
homobifunctional monomers is therefore only workable in confined circumstances. Either extending
chains must be kept physically separate from each other, e.g. by growing on a heterogeneous, solid
support, or local concentrations of monomer must be in large excess, perhaps in combination with a high
dilution technique. Even then, a small proportion of cross-linking will statistically occur in the latter case.
The approach is therefore less suitable in homogeneous reactions where participants are well-mixed.
There, the selectivity of the reaction would be inversely related to the excess of monomer used,
necessitating the use of large excesses of monomer or affording a loss of selectivity, both undesirable in

a larger scale setting. Strictly speaking, this strategy yields co-oligomers (oligomeric copolymers) as
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alternating functional groups will be orientated towards each terminus of the chain in alternating fashion,

similarly to Nylon (Polyamide) 6,6 in comparison to Nylon (Polyamide) 6.

w/ﬁ@ﬁ

Two orthogonal functional group

(i) Monomer BB attachment
X chemistries guide correct attachment !

(ii) Monomer AA attachment

(i) & (ii) Multiple cycles of monomer BB N cycles in total with n different building blocks
and monomer AA attachment n=1,2,3,..,N-1,N)

(for BB building blocks, n is odd)

(for AA building blocks, n is even)

Figure 5. Iterative strategy for preparing a sequence-defined polymer with non-protected building blocks
of type AA and type BB on a solid support (grey sphere). Monomers (M") may have different cores but
have similar, homobifunctional terminal functionality: either two sites A and A, or two sites B and B,
which can combine intermolecularly (B — A) to form the oligomer with alternating orientation of the
functional groups (small black and grey half-circles). If all M" are equal, a uniform co-oligomer is
obtained, and if M" are different that co-oligomer will also be sequence-defined.
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Figure 6. Undesirable side reaction during iterative extension with type AA and type BB building blocks
(as shown in Figure 5) if local excess of monomer is not sufficiently high.

Two heterobifunctional monomers with four different functional groups in total

A more sophisticated way of avoiding the use of a functional group is to use two heterobifunctional
monomers with selective functionalities that only allow coupling of one functional group of one monomer
to one functional group of another monomer. In theory, this necessitates each functional group to be
orthogonal to itself and another intramolecular functional group while being selective to one functional
group on another monomer and orthogonal to the second functional group on this other monomer.
Thereby self-coupling is prevented and selective coupling to the other type of monomer ensured.
Expressed similarly to the above examples, the two different monomers have BC and DA type
functionality respectively and coupling is only possible between C — B and D — A. The approach using
these four different functionalities is exemplified in Figure 7 where it is shown that the two different

monomers may also contain different core groups.®

Because two different monomers are utilized, this approach will yield co-oligomers and cannot be used
to grow homo-oligomers having the same functionality between each monomer unit. In practice,

monomers fulfilling such a diverse set of selectivity and orthogonality criteria are also difficult to design.
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Figure 7. lterative strategy for preparing a sequence-defined polymer with non-protected building blocks
of type BC and type DA on a solid support (grey sphere). Two dissimilar monomers (M"°%) and (M™even)
must have dissimilar, heterobifunctional terminal functionality: each functional group is compatible to only
one other functional group on the other, alternating monomer but orthogonal to itself, the other
intramolecular functional group and the other intermolecular functional group on the alternating
monomer. The only couplings allowed are therefore B— A and D — C. The strategy will yield a co-
oligomer with alternating functional groups (small black circles and blue turned squares). If all M" have
similar cores, a uniform co-oligomer is obtained, and if M" are different that co-oligomer will also be
sequence-defined.
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Functional group interconversion of dormant reactive groups

A strategy which is conceptually very similar to using protecting groups, makes use of a dormant reactive
group on a monomer. The dormant reactive group needs to be activated in a separate reaction step prior
to further chain extension. This strategy is therefore an analogue of the protective group approach
previously described — rather than unmasking a reactive functional group by removing a protective
group, the reactive character of a terminal is reinstated or freshly created by activation or functional
group interconversion. There should be no obvious merits over a protecting group-based strategy as no
reaction steps are saved and, in both strategies, a further reaction step is needed after successful

monomer coupling to provide a reactive site for the next monomer attachment cycle.

Exemplary of the route via dormant reactive groups is the synthesis of a thiophene oligomer on a solid
support’ (Figure 9) and the synthesis of ether oligomers in liquid phase.® In the former case, thiophene
oligomers were synthesized via alternating attachment of a substituted or unsubstituted thiophene
monomer to a bromide functionality via Stille coupling, and bromination of the newly attached ring to

provide an attachment point for the next monomer.

Figure 8. Synthesis of a thiophene oligomer via a strategy using dormant reactive groups. Reagents and
conditions: a, N-bromosuccinimide, DMF, rt; b, 2-(trimethylstannyl)-4-octylthiophene, Pd(PPhs).Cl., DMF,
80 °C; ¢, NaOMe, THF, reflux, 1 h, then Mel, 18-Crown-6, reflux, 3 h. Adapted from 7 with permission of
The Royal Society of Chemistry.

In the latter example, ether oligomers were synthesized via Mitsunobu coupling between benzyl alcohol
or a benzylic alcohol with a hydroxyaromatic aldehyde or ketone as a nucleophile, followed by re-

generation of a benzyl or benzylic alcohol for the next coupling from the aldehyde or ketone functionality
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via reduction (NaBH4).2 Coupling was viable with a multitude of building blocks, including ortho- and bis-
ortho-substituted phenols as well as substituted acetophenones which yield chiral products after

reduction, but not with salicylaldehyde.
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Figure 9. Iterative coupling strategy for the preparation of aromatic ether oligomers. a) Mitsunobu
coupling: Phenol, PPhs, diisopropyl azodicarboxylate, THF, 0-25 °C b) Reduction: NaBH4, MeOH R" = H
or Me; Y" = CH3, OCHj3, OC,Hs, NO2 and combinations therof. Adapted with permission from 8. Copyright
(2004) American Chemical Society.

Exploiting a reactivity difference via temperature change

Another approach that is more distinct from protecting group techniques relies on a change in reaction
kinetics of the second site of the monomer upon attachment on the first site. An example is the synthesis
of triazine-based polymers® which relies on a step change in reactivity with each added substituent group
on cyanuric chloride, i.e. with each removal of an electron-withdrawing chloride group. The different
monomers are made by attaching one side group to cyanuric chloride leaving two further reactive sites.
When a monomer is attached to one of these two reactive sites via a free amine group on the growing
oligomer, the third and last reactive site is significantly deactivated so that much higher temperature is
needed to affect further monomer attachment. In the words of the authors: “Each substitution deactivates
remaining sites such that higher temperatures are required for each substitution around the ring, from -

20 to 5 °C for the first reaction, rising from 18 °C to 35 °C for the next reaction, and temperatures above
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60 °C for the third.” Therefore, excess monomer can be separated off and a diamine spacer inserted at
elevated temperature to provide another amine site for the next cycle. However, even in this scenario a
second reaction is needed to generate the new reactive site and this approach is therefore comparable

to the dormant reactive site strategy.
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Figure 10. Solid phase synthesis of a triazine-based polymer exploiting a difference in reactivity between
a monosubstituted and a twice substituted cyanuric acid derivative. Adapted from ® under a CC BY-NC-
ND license.

Exploiting differing reactant stability and product intermolecular rearrangement via a

temperature cycle

One impressive example of a protecting group-free approach is a controlled iterative homologation of a
boronic ester (Figure 11).1° Therein, a chiral lithiated hindered benzoate (generated in situ from its
stannane with n-BuLi at -78 °C) is coupled to a boronic ester to form a boronate complex. The product

mixture is aged at -42 °C for a period of time to allow excess lithiated benzoate to decompose, followed
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by warming to room temperature (+20 °C) to allow for 1,2-migration to give the homologated/elongated
product with reformation of a boronic ester ready for further elongation. Instead of a protecting group,
this approach therefore uses a temperature cycle and finely tuned reactivity with an internal
rearrangement to generate the coupling site for the next cycle. The approach was used to synthesize
oligomers of what could probably be referred to as poly(methyl methylene) with controlled tacticity
(isotactic, syndiotactic and a tailored combination thereof). The overall 44-58 % yield of 10-mer (after 9
couplings) with a reported oligomer purity of up to 97 % and a calculated enantiomeric ratio of the major
diastereoisomer of 102°:1 is impressive. However, this approach is clearly limited to monomers which are
tailored to undergo very specific rearrangements to restore a functional group, and in this case also

relies on a temperature cycle involving relatively low temperatures (down to -78 °C).

An analogue natural iterative chain extension process mentioned by Burns et al. is the enzyme-catalyzed

formation of polyketides where a thioester is passed from one module to another (Figure 12)."’
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Figure 11. lterative homologation of boronic esters via (i) coupling of a chiral lithiated hindered benzoate
generated in situ with a boronic ester, (ii) ageing of the mixture for 1 h at -42 °C to decompose excess
lithiated benzoaze and (iii) internal rearrangement of the boronate complex to yield the elongated
product boronic ester ready for further chain extension. Tib = 2,4,6-triisopropylbenzoate. pin = pinacol. rt
= room temperature. Adapted from ° with permission from Nature Publishing Group.

31



C0x
=H or Me AcpS
( ACpSMR

EnzS

AcpS

X
EnzS AcpS Re-entry into
/ \ iterative cycle

or

expulsion of

)K'/\
)\/k

polyketide AcpS
Polyketides
Reduced polyketides
Fatty acids

Figure 12. Example of polyketide biosynthesis where successive cycles of chain extension and
functional-group interconversions generate a diverse array of complex molecules. Acp = acyl carrier
protein; Enz = enzyme. Adapted from '® with permission from Nature Publishing Group.
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1.1.2. Poly(ethylene glycol) as a model system

The synthetic strategies described in the previous section apply to a wide range of polymers. In order to
demonstrate successful synthesis of an oligomer, and to study the feasibility of purifying intermediate
products en route to a uniform oligomer with nandfiltration, a suitable model system was required. The
criteria were: a non-toxic polymer which had been well-studied, whose synthesis involved inexpensive
starting materials, and which had available reference compounds, ideally in both disperse and uniform
versions. Other desirable features of the polymer were sufficient stability under standard conditions, that
it should not be overly sensitive to oxidation or other side reactions, and constituent monomers which
could be reliably coupled with established protocols. The polymer was to command enough relevance in
industrial applications to justify research into viable methods of scaling up synthesis and purification and
be used in applications in which a uniform sample could provide substantial benefits over a disperse

sample.

A suitable candidate was found in poly(ethylene glycol) (PEG) (Figure 13). PEG is a polyether which is
well soluble in a wide range of aqueous and organic media and is also used as a dispersant. PEG is
non-toxic and physically and environmentally benign and the handling of non-functionalized PEG
requires no further measures beyond the use of standard laboratory personal protective equipment.
Conveniently, starting materials for PEG synthesis are available inexpensively and in sufficient quantity
up to the tetramer (four units of ethylene glycol), or Egs. Extensive research into the synthesis of uniform

PEG is available and a small number of commercial suppliers for uniform PEGs exist.

HO\Q/\O}nH

Figure 13. Poly(ethylene glycol), a pharmaceutically relevant polymer.

Applications of poly(ethylene glycol)

Poly(ethylene glycol) is widely used in the pharmaceutical industry to increase serum/ drug elimination
half-life of pharmaceutically active molecules, e.g. proteins, by covalent attachment of these molecules
to PEG (PEGylation). The features of PEGylation, in line with its widespread use, have been reviewed

extensively®'2-'® and are summarized by Jev$evar et al. as follows:

“Conjugation of PEG to protein results in a new macromolecule with significantly changed
physicochemical characteristics. These changes are typically reflected in alterations of receptor
binding affinity, in vitro and in vivo biological activity, absorption rate and bioavailability,
biodistribution, [pharmacokinetic] and pharmacodynamic profiles, as well as reduced immunogenicity

and reduced toxicity. The main drawback of PEGylation is usually reduced biological activity in vitro,
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which is compensated in vivo by significantly improved [pharmacokinetic] behaviour. Generally, the
longer the PEG chain, the longer the elimination half-life of the PEG-protein conjugate. In addition to
PEG length, its shape greatly influences absorption and elimination half-life. Various sources have
confirmed that branched PEGs extend elimination half-life more than linear PEGs of the same

nominal molecular weight'®.”320

In their disperse form, PEGs have been widely used by the pharmaceutical industry since 1990 when the
first PEGylated protein was approved (Table 1). It is noticeable that almost all approved drugs have used
monomethoxy-PEGs larger than 5 kDa, often significantly larger in the range of 20 kDa to 40 kDa. This is
because, particularly for large drug molecules, a minimum length of PEG is required to achieve the
desired effects. The recently approved small molecular drug Movantik® (PEGylated a-naloxol) is the
only notable exception, with a methoxy-PEG conjugate comprising only 7 units of ethylene glycol (Egr).
The drug itself has a mass of only 329 Da, and together with the PEG conjugate has a mass of 652 Da.
In contrast to other PEGylated drugs where the goal is to e.g. increase serum half-life, the PEGylation of
naloxol is chiefly intended to prevent the drug from crossing the blood-brain barrier. It is conceivable that
this recent development opens up a market for the use of PEG conjugates smaller than 5 kDa, but to
date the majority of PEGylation applications require PEGs in excess of 5 kDa, equivalent to around 110

units of ethylene glycol.
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Table 1. U.S. Food and Drug Administration (FDA) and/or European Medicines Agency (EMA) approved PEGylated drugs since 1990 (up to

2015). Compiled from literature sources®'?17:21:22 gnd FDA and EMA documents available online.

Mw Mw
E;?':;a] Generic name of drug of PEG ::Z‘:Ler ;foffc?"se Indication a Yrgszz gl
(kDa)  (kDa) P 9 PP
Adagen pegadamase 96-126 5 11-17 Severe combined immunodeficiency 1990
Oncaspar pegaspargase 483-548 5 69-82 Acute lymphoblastic leukemia 1994
Peglintron pegylated interferon alpha 2b 31 12 1 Hepatitis C 2000
Somavert pegvisomant 42-52 5 4-6 Acromegaly 2002
Neulasta pedfilgrastim 39 20 1 Neutropenia 2002
Macugen pegaptanib 50 40 1 (branched) Wet form of age-relgted macular 2004
degeneration
Mircera methqu polyethylene glycol- 60 30 1 Anemia/chronic renal failure 2007
epoetin beta
eqviated Chronic, moderate to severe RA, Crohn's
Pegasys begy 60 40 1 (branched) disease, axial spondyloarthritis and 2008
interferon alpha 2a o o
psoriatic arthritis
Cimzia certolizumab pegol 48 40 1 Crohn's disease, rheumatoid arthritis, 2008
psoriatic arthritis, ankylosing spondylitis
Krystexxa pegloticase 540 10 9 per homotetramer (4) Chronic gout 2010
Omontys peginesatideld 45 40 1 (branched) Anemia/chronic renal failure 2012
Plegridy pegylated interferon beta-1 44 20 1 Relapsing forms of multiple sclerosis 2014
Movantik pegylated a-naloxol 0.33 0.32M 1 opioid-induced constipation 2014
Adynovate pegylated recombinant 280 20 2-8 hemophilia A 2015

human factor VIl

[a] All brand names are registered trademarks
[b] Where the drug was approved in the US and Europe, and where the drug was approved for more than one indication, the earliest date is given
[c] recalled

[d] pegylated a-naloxol is currently the only drug PEGylated with a PEG chain length smaller than 5 kDa.

35



Cost and benefit of disperse and uniform PEG

Disperse PEG is produced industrially via living anionic polymerization from ethylene oxide. In this
context, poly(ethylene glycol) is also referred to as poly(ethylene oxide) (PEO), because the route uses
ethylene oxide as the monomer. PEG produced in this way typically exhibit a dispersity of less than 1.1,
often less than 1.05. As shown previously, a polymer sample with a dispersity of 1.03 still comprises
chains of more than 30 different lengths (Figure 2). This equates to more than 30 different distinct
species in a mass spectrometric analysis, of which fewer than 10 % are the most abundant or advertised

species.

Compared to living anionic polymerization, iterative synthesis of a uniform polymer of similar size is
significantly more expensive as a result of the multitude of synthetic steps involved. An approximate
comparison reveals a price difference of around 102-103 (Table 2). Uniform PEG is currently produced at
relatively small scales by small independent suppliers, e.g. Quanta BioDesign (US), Polypure (NO) and
Exactmer (UK). Meanwhile, conventional suppliers produce approximately 500 kton of disperse PEG per
year, of which 50 % accounts for the medical uses. As a result, there is a difference in bulk availability,
presumably due to lower demand for uniform PEG. It appears that the market for uniform PEG is not yet
fully established and is somewhat supply-driven while the precise industrial benefits of uniform PEG are
being established. The list of suppliers advertising PEGs which are of low dispersity but not uniform
includes Nektar Therapeutics (US) (formerly Shearwater Corporation (US)), NOF Corporation (JP),
SunBio (KR), Dr. Reddys (IN) (formerly Chirotech Technology Ltd. (UK)), JenKem (CN) and Creative
PEGWorks (US). These suppliers offer PEG up to and above the lengths of approximately 40 kDa

typically needed for PEGylation of pharmaceuticals.

Table 2. Approximate price comparison between disperse and uniform PEGs with My, around 2,000.

Supplier My of PEG (Da) Functionality Pricel® Tep
(R'-Eg.—R?) (£:g)

Sigma-Aldrich = 2,000 MeO-Eg=~4s—OH 0.60 disperse
JenKem Technology (US) = 2,000 MeO-Eg~4s—NH>-HCI 40 disperse
Polypure (NO) 1,252 HO-Eg2s—OH 110 uniform
Quanta BioDesign (US) 2,147 MeO-Eg4s—OH 855 uniform
Quanta BioDesign (US) 2,146 MeO-Eg4s—NH> 1,100 uniform
Exactmer (UK) 4,965 MeO-Eg112—OH 1,500 uniform

[a] Prices were looked up between 2017-2019 and refer to purchasable quantities between 1-10 g. For

simplicity, exchange rates were approximated as £ : $ : € = 1:1:1.
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While it is not yet established that uniform PEG used for PEGylation would hold significant advantages
over disperse PEG with regard to in situ behaviour, there are some definite physical characteristic
advantages. For example, when a drug of a given molecular weight is PEGylated with a disperse PEG,
the resultant product is also disperse and thus poorly defined. But if a uniform PEG was coupled with the
same drug, it would result in a well-defined product with better analysability and characterization. For
example, quality control of a uniform PEG via chromatographic or mass spectrometric analysis is much
simplified (Figure 14). Beyond better characterizability, uniform PEG would also feature a sharper Tr,
and generally behave less like a polymer. For example, uniform oligomers should provide a more
predictable and more uniform assembly at the nanoscale. It is also conceivable that the use of better

defined or uniform PEG could become a factor during regulatory approval.?®

(a) HPLC MS

. . [M+2H]2+
Oligomeric Eg,g
H OH
fo™ [M+3HP*
[M+H]* = 1251.7
(b) [M+3HP**
[M+2H]?*
PEG-1500 ||| —
H OH
40/\%4 + X
[M+H]*
0 2 4 6 8 10 12 300 500 700 900 1100 1300 1500
Elution time / min —— miz ——>

Figure 14. High-performance liquid chromatography (left) and mass spectrometry (right) show superior
characterizability of the (a) uniform Egzs oligomer versus (b) a disperse PEG-1500 polymer mixture.
Adapted from 2* with permission from Polypure AS.
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1.1.3. Synthesis of uniform poly(ethylene glycol)

Ether formation via Williamson ether synthesis

In contrast to disperse samples of PEG which are produced via polymerization of ethylene oxide, uniform
oligomeric PEGs are typically synthesized via Williamson etherification (also referred to as Williamson
synthesis?® or Williamson ether synthesis?®). Williamson ether synthesis is a nucleophilic substitution
reaction of SN2 type, where an alkoxide reacts with an alkylating agent containing a nucleofuge, a
leaving group (Lg) which retains the lone pair upon migration (Figure 15). Typical nucleofuges on the
alkylating agent are primary halides and alkyl sulfonates, e.g. chloride (—CI), bromide (—Br),

methanesulfonate (or mesyl, -OMs) and toluenesulfonate (or tosyl, —OTs).

Because both reaction participants, alkoxide and alkylating agent, can be derived from alcohols,
Williamson ether synthesis can indirectly be used to join two molecules with terminal alcohol groups

such as polyether oligomers (Figure 16).

- 1 2
R'—O:_,R*Tlg — R\O/R + Lg

Figure 15. Williamson ether synthesis of an alkoxide with an alkylating agent. R', R? denote alkyl
groups, preferably primary or secondary. Lg denotes a leaving group.

1 - “ 2
R O\/\O : Lg\/\o/\/OR
N

1
_ R O\/\O/\/O\/\ORZ + Lg

Figure 16. Joining of two polyether oligomers via Williamson ether synthesis.

Side reactions of Williamson ether synthesis

A common side reaction to etherification as with other Sn2 reactions is the competing E2 elimination
(Figure 17). Particularly with poor leaving groups such as chloride, commonly used in the early
attempted syntheses of uniform PEGs, E2 competition is substantial. Elimination can be mitigated by

using good leaving groups such as bromides and sulfonate esters as is often done in more recent work.

Another common side reaction is the hydrolysis of the leaving group with hydroxide (Figure 18).

Hydroxide may arise either indirectly from trace water which yields free hydroxide in the presence of a
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strong base, or via contamination of an impure sample of base with hydroxide, e.g. trace potassium

hydroxide (KOH) in lower commercial grades of potassium tert-butoxide (KOtBu).

H
1 - K\( OR?
R O\/\O : gJ\)\O/\/

2

Figure 17. E2 elimination, a common side reaction during Sx2 etherifications, yields the vinyl ether by
abstracting the B-proton neighbouring the carbon on which the leaving group (Lg) resides.

1
R1O\/\C_) :/—* H. _H E= R O\/\OH * OH

2

Figure 18. Hydrolysis of the alkylating agent during Williamson ether synthesis with hydroxide from trace
water or impure base.

Lastly, alkoxides may depolymerize to expel small ether molecules and yield a shorter alkoxide lacking
one or multiple units of ethylene glycol (Figure 19). As such, leaving alkoxides in solution for prolonged

periods of time affects product quality.

(\

1 0" R'O - o)
/\" o
R%E/V\O/\/O R1O_ + [Oj

Figure 19. Depolymerization of alkoxides during Williamson ether synthesis to form ethylene oxide (top)
and 1,4-dioxane (bottom).
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1.1.4. Starting materials for uniform PEG synthesis

Indirect synthesis from lower homologues

Instead of using the simplest monomer, monoethylene glycol (Eg+), to build upon, most synthetic routes
toward uniform PEG start from a slightly longer oligomer that is commercially available to save reaction
steps. Longer oligomers are typically assembled from ethylene glycol homologues between Eg, and Egs
with tetra(ethylene glycol) (Eg4) most commonly used. Ega is the longest oligomer readily available in
quantities over 1 kg and offers a good compromise of purity, chain length and price (Table 3). Longer
oligomers are still readily available up to Egs but at higher expense. From around Egs onwards, uniform

oligomers are only available from specialist suppliers.

Table 3. Costs of oligo(ethylene glycol)s available from Sigma-Aldrich in 2017.

Largest available

Egn quantity /g Price /£.9™ Purity /%

1 2,800 0.04 > 99

2 2,800 0.02 99

3 2,800 0.02 99

4 20,000 0.02 99

5 25 8.48 98

6 25 6.42 97

7 Not available as the diol

8 5 70.1 97

9 Not available as the diol

Purity of Egs starting material

For the synthesis of uniform oligomers, the purity of the starting material is crucial. Any impurities in the
starting material will necessarily be carried forward into the product unless some form of separation is
achieved during building block synthesis. With depolymerization recognized as a common problem in
uniform PEG synthesis, it is important to have an exact understanding of starting material purity. This

allows a comparison of the attained final product purity to the highest possible theoretical purity that
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could have been achieved for a given starting material, because shorter and longer oligomers in the

starting material are necessarily carried over into the product.

For example, when assembling a longer oligomer from Egs4 starting material with 99.5 % purity and
containing 0.5 % shorter Egs oligomer as impurity, an Egio product would after 24 extensions possess a
maximum purity of 88.2 %. With a starting material purity of 99.8 %, the maximum attainable purity at
Eg100 would be 95.1 %. Product oligomer purity close to this theoretical value would therefore suggest an
almost flawless oligomer synthesis while a purity much lower than this theoretical value would point

towards synthetic challenges irrespective of starting material quality.
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1.1.5. Chain extension strategies and growth mathematics

From the various synthetic strategies available for synthesis of uniform oligomers (Section 1.1.1), a
protecting group-based strategy was eventually selected for the synthesis of uniform PEG. Of the
strategies available, several could be ruled out from the outset due to their specific compatibility with
chemistries unsuitable for polyethers. Strategies with different building block functionalities e.g. BC/DA
were not chosen because the desired poly(ethylene glycol) homopolymer was to consist of a single
monomer type with ether connectivity throughout. The requirements for high purity and working in a
homogeneous liquid setting in preparation for purification via nanofiltration ultimately dictated that only

an approach using protecting groups would be suitable.

When synthesizing uniform oligomers via a protecting group-based strategy, four different routes of
chain extension can be chosen and these differ with regard to their theoretical speed of oligomer growth,
or with the quantity of additional chain length added per extension step. They can be divided into two
linear and two multiplicative strategies (Figure 20): (a) unidirectional linear extension, (b) bidirectional

linear extension, (c) chain doubling and (d) chain tripling.

Across the different routes exists a trade-off between the speed of chain growth and the ease of
purification between chain extensions. For example, the linear growth strategies afford a slower growing
oligomer but yield product mixtures which are comparatively easy to purify. On the other hand, the
multiplicative doubling and tripling routes grow the oligomer exponentially fast but pose increasingly
difficult purification challenges between chain extension steps as the oligomer lengthens. As a result,
there are several practical implications for the successful implementation of each strategy. Below, all four
traditional routes are first discussed in detail. It is then explained why a modification of a linear growth

route was eventually chosen despite the theoretically inferior growth mathematics.

Because most routes towards uniform PEG currently rely on chromatographic separation, an overview of
alternative purification methods is given with an outlook towards replacing the purification of
intermediates between chain extension steps by nandfiltration. Besides chromatography, alternative
purifications methods notably include extraction and crystallization for which several examples of
successful syntheses towards uniform PEG are given in the penultimate section of the introduction
(Section 1.1.6). A review of historical attempts at synthesizing uniform, oligomeric PEG is presented in

Appendix A.
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L(g)=(1+g)n L(g) = (1+2g)n L(g) = 29n
(d) - g=0
v |
P . .
L(g) =3%n

Figure 20: Speed of growth of the different chain extension routes in a protecting group-based strategy:
(a) unidirectional linear extension, (b) bidirectional linear extension, (c) chain doubling, (d) chain tripling.
L(g) = length of the product chain in generation g, n = length of the building block, g = extension
generation. @ = starting building block, or building block from previous chain extension, @ = freshly
added building block during chain extension. Adapted from 27 with permission from John Wiley & Sons.
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Unidirectional linear extension

In unidirectional linear extension, the same building block is repeatedly added on only one side of a
growing chain (Figure 21), making this route the conceptually simplest one. The unidirectional extension
route relies on two different, at least partially orthogonal protecting groups, one ‘semi-permanent’ and
one temporary. The semi-permanent protecting group renders inert the terminus that is not being
extended throughout the synthesis while the temporary protecting group is removed once in each
extension cycle to re-active the terminus for further extension. However, the semi-permanent protecting

group may also be removed at the very end of the extension, once the desired chain length is attained.

H(O/\%OH
sz\{O/\%]OH

ng(o/\%]OH sz\{o /\%Lg

Pg’ \{O/\%?npf

Pg’ OH
? \(o o g

Py’ \(O/\%;:i:gz

Pg’ OH
o an g

PIN o OPY

N

Figure 21. Unidirection linear chain extension with two orthogonal protecting groups, Pg' and Pg?, and a
leaving group, Lg.
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One key requirement shared by all extension strategies is that both the temporary and the semi-
permanent protecting group must be stable toward the chain extension conditions. In unidirectional linear
extension, another key requirement is that the semi-permanent protecting group is stable towards the

conditions used for removing the temporary protecting group, while the reverse must not necessarily

apply.

As a result of the orthogonal protecting groups used, a unidirectional linear growth route inherently yields
oligomers with heterobifunctionality, a much sought-after feature in PEG oligomers, as the protecting
groups may be replaced by the desired functional groups toward the end of the synthesis. On the other
hand, the unidirectional linear route exhibits disadvantageous growth mathematics, as an oligomer will
only extend by one length of building block per chain extension cycle. Up to lengths of Egss,
unidirectional linear extension has frequently been used to assemble building blocks which are then
used in faster growth strategies such as chain doubling. Unidirectional linear extension is not often

chosen as a strategy towards higher lengths because of its inferior growth mathematics.

Position of the nucleophile and nucleofuge

One side reaction competing with the desired Williamson etherification is E2 elimination (Figure 17)
which generates vinyl ether side product by eliminating the leaving group on the chain terminus during
chain extension. Depending on the type of leaving group, the vinyl ether side product can be difficult to
distinguish and to remove from the product by chromatographic techniques. In linear strategies this
problem is overcome by placing the leaving group on the building block. Thereby, vinyl ethers are formed
from excess building block and do not reduce the reaction yield of growing oligomer by terminating
fractions of the growing product. More importantly, the formed vinyl ether will be of similar size to the
building block and may usually be removed jointly alongside other debris when purifying the product.
Placing the leaving group on the building block is also opportune because it can be added to the building
block at scale in a single step, rather than adding a leaving group to the growing oligomer prior to each

further cycle of chain extension.

45



Bidirectional linear extension

In bidirectional linear extension strategies, like in unidirectional linear extension, the same sized building

block is repeatedly added, but on both sides of the growing chain. Because building blocks are added to

both sides of the growing oligomer, this strategy requires no semi-permanent protecting group and only

one type of temporary protecting group.

Bidirectional linear extension strategies offer faster growth than their unidirectional equivalent but with

one significant disadvantage: attachment of the same building block on both end of a chain necessarily

yields a homobifunctional product with similar functionality on either terminus.

H{ /L\)fnonﬂ
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Figure 22. Bidirectional linear chain extension with one temporary protecting group, Pg', and a leaving

group, Lg.

Three very similar syntheses using bidirectional linear extension have been demonstrated: up to Egss by
Ahmed & Tanaka in 200628, up to Egze by Niculescu-Duvaz et al. in 20082° and up to Egz. by Maranski et
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al. in 201430, All routes used benzyl ether as the protecting group and tosylate ester as the leaving group
in their building blocks (BnhO—-Eg,—OTs). Both Ahmed & Tanaka and Maranski et al. used Egs as building

block and the former also used Ega diol as starting material whereas Maranski and co-workers appear to

have used Egs diol, presumably assembled from multiples of Eg.. Niculescu-Duvaz et al. used Egs as
starting material for the building block and coupled this to an Egs diol, presumably to make odd-
numbered PEGs, in what would otherwise appear to be an unnecessary complication of the route.

Niculescu-Duvaz et al. thus obtain Eg+7 after the first, and Egy9 after the 2" extension.

Table 4. Synthesis of uniform oligo(ethylene glycol) via bidirectional linear extension. Reproduced with
permission from 28, Copyright (2006) American Chemical Society.

@\(iequiv.)
NaH, THF

reflux, 24 h
x=2-4 y =3-36

[::j\\/ H,, Pd/C
EtOH
ol () e

100 °C, 24 h
BnO-Eg,—OBn
Egn < Yield [%]
BnO—-Egn—OBnlal HO-Eg—OH

71 2 3 80 98
8kl 2 4 71 91
9lbl 3 3 79 93
100! 3 4 66 98
111l 4 3 66 97
1201 4 4 73 97
20 4 12 73 93
28 4 20 75 94
36 4 28 77 95
44lel 4 36 69 98

[a] BhO-Egn—OBn yields are calculated based on starting oligoethylene glycols.
[b] Coupling: Egy (5 mmol), BnO—Egx—OTs (15 mmol), NaH (100 mmol), THF
(250 mL), reflux, 24 h; Hydrogenolysis: BnO—Egn~—OBn (5 mmol), 5 wt % Pd/C
(200 mg), Hz2 (8 atm), EtOH (130 mL), 100 °C, 24 h.

[c] Coupling: Egy (1 mmol), BnO-Egx—OTs (3 mmol), NaH (20 mmol), THF
(70 mL), reflux, 24 h; Hydrogenolysis: BnO—Egn—OBn (1 mmol), 5 wt % Pd/C
(200 mg), Hz2 (8 atm), EtOH (100 mL), 100 °C, 24 h.
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Ahmed & Tanaka used concentrations of 20 mM diol, 60 mM tosylate up to Eg+. and lower
concentrations of 14 mM diol, 43 mM tosylate from Eg1. to Egas. For all reactions a large excess of NaH
(20 eq., 10 eq. per hydroxyl) was used and the reactions were refluxed in THF for 24 h after dropwise
addition of the tosylate in THF to the mixture of diol and NaH in THF. After quenching, the product was
purified by gel permeation chromatography (GPC).28

The Egas product was the longest PEG oligomer synthesized at the time with a reportedly high degree of
uniformity, but some synthetic details deserve attention. A large excess (20 eq., 10 eq. per hydroxyl) of
NaH base is used and the formed free alkoxide is then left to stir in solution while the tosylate nucleofuge
building block is slowly added. Regarding the main reaction, a large excess of strong base should serve
little purpose as only the hydroxyls on the PEG diol need to be deprotonated to yield the respective
alkoxides. With NaH as base, the formation of alkoxide is also irreversible so that a much smaller excess
should suffice. Any further excess of base does not serve the main reaction but potentially promotes the
competing E2 elimination. However, NaH does not exhibit high solubility in most solvents, so the
problem may not be severe. Either way, a near stoichiometric use of base, or multiple substoichiometric
additions, should lower the rate of competing elimination of building block nucleofuge, assuming all

added base was in solution.

The conditions used for chain extension after complete addition of the reactants are also forcing (reflux
in THF for 24 hours), reminiscent of some of the earlier work with chloride as a much weaker nucleofuge.
This may be necessary because of the relatively low concentrations of diol and tosylate from Eg12
onwards, and the generally low tosylate to hydroxyl ratio of 3:2, leading to a low concentration of both

diol and tosylate towards the end of the reaction.

While the alkoxide is active and has not chain extended with a protecting group terminated building
block, it is available for depolymerization. As a result, it is desirable to achieve significant conversion
before using forcing conditions to push chain extension to completion. It may therefore be helpful to run
the reaction nearer to room temperature for several hours and only then use more forcing temperatures.
Overall, the long reaction time under forcing conditions suggests depolymerization may have taken
place. The authors make no mention of depolymerization being a problem for uniformity although this
had been recognized previously, e.g. by Boden et al. in 19973'. The work-up procedure using gel
permeation chromatography is also unlikely to have resolved these shorter (-Eg+, -Eg», etc.)
homologues. The authors may not have judged the challenges associated with depolymerization to be a
priority and their Egss product may not be completely uniform as a result. Because no mass spectra are
reproduced in the supporting information or main text, the product purity cannot be verified

independently.
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While the overall yields for chain extension are acceptable in the region of 66 — 80 %, their products may
potentially contain entrained solvent residue. The intermediate Egzo diol product is reported as a
colourless liquid but comparative data of PEGs in the region of 1000 Da (DOW Carbowax™ 1000,
PEG1000 of Sigma-Aldrich) suggest that the compound should be a solid with a melting range of

33-40 °C, indicative of traces of solvent in the product. PEGs hold on to solvent and are difficult to dry

fully and as a result, elemental analysis results should also be viewed with caution.

There are several other examples of bidirectional coupling towards shorter oligomers: Eg:» by Keegstra
et al. in 199232 (Figure 23), Eg14 by Chen & Baker in 1999%, Eg+, by Lumpi et al. in 20094 and Eg+. by
Gothard & Grzybowski in 2012%,

The syntheses are similar in their approach, all using trityl ether as the protecting group and tosylate as
the leaving group. Each work details the synthesis of TrtO—Ege—OTrt as the smallest prepared oligomer
from TrtO-Eg>—OH and TsO-Eg>—OTs as a basic example or intermediate for further use. Notably, both
reactants, TrtO—Eg>—OH and TsO-Eg>—OTs, can be recrystallized for purification, presumably allowing
attaining high oligomer purities. Further, Chen et al.®® report that TsO—Egs—OTs can still be crystallized
successfully, extending this method to synthesize high purity oligomers from crystallizable starting
materials to Egz. While TrtO—-Egs—OH is rarely used, TrtO—-Egs—OH is frequently reported to be a viscous
oil so is presumably not crystallizable. Similarly, there is evidence that compounds including and beyond

TsO-Eg+—OTs are not crystallizable®.
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Figure 23. Bidirectional linear extension by Keegstra et al. (1992). (i) TrCl, pyridine; (ii) TsCl, KOH,
CH2Clg; (iii) NaH, THF; (iv) Hz, Pd/C, CH:Cl,. Adapted with permission from 32. Copyright (1992)
American Chemical Society.

In their synthesis toward Eg+2, Lumpi et al. also detail a high yielding acidic cleavage of trityl ethers with

80 % AcOH (40 °C, 2h) as an alternative to palladium-catalyzed hydrogenolysis. Earlier in 2009, French
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et al.?” had similarly cleaved trityl with trifluoroacetic acid as the catalyst and triisopropylsilane as a

trapping agent for the trityl cation to prevent the reverse reaction.

Among the examples of bidirectional linear extension was also a particularly exotic one where chain
extension by a single unit was carried out with isopropyl bromoacetate (Figure 24). The resultant
carboxylate ester acts as a dormant reactive group, but reactivation by reduction was laborious. Due to
the use of LiAlH4 for reduction, the difficulty of removing the generated by-products after deprotection led
to low yields.?” The authors dismissed the strategy for continuous extension, but the reaction with
isopropyl bromoacetate or an analogue can instead be used for introducing carboxylic acid terminal

functionality on PEGs.
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Figure 24. Bidirectional linear chain extension with carboxylate ester as protecting group. a) NaH, THF,
0 °C, 2 h, then rt, 16 h. b) LiAlH4, THF, 0 °C, 2 h. Adapted from 37 with permission from Georg Thieme
Verlag KG.

Burkett & Chan eventually settled on allyl ether as protecting group on the building block instead and
chain extended a bistosylate oligomer with freshly powdered KOH in the presence of 20 mol%

tetrabutylammonium bromide under thermal conditions (Figure 25) to extend towards Eg2.%”

HOV\O%H

(i)

TsO\(\/\Oar/nTS . /\/OMO%H _m /VO(\/\OM
of oy, —

Figure 25. Bidirectional linear chain extension with allyl ether as protecting group. a) t-BuOK, allyl
bromide, THF, rt, 24 h, n = 1-4. b) KOH, tetrabutylammonium bromide (20 mol%), toluene, 110 °C,

120 min, m = 1-4. ¢) 10 % Pd/C, TsOH (5 mol%), MeOH-H,0 (24:1), reflux, 2-24 h. Adapted from 37 with
permission from Georg Thieme Verlag KG.
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Chain doubling

Chain doubling is a mathematically superior chain extension strategy as it attains longer chain lengths
faster by growing chains exponentially rather than linearly. In chain doubling, two different building
blocks with mutually orthogonal temporary protecting groups (Pg' and Pg?) are needed to maintain the
heterobifunctional character of the product after each extension. As a result of using two orthogonal
temporary protecting groups, the product after extension will have a different protecting group at either

chain terminus.

fo ™ —

F’91\(O/\%]OH sz\(o/\%l—g
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Figure 26. Chain doubling chain extension with two orthogonal temporary protecting groups, Pg' and
Pg? and a leaving group, Lg.
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In chain doubling, the two building blocks for chain extension are prepared from the product of the
previous extension step (Pg'-Egn—Pg?) by splitting and desymmetrizing the product batch. From the first
fraction of the product batch, Pg? is removed to yield Pg'-Eg.—OH. From the remaining fraction, the
other protecting group, Pg', is removed and replaced with a leaving group to yield Lg—Eg.— Pg?. Two
building blocks with different protecting groups are thereby recreated from the heterobifunctional product
obtained after each chain extension. These two building blocks may then be coupled once more in the
following chain doubling step. Due to the need to assemble the building block anew after each chain
extension step, the purifications and functional group interconversions between chain extensions require
more steps in a chain doubling than in a linear strategy where the building block is similar in each chain
extension step and can be prepared at scale for all chain extensions of a synthesis. In chain doubling,
desymmetrization also becomes more difficult with each extension cycle as the product oligomer grows

longer and the products become harder to distinguish by their end groups.

Critically, chain doubling strategies require full orthogonality between two temporary protecting groups.
In chain doubling, both protecting groups must be removable individually without affecting the other
protecting group. This is in contrast with the unidirectional linear strategy where two protecting groups
are also used but where only one protecting group is temporary while the other is semi-permanent. In
unidirectional linear extension, the temporary protecting group must be removable without affecting the
semi-permanent protection but not vice versa because the semi-permanent protecting group only needs
removing after the chain has been extended to the desired length. In practice, with etherification
reactions under strongly basic conditions, the two protecting group types typically chosen are acid labile
and hydrogenolytically labile protecting groups. However, while an acid labile protecting group can
usually be removed without affecting a hydrogenolytically cleavable benzyl ether or equivalent, acid
labile protecting groups are not always stable under hydrogenolytic conditions. It follows that the
requirement for mutual orthogonality in chain doubling is substantially more difficult than the one-way

orthogonality requirement of unidirectional linear extension.

In chain doubling, the relative size of the functional group termini diminishes with each extension and
does so for both reagents and product. While reagents and products become increasingly dissimilar in
linear strategies as the product increases in size while the same sized building block is continuously
added, the opposite is true for a chain doubling strategy where both reagents and product double in size
with each chain extension cycle. As products and reagents become increasingly alike due to the
diminishing effect of the termini, the purification eventually requires separation of one large polyether
from another, with the product chain always double the size as the reagent. This is particularly
detrimental to strategies via extraction where partition relies on polarity features of one of the functional

chain termini whose distinguishing character diminishes over time relative to the growing polyether
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chain. But the diminishing contribution from functional groups can also negatively affect other separation

techniques such as chromatography, crystallization and nancfiltration.

The doubling of the polyether chain with each extension step also has practical implications for the
reaction kinetics. In order to keep the reaction rate constant, the concentration of the reactive chain
termini of both reactants would have to remain roughly constant. With the inevitable increase in
molecular weight and thus polyether content in the product, the ratio of terminal functional groups to
polyether chain halves with each chain doubling. In order to keep the molar concentration of the chain
termini in the reaction mixture constant over several chain doubling cycles, the volume of solvent must
be scaled back accordingly. An increasing fraction of the reaction volume being taken up by the growing
polyether is a fate that all iterative extension strategies share as the PEG oligomers grow longer. The
only alternative would be to keep constant the mass ratio of reactant to solvent and accept a reduction in

reactant molar concentration and the resultant slower reaction.

To date, only three examples of a chain doubling strategy have been demonstrated. An early example by
Boden et al. in 1997 yielded a second generation Eg+2 product using benzyl thioether (cleaved with Na in
lig. NH3) and tetrahydropyranyl (Thp) as orthogonal protecting groups. Two more recent examples,
resulting in second and third generation doubling products respectively, were published by Loiseau et al.
in 20038 up to Eg24 and by French et al. in 2009?” up to Eg+s (and up to Egs. with difficulty after
desymmetrization was not completely selective at the Eg+s stage). Both examples used an acid labile
protecting group and a hydrogenolytically cleavable protecting group as orthogonal pendants. While
benzyl ether was used as the hydrogenolytically cleavable protecting group in both examples, French et
al. used either t-butyl ether or trityl ether as the acid labile protecting group while Loiseau et al. used
tetrahydropyranyl (Thp), or p-methoxybenzyl (Pmb) which can be oxidatively cleaved with one-electron

oxidants.

French et al. use Egs starting material and make extensive use of automated flash chromatography to
separate truncated homologues (-Eg1) from the Egs and Eg+s doubling products. Here it was noted that
t-butyl-protected Egs lacked the chromatographic resolution necessary for complete removal of the
truncated impurity, while trityl-protected substrates allowed superior chromatographic separation.
Truncated homologues are a result of trace Egs in the Egs starting material as well as of base-catalyzed
depolymerization of the polyether chain during chain extension.?”:3'% French et al. noted 3 % Egy
contaminant from depolymerization during chain doubling to Egs after first treating the alcohol building
block with NaH in dry THF, followed by dropwise addition of the tosylate building block. It was further
noted that “the level of depolymerized contaminant increased with the prolonged existence of the
intermediate alkoxide™?’. Thus, care was taken in the subsequent doubling to Eg+s to minimize the
concentration of alkoxide by use of a softer base, KOtBu, which was also added gradually. While the

authors state that the contaminating Egz impurity of the Egs a-benzyl w-trityl ether was “readily
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[emphasis added] separated by normal-phase flash chromatography”?’, the experimental section details
chromatographic elution of 25 g batches with 12 column volumes each with a fraction of the material
containing > 0.25 % Egr re-columned once more. 30.3 g (62 %) were recovered containing only 0.07 %
Egr with an additional 5.5 g (11 %) recovered at a lower unspecified purity. While the above is a
testament to the excellent quality control of the authors and the need to minimize depolymerization, the
relatively low overall recovery and rigorous chromatographic protocol suggest that purification is not in

fact straightforward.

A similar separation was performed at the Egs level, yielding 99.0 % oligomer purity (B = 1.0000023)
after chain doubling presumably with NaH in DMF, and a remarkable 99.8 % oligomer purity via slow
addition of base without subsequent separation of the Egss via reverse phase chromatography.?” While
slow addition of base leads to a lower level of depolymerization, a higher level of tosylate elimination was
observed. This is presumably due to the longer overall reaction time and the equilibrium between the
polyether alkoxide and the t-butyl alkoxide, allowing a fraction of the base to be in a state where it is
available to cause elimination but not chain extension. In the described procedure, 1 eq. of alcohol and 1
eq. of tosylate were coupled with 1.3 eq. of base added over a period of 20 hours using a syringe pump.
The total reaction time and corresponding conversion is not separately specified, but the protocol
suggests a relatively slow reaction. French et al. used a 1:1 ratio of tosylate to alcohol in their coupling
reactions resulting in the reaction rate decreasing to zero in second order fashion with both reactants

depleting simultaneously as the reaction approaches complete conversion.

Overall, any chain doubling strategy will always be susceptible to a lack of kinetic efficacy for which there
is no convenient solution. In a chain doubling strategy, using an excess of one of the building blocks to
obtain more pseudo-first order character and have the reaction rate decrease more slowly towards the
end of the reaction means losing increasingly valuable product from a prior generation, if the excess
cannot be recovered. The problem of losing product from a prior doubling generation when employing
excess reactant in a chain doubling strategy also becomes more pronounced with each extension cycle
as the reactants become longer and more valuable. This contrasts with linear strategies where the same
building block can be prepared in bulk and used for all chain extension steps and employing and losing
an excess of that relatively inexpensive building block can be better tolerated. On the other hand, using
an excess of one reactant to drive the reaction to completion in a chain doubling strategy is also less
useful, as both reactants will have similar size and be similarly easy or difficult to remove from the
product. This contrasts with linear strategies where the building block will be much easier to remove from

the product than incompletely extended product lacking one length of building block.
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(1) BnCl, NaOH, H,0, 100 °C
(2) TsCl, NaOH, THF/H,0, 0 °C to RT
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(3) TsCl, NaOH, THF/H,0

Figure 27. Synthesis of highly pure heterobifunctional BnO—Egs>—OH oligomer via chain doubling and
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H OH
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homobifunctional BnO—Eg4s—OBn via chain tripling by French et al. (2009). Trt = trityl, Ts = para-
toluenesulfonyl, Pg = protecting group. Adapted from #” with permission from John Wiley & Sons.

Boden et al.3! had previously detailed two different modes of depolymerization, noting that “the rather

forcing conditions required for this reaction mean that there is almost always some base-catalyzed

depolymerization [...]. Hence the reaction of H{OCH>CH>)3:ONa with CH3(OCH>CH>)sCl requires 100 °C

for about 3 days and the [Egs] product is contaminated with ca. 15 % [Egs] as well as smaller amounts of

[Egs4] materials, a mixture which is all but impossible to separate by fractional distillation. Another well-

known depolymerization of PEG chains involves the elimination of [Eg2] (dioxan) units in, for example,

thionyl chloride chlorination of polyethylenoxy alcohols, a reaction which is suppressed in the presence

of pyridine.”
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Loiseau et al. observed similar problems of chain depolymerization, during chlorination of a monobenzyl-
protected Ege species using thionyl chloride and, in contrast to Boden et al., with or without pyridine. The
authors note that GC-MS analysis of a crude reaction mixture revealed the presence of the desired
product Bn(OCH2CH.)sCl (36 %), accompanied by a significant amount of the truncated
Bn(OCH.CH_)4Cl, corresponding to a loss of two ethylenoxy units.® In a similar chlorination of the Ege
oligomer, a truncated Egs homologue with loss of only one ethelenoxy unit was detected. As a result,
Loiseau et al. resorted to the use of tosylates as superior nucleofuges and this is now the established
protocol with chloride replaced by sulfonate leaving groups (OMs, OTs, etc.) in most of the recent
syntheses of uniform PEG. In their optimized protocol, Loiseau et al. eventually arrived at an Egz4

oligomer, completely uniform within the limit of detection.

Regarding protecting group orthogonality, the hydrogenolytic deprotection of the benzyl ether at the Eg1s
level in the above example of French et al. simultaneously results in a significant level of trityl cleavage.
During benzyl deprotection, French et al. note that in cases where trityl protection was also present,
regular monitoring by thin-layer chromatography (TLC) or HPLC was used to determine when all starting
material had been consumed as they generally found the diol easier to remove from the product than left
over starting material.?” The lack of complete orthogonality is therefore apparent to the authors, and in
their case presented an obstacle to further chain doubling as the heterobifunctionality of the building
block could not be maintained past Egs. Similary, Louiseau et al. noted regarding their synthesis of
heterobifunctional Egzs, that the benzylic protecting groups were stable under the acidic conditions
required for the deprotection of the Thp group, but not vice versa.®® They concluded that selective
monodeprotection of these bifunctional molecules should be performed in the following order: Thp >
Pmb > Bn. This obstacle highlights the systematic difficulty of maintaining a chain doubling strategy with
two mutually orthogonal protecting groups. With regard to chain tripling, their preference for separating
the diol rather than the diprotected starting material from the partially deprotected product also highlights
the difficulty of separating chain extension products with similar chain length only based on their end
group functionality, particularly as chains become longer. Several authors have attributed the cleavage
of Thp acetals and triethylsilyl ethers under various hydrogenolysis conditions to the in situ generation of
acid from residual PdCl; in commercial grades of Pd/C with supplier-dependent disparity.>**' According

to another report, however, Pd(OAc). itself does not generate significant quantities of acid in situ.*2

Vinyl ether formation

In chain doubling strategies, the nucleofuge necessarily needs to reside on one of the two building
blocks at each step and must be added each time to one of the two building blocks in each extension
cycle. As a result, vinyl ether side product is formed from one of the similarly sized reagents and

complicates excess building block recovery. The relative quantities of main product and vinyl side
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product in an extension reaction with tosylate as the leaving group have been quantified in detail by

Loiseau et al. (Table 5).38

Table 5. Synthesis of unsymmetrical Ego to Egz4 chains!® and the corresponding formation of vinyl ether
by-products. Reproduced with permission from 38. Copyright (2004) American Chemical Society.

PI'OL o} PO~ o)PS
m

m+n

>80 %
+ —_—
+
TsO Pg? o Pg?
s \é/\o);] ) \/ MO);_P
m,n=3,6,9,12 0-11 %

Entry Pg' (m) Pg? (n) Product Yield®! (%)
1 Pmb (6) Thp (3) PmbO(CH2CH20)sThp 80 (11)
2 Bn (3 Thp (6 84 (6

) P(©) BnO(CH2CH20)sThp ©)

3 Bn (6) Thp (3) 81 (7)

4 Bn (3) Pmb (6) 83 (8)

BnO(CH2CH20)9sPmb

5 Pmb (6) Bn (3) 87 (3)

6 Pmb (6) Thp (6) PmbO(CH2CH20)12Thp 86 (4)

7 Pmb (6) Bn (6) 84 (9)

BnO(CH2CH20)12Pmb

8 Bn (6) Pmb (6) 83 (5)

9 Bn (6) Thp (6) BnO(CH2CH20)12Thp 85 (6)

1 Thp (3) Pmb (9) ThpO(CH2CH20)12Pmb 81 (9)

2 Pmb (3) Bn (9) 88 (0)
PmbO(CH2CH20)12Bn

3 Bn (3) Pmb (9) 84 (5)

4 Thp (3) Bn (9) ThpO(CH2CH20)12Bn 83 (7)

5 Pmb (6) Bn (9) 87 (4)
PmbO(CH2CH20)15Bn

6 Bn(3) Pmb(12) 81 (0)

7 Thp (6) Bn (9) ThpO(CH2CH20)15Bn 88 (0)

8 Thp (9 Bn (9 81 (7

P®) ®) ThpO(CH2CH20)1sBn (7

9 Thp (6) Bn (12) 80 (7)

10 Pmb (9) Bn (9) 85 (8)
PmbO(CH2CH20)1sBn

11 Pmb (6) Bn (12) 91 (3)

12 Thp (9) Pmb (9) ThpO(CH2CH20)1sPmb 90 (4)

13 Pmb (12) Bn (12) PmbO(CH2CH20)24Bn 83 (0)

[a] Reaction conditions: the alcohol was stirred with 1.8 equiv of NaH in THF for
20 to 24 h, prior to the addition of the tosylate, and reacted further for 3 days.

[b] Isolated yields after purification. Value in parentheses correspond to % yield
of the vinyl ether side product.
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From an economic point of view, loss of excess building block to elimination is less problematic for the
comparatively short and relatively low value building block in linear strategies, whereas loss in chain

doubling strategies represents loss of a fraction of increasingly valuable product at each extension stage.

Detrimental effect of trace hydroxide or water in chain doubling strategies

There is one further crucial aspect of chain doubling that has not been discussed in the literature to the
author’s knowledge. The successful chain doubling strategy relies on the orthogonality of the protecting
groups and on the product of each chain doubling reaction to retain these two different protecting
groups. However, any trace water or hydroxide will indirectly result in a minor quantity of
homobifunctional side product with the same protecting group on each terminus (Figure 28). Particularly
for longer chain lengths, these homobifunctional and heterobifunctional chains with similar length will be
very difficult to separate. If the homobifunctional side product were not separated, it would be carried
forward as the diol and cause chain tripling during the next chain extension step. This chain tripling
product would also be homobifunctional (Pg? on both ends) and 50 % longer than the main product,

once again posing a separation challenge, albeit a slightly less difficult one.

Pg*( O/\)anH )
ng{o/\%]OH PgQ%O/\%Lg

Pg1\{ O/\);:sz
| Py O/'\%r?sz

Figure 28. Chain doubling chain extension with two orthogonal protecting groups, Pg' and Pg? and a
leaving group, Lg. Trace hydroxide or water in the presence of strong base leads to hydrolysis of the
leaving group on the activated building block and the resultant building block is also available for
coupling. This ultimately leads to two molecules of the same building block combining to yield a
homobifunctional product with similar protecting groups on either terminus.

Analysis for chain doubling strategies

Chain doubling strategies require more extended analysis and quality control when analysing two
different length reagents additional to the changing product at each extension level. As a result, many
different species need tracking, calibrating and accounting for during reaction and downstream

separation. When using an acid labile protecting group without a UV chromophore as well as a UV active
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nucleofuge such as a tosylate, it would appear sensible to combine these on one building block and
leave the alcohol functionality on the building block on which the UV active benzylic ether or equivalent
protecting group resides, so that both building blocks may be tracked by UV. The product is UV

traceable even if only one of the protecting groups contains a UV chromophore.

Chain tripling

In chain tripling, two equivalents of building block derived from the product of the previous extension step
are added to a third fragment of product, also from the previous step (Figure 29). The same building
block is therefore attached at either end leading necessarily to a homobifunctional product with two
similar protecting groups on either side of the chain. Thus, it is not possible to remove one protecting
group selectively and reassemble two different building blocks for the next coupling step as is possible in
chain doubling. Partial deprotection of homobifunctional extension product will yield a statistical mixture
of unreacted doubly protected product, singly protected product, and fully deprotected product.
Separation of the resultant mixture is very challenging and will become more difficult with increasing
chain length as the distinguishing character of the termini diminishes. If separation of the mixture is
possible, a leaving group may be added to the other side of the singly protected product. The resultant
building block may then be reacted with the fully deprotected product in the next chain tripling, while the
unreacted still doubly protected starting material from the previous step is not immediately useful. While
theoretically the fastest growth strategy, chain tripling is therefore only practicable with a significant effort

spent at desymmetrizing the homobifunctional product after each extension step.

In a rare example, French et al. performed chain tripling at the end of their synthesis (Figure 27). They
opted to fully deprotect the Eg+s building block with trifluoroacetic acid (TFA) to yield the diol after
substantial trityl cleavage had already occurred during attempted monodeprotection of the benzyl ether
protecting group during hydrogenolysis. The last step of their synthesis was thus a chain tripling trial
between HO—-Eg1s—OH and BnO-Eg+1—OTs. Judging by the reaction yields with both BnO-Egs;—OH

(21 %) as well as BnO-Eg4s—OBn (8 %) formed, kinetic efficacy was low.?’

Overall, chain tripling is not commonly practised due to the homobifunctional product formed after each
extension step, which is difficult to heterodifunctionalize and separate. It may therefore reasonably be
used as the final chain extension step, where a homobifunctional product is needed, but is likely to be

practically unworkable in other cases.
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Figure 29. Chain tripling chain extension with a protecting group, Pg', and a leaving group, Lg.
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1.1.6. Examples of separation strategies for uniform oligomer synthesis

Because uniform oligomers are synthesized in an iterative fashion, many individual extension cycles are
needed to reach the target length. In order to ensure uniformity, reaction debris and excess monomer
need to be separated after each extension step resulting in large number of purifications en route to the
final oligomer. Because Williamson ether synthesis requires no expensive catalysts and can be run in
common solvents with inexpensive base, the cost of uniform PEG synthesis is driven by the purification

between extension cycles.

The separation can be further divided into purification after chain extension and purification after building
block preparation, particularly for the linear synthesis routes. In a linear strategy, a single type of building
block is manufactured at the start of the synthesis and then used for all chain extensions. As a result, the
linear routes are particularly improved by methods that allow straightforward and economic building

block synthesis in bulk. The separation after chain extensions is a challenge that all strategies share and

where the method of separation often depends on oligomer chain length.

For most syntheses demonstrated in the literature to date, chromatography is still the first choice,
particularly for purifications of longer oligomers past Eg+s. But several recent advances demonstrate that
much research is devoted to finding viable and economically beneficial alternatives to chromatography,
particularly for building block synthesis. Where a hydrophobic leaving group still represents a large part
of the molecule, it was demonstrated that extraction is feasible up to Egs. And for smaller oligomers, a
route via macrocylic sulfates utilizing crystallization has shown much promise. These three different
separation techniques — chromatography, extraction and crystallization, each a potential alternative to

nanofiltration, are outlined alongside several examples below.

1.1.6.1. Chromatography as a separation technique

Most growing uniform oligomers can be separated from their precursors via chromatography and for
most substrates that are non-crystallizable and require mild conditions, chromatography remains the
standard technique for purifications in the pharmaceutical industry. With simulated moving bed
chromatography and multicolumn counter current solvent gradient purification, even difficult mixtures can
be separated industrially and technical feasibility is usually ‘only’ a question of column length. However,
chromatography is typically an expensive separation technique when compared to alternatives such as
distillation or extraction. While linearly scalable, chromatography requires the preparation and
maintenance of solid beds with the associated limitations of axial dispersion and limited mass transfer. If
uniform PEG synthesis is to succeed industrially, more economical separation techniques will likely have
to be employed. Where not otherwise mentioned, previous studies of uniform PEG have used

chromatography as their means of separation.
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1.1.6.2. Extraction as a separation technique

In a chromatography-free strategy designed to facilitate extractive separations, Wawro et al.**** used
trityl as protecting and tosylate as leaving group, with both functional groups and particularly the leaving
group acting as hydrophobic tags. In their strategy, only one active species is carried forward from each
step with all other by-products protected on either terminus and thus inert to further extension. At the end
of their synthesis, all symmetric biprotected by-products are eventually transformed into hydrophilic
PEGs of different lengths and removed by extraction with brine, leaving only the desired product in the
organic layer with the leaving group acting as the hydrophobic anchor (Figure 30). The building block

functional asymmetry is introduced in the first step.

~pH*
TsCl, NaOH NaH, Eg, Trie™>* TsCl, NaOH
HNFH TrCLpy  Tre~#HA  THE H,0  Trte™*T*  ThF i THF, H,0
_— — — TrteF —_—
= (i) Trte~ATrt (ii) Trte~H#Trt (iii) AT (ii)
Trte™H
~ ST K ~_FTs * yield: 72 %
Trie™F Hy, PdIC  peF? o ~ANFISE L 0", Eg.OTs *  (over 5 steps)
MeOH partitioning H¢
AT W HH H H
NH iv N N aqueous
A~ N (v) H Hl a4
~ N Eg., E
Trie™\>* He¢ " A~ layer 94> EG12
r‘\’TS*
1T 0 " H'
repeat (iii), (i) and (iv) He~#H partitioning yield: 63 %
~ P H » Eg,,~0Ts * (over 7 steps)
He™F A~ H (v) aqueous layer
,\,’\N Egs, Egiz Egzo
He™*
partitioning yield: 62 %

- » Egq—OT:
(iii), (i), (iv) v) 946~0Ts * (over 9 steps)

aqueous layer

> Egs, Egyz, Egao, Egas

Figure 30. Chromatography-free synthesis of Egs, Eg12 and Egie oligo(ethylene glycol) mono-p-
toluenesulfonates via extraction. (i) Asymmetric protection with triphenylmethyl chloride (trityl chloride,
TrtCl), excess Ega, pyridine, rt (ii) leaving group activation with 4-toluenesulfonyl chloride (tosyl chloride,
TsCl), THF:H20, 0 °C (iii) chain elongation with Egs, NaH, THF, 40 °C and (iv) hydrogenolytic cleavage
of the trityl ether, followed by (v) partition between ethyl acetate and saturated brine. é\# = Eg4, @ =
terminal oxygen or oxygen between Egs sections, * = target species. Intermediate compounds prior to
partition (v) were not isolated in pure state. Adapted from #4 under a CC BY-NC 3.0 License.

The strategy crucially relies on the clean partition of unsubstituted, free PEG diols into the aqueous
phase, with simultaneous retention of p-toluenesulfonate esters in the organic layer. The strategy is
demonstrated up to Egqs, i.e. up to HO—Eg+1s—QOTs. In their protocol*?, the authors give a detailed account
of the strategy up to Egs, and speculate that the method can be applied up to HO-Eg.4—OTs,
acknowledging that “oligomers longer than PEG24-Ts do not have sufficiently high affinity to the organic

layer and are lost during extraction.”*
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The extrapolation to successful synthesis of Eg24+—OTs was made based on successful retention of a 2 %
solution of PEG1000-OTs in EtOAc when extracting with an equal volume of 100 % sat. brine (Figure
31). Extraction with different strengths of brine show that partition is no longer clean below 100 %
saturation, and that a fraction of the longer oligomers, from about HO-Eg1s—OTs and longer, partially
reside in the aqueous phase when partitioning with 75 % brine. In their synthesis of HO—Egs—OTs, the
actual concentration in the organic layer is much higher at approx. 11.5 % w/v (33.5 — 35.5 g in 300 mL

EtOAc), and at least two washes are made with only 50 % saturated brine.

a) 100 % saturated brine wash b) 75 % saturated brine wash c) 50 % saturated brine wash

Eg,,—OTs

Eg.s—OTs | Eg:—OTs Eg:s—OTs
f

T T T T T T T T T T T T
0 4 8 12 16 20 0 4 8 12 16 20 0 4 8 12 16 20
Elution time / min Elution time / min Elution time / min

Figure 31. HPLC chromatogram of PEG1000-OTs before (grey) and after partition (blue) between ethyl
acetate and brine. A 2 % solution of PEG1000-OTs in EtOAc was extracted with an equal volume of (a)
100 % saturated brine, (b) 75 % saturated brine and (c) 50 % saturated brine. Analysis performed with
Cosmosil 5C1s-AR-Il column, 4.6 x 150 mm at 40 °C, eluted with 50-65 % (v/v) MeOH : H,O linear
gradient during 20 min, with a constant flow rate of 0.8 mL min~'. Reproduced from 4* under a CC BY-NC
3.0 License.

There is a second complication in using extraction with unidirectional linear extension strategy that
makes use of a large excess of tetragol during chain extension as opposed to a second protecting group.
Despite the large excess of the alcoholic reagent, there will be a small degree of statistical dimer
formation, e.g. during extension from TrtO—Egs—OTs with a large excess of HO-Egs+—OH, TrtO-Egs—OH
will be the main extension product, but contaminated by a small amount of TrtO-Eg1>—OTrt. The diol side
product after deprotection of the first extension mixture, HO-Eg:.—OH, may still extract into the aqueous
phase sufficiently well. However, the dimer side product chain becomes increasingly long with each

further generation in the fashion (Table 6).

With the extension from TrtO-Eg20—OTs to TrtO-Eg24—OH, extraction after deprotection would therefore
not only have to remove all Eg4 but also all Egss diol side-product into the aqueous phase, while retaining
all Eg24 tosylate, arguably a difficult partition. The problem of the dimer side product could be avoided by
using a temporary protecting group additional to the semi-permanent trityl protection, rather than relying

on a large excess of tetragol in each chain extension step.
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Table 6. Unidirectional chain extensions of building blocks with a large excess of Egs instead of using
Eg. with an orthogonal protecting group. A common side reaction when the second protecting group is
omitted is the attachment of two units of activated building block to a single Ega.

main product

T H
THO{_~, a; 5 THO{_~ 5;+4

* side product

HO{_~¢ %H THO{_~ 317';

Length (n) of Length (n) of Length (n) of

rectant main product side product

TrtO-Eg—OTs TrtO-Egn+s—OH  TrtO—Eg4+2—OTrt

4 8 12
8 12 20
12 16 28
16 20 36
20 24 44

As a potent surfactant, PEG will eventually interfere with extraction and impose a limit on how far a
synthetic route based on purification by extraction can proceed. Wawro et al.’s contribution is valuable in
that it provides a chromatography-free, scalable route to building blocks of lengths up to Eg+s from where
strategies based on other purification techniques can proceed. Independent of the exact oligomer length
reached, an extractive strategy of this type will be limited to building blocks where a hydrophobic leaving
group provides sufficient retention of the product in the organic phase after deprotection, and where diol

can still simultaneously be removed into the aqueous layer.

There are a few further examples of extractive techniques in uniform PEG synthesis and beyond relying

on elaborate functional groups such as fluorohydrocarbons.*%46
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1.1.6.3. Crystallization as a separation technique — a route via macrocyclic sulfates

Another method suitable for producing lower length building blocks is a strategy via macrocyclic sulfates
described in two similar publications by Zhang et al. in 20154748, The strategy was touted as highly
efficient by the authors and afforded uniform Eges, the longest uniform PEG oligomer at the time, but is
comparable to other approaches in extension cycle yield. The key advantage of the approach appears to
be the use of a cyclic sulfate as building block, which opens the potential for recrystallization as a
purification technique. With a few exceptions of very short, functionalized oligomers, e.g. TsO-Eg,—OTs,
most linear PEG derivatives cannot be crystallized. As a result, the removal of shorter and longer
homologues from trace contaminated PEG starting material, e.g. Egs and Egs in Ega, is difficult. The

rigidity provided through the transformation of PEG into a cyclic sulfate circumvents this limitation.

(i) SOCI,, DIPEA, DMAP, CH,Cl,, 0 °C O\_
(i) NalOy, RuCls, H,0-CH3CN-CCly, 0 °C to rt oﬁ 0 e

55 % (over 2 steps) \_\ o O
o/

290 g in one synthesis, recrystallized

H{ o) OH

Figure 32. Large-scale preparation of the macrocyclic sulfate of Egs. DIPEA =
N,N-diisopropylethylamine, or Hiining’s base. DMAP = 4-dimethylaminopyridine Reproduced from 47 with
permission from WILEY-VCH.

Zhang et al. demonstrated that macrocyclic sulfates can be recrystallized at scale (Figure 32) and that
they can be synthesized from homologues of varying length from Eg. to at least Egzo (Table 7). There
appears to be a drop in isolated yield from a maximum of 84 % for Eg4 down to approx. 50 % for the Eg1e
and Eg2o homologues, with a simultaneous eight-fold reduction of concentration and increase in reaction
temperature. It may reasonably be suspected that selective recrystallization of these macrocycles
therefore also has its limits, perhaps around Eg12 to Eg+s. The side products formed during the first
reaction step are presumably cyclic dimers where the intermediate chlorosulfite nucleofuge generated
from SOCI, is attacked intermolecularly by another starting molecule, rather than intramolecularly by the
other end of the chain on which the nucleofuge resides. As a result, a high dilution (low concentration) is
needed to favour the intramolecular pathway towards the monomeric cycle and avoid formation of linear
species and macrocycles containing multiple connected chains. Incidentally, this high dilution reaction
potentially lends itself well to combination with an integrated membrane system as demonstrated by
Ormerod et al. in their formation of a cyclic peptide via OSN.*® While the use of CCl, in this instance can
presumably be avoided with alternative solvents such as CH.Cl,, as demonstrated in a similar reaction

on a different linear substrate®, the oxidation uses relatively costly RuCls as catalyst.
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Table 7. Macrocyclization of various oligo(ethylene glycols) from Eg, to Eg2o.® Reproduced from #7 with
permission from WILEY-VCH.

OLOPE oo op
0°C 070 0°Ctort o0
T T T
O™ /o1 (O
Egn Concentration T tiol Yield (%)
[mol-L-"] [°C] [h] Sulfite Sulfate
2 0.041 0 1 76 96
3 0.041 0 1 71 98
4 0.041 0 1 84 87
5 0.041 0 1 81 86
6 0.041 0 1 79 94
7 0.021 10 1 72 96
8 0.021 10 1 82 75
9 0.021 10 12 71 89
10 0.005 10 12 57 84
12 0.005 10 72 63 83
16 0.005 10 40 51 69
20 0.003 25 24 49 62

[a] Reactions were performed on 1-5 g scales.

[b] Reaction time after dropwise addition of SOCIz.

[c] A yield of 53 % was obtained at 0.041 mol-L-' Egs.
[d] A yield of 59 % was obtained at 0.010 mol-L-" Eg12.

While Zhang et al. described their process as leaving group and protecting group free, it is noticeable
that they are in fact combined in the macrocyclic sulfate. During nucleophilic attack the sulfate acts as
the leaving group and after attachment of the nucleophile it continues to reside on the other end of the
chain as a sulfonate anion that acts as a protecting group until it is removed with H.SO4/H20 in the
second reaction step. The strategy allows a wide variety of functional groups to be inserted in this
fashion (Table 8).

Zhang et al. then demonstrated the synthesis to Egss via bidirectional extension with cyclic Egs building
block as well as synthesis of Eges via unidirectional extension with Egs building block (Figure 33).
Reaction conditions and yields of either strategy are similar to other uni- and bidirectional coupling

strategies, and it is suspected that trace water would also lead to dimer formation.
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Table 8. Nucleophilic ring-opening of Egs macrocyclic sulfate to yield a variety of linear monofunctionalized
PEGs. Reproduced from 47 with permission from WILEY-VCH.

—\_ (i) NuH/Base, THF, rt
e .0 (i) H,SO4, H,0, THF, rt
/S\ NUMO);H
\ _/_

Entry NuH / Base Product Yield [%]
1 BnOH / NaH BnOL~ o 93
2 BnOV\OtH I NaH BnO{/\O}SH 88
3 "CsF17(CH2)s0H / NaH "CeF17(CHaIO L~ ) H 76
4 "CgH17OH / NaH "CeF170{_ ) H 80

OH \
5 =/ /NaH \\/O\Q/\O);H 94
6t MeONa MeO Lo 70
7 KO'BU BUOL A~ )M 48
CFs FsC._O H
8 F1C——ONa O o 99
FiC CF,
OH 0 H
9 /©/ / NaH /O/ o 92
o IS
10 / NaH 83
MeOZC MeOQC
ko/\o}H
11 / K2COs 72
12 AcONa ACOL oM 99
13 BzONa Bz0L ol 99
14 AcSK ASLon 88
15 TrtSH TS ol! 84
. CO,Et
16 Et0,C” > CO,Et 34
2 bEl [ KoCOs Et0,C O);H
I|3n
17 BnNH; / NaH 80
el e oI NLolH
18 NaNs Nasl ol 97
190 NaF Lol 88

[a] All reactions were performed on 1 g scales.

[b] DMF was used as solvent.

[c] The reaction was run at 120 °C.
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HO(CH,CH,0),H MeONa

(i) (ii)
HO(CH,CH,0),,H 88 % MeO(CH,CH,0),,H 76 %

(i) (iii)
HO(CH,CH,0),,H 86 % MeO(CH,CH,0),,H 85 %

(i) (iii)
HO(CH,CH,0),gH 87 % MeO(CH,CH,0),sH 81 %

(i) (iii)
HO(CH,CH,0)3,H 78 % MeO(CH,CH,0)4sH 78 %

/React'on conditions A o

i itions:

MeO(CH,CH,0),,H 73 %

(i) NaH, n=3, DMF, rt (il

then H,0, H,SO,, THF, rt

(") NaH, n = 7, DMF, rt MeO(CHQCHQO)ZOH 80 %

then H,0, H,SO,, THF, rt (iii)

MeO(CH,CH,0),sH 81 %
(iii)
MeO(CH,CH,0)sH 76 %

(ii)y NaH, n = 7, THF, rt { 0,0

then H,O, H rt _S<
L en 20, 2804, 0 S o)
iko)?

Figure 33. (Left) Bidirectional linear extension towards uniform unfunctionalized Egss and (right)
unidirectional linear extension towards MeO—-Eges from macrocyclic Egs and Egs sulfates respectively.
Adapted from 47 with permission from WILEY-VCH.

MALDI-ToF analysis in the accompanying supporting information to Zhang et al.’s work reveals that as
far as is visible in the excerpts, there is no contamination of +Eg+ in any of the species. Up to MeO—-
Egss—OH, there is also only a very low level of -Eg1 impurity, perhaps in the region of 1-2 %, although
there is a marked increase from MeO-Egss—OH to MeO—-Eges—OH. When looking at Egss, consisting of
14 combined units of Egs, an impurity level of, for example, 1.4 % of shorter homologue would indicate
only approximately 0.1 % contamination of Egs in the Egs starting material, assuming absolutely no
depolymerization took place in any of the reactions. The fact that the -Eg1 impurity did increase from
compound MeO-Egss—OH to MeO—-Eges—OH however indicates that some depolymerization may take
place under these conditions (if the discrepancy cannot be traced to an analytical error). The level of
impurity, at least up to Egss, is therefore very low when compared to typically expected level in other
strategies as commercial samples of tetragol do not provide 99.9 % purity. To the author’s knowledge,
no suppliers for tetragol with 99.9 % purity exist. It is therefore plausible that the crystallization of the
building block does reduce the level of undesired trace homologues derived from the tetragol starting

material, as expected.
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The authors reported dispersity values of the final species of 1.00005 (MeO—-Egss—OH), and 1.00003
(MeO—Egss—OH). While the results at least up to MeO-Egss—OH are certainly impressive regarding the
content of shorter -Eg+ homologue, these values should be treated with caution. First, it is unlikely that
purity should have increased with an additional chain extension step, particularly when the level of -Eg1
impurity is noticeably higher. But more importantly, the major contaminant deriving from the chain
extension cycles rather than the starting material, would be the lack of attachment of a unit of building
block. This contamination may be the result of either an incomplete chain extension reaction or
incomplete deprotection in the prior step. These chain errors are in fact visible at a level of approximately
5 %, higher than the level of -Eg+ impurity, in the MALDI-ToF spectrum for the two preceding species,
MeO-Eg4o—OH and MeO—-Eg4s—OH. In the spectra of the final two species, the MALDI-ToF spectra
excerpts in the supporting information only show a range of 331.4 Da and 347.6 Da downfield of the

main peak respectively with a -Egs impurity expected at approx. 352.2 Da downfield of the main peak.

HO-Eg,s—OH HO-Egs,—OH MeO-Eg;;—OH
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Figure 34. MALDI-TOF mass spectrometry of uniform diol PEGs, HO-Eg2s—OH and HO-Eg3s—OH and
monomethoxy PEGs MeO-Egss—OH and MeO-Egess—OH, in comparison to bulk standard PEG1500.
Reproduced from 47 with permission from WILEY-VCH.
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It is possible that the -Egs impurities have been accidentally overlooked in the MALDI-ToF spectra of the
final two species and were perhaps not included in the dispersity value calculation. Generally, it is a
regular occurrence that the lack of published full range MALDI-ToF spectra makes an independent

assessment of product purity impossible.

It therefore appears that the real strength of Zhang et al.’s approach is the synthesis of building block
with potentially much higher oligomer purity than possible via traditional approaches that required
extensive chromatographic purification to remove the + Egs homologues. The purification via
recrystallization, perhaps in combination with extraction, could thus potentially allow chromatography-
free scaled-up synthesis of large quantities of building block up to lengths of around Eg+. or Eg1s. The
macrocylic sulfate building blocks could then be converted into linear building blocks in a final step and

used for any other route towards longer PEGs in regular fashion.

1.1.7. The homostar approach

For the synthesis of Egss oligomer, a modified version of the unidirectional, linear extension route was
used. Rather than growing chains individually, several oligomer chains are attached to a trivalent hub
acting as anchor and grown as a combined molecule (Figure 35). Due to the star-shaped point-
symmetrical molecule formed from attaching to the hub multiple chains which grow from the hub centre
in different directions, this strategy was termed the ‘homostar’ approach. (In Greek, 6pudg means the
same, equal or like). The properties of star-shaped polymers with arms constituted of PEG have been

reviewed.®

The homostar approach is conceptually very similar to the unidirectional linear extension strategy
outlined on p. 44 but it is a modification of this strategy because several growing chains are attached to a
hub. In the homostar strategy, the hub simultaneously acts as the semi-permanent protecting group (see
Pg' in Figure 21) and as an anchor. The homostar approach has a key advantage over the traditional
unidirectional extension method because several chains grow as a single molecule at the same time. As
a result, the product molecule increases in molecular size much faster and the fast-increasing size
differential allows the product to be more readily distinguished from the reagents and side products
during purification. The approach is thus particularly attractive for membrane applications such as

nanofiltration that allow molecular sieving based at least partially on a size.

Before using the homostar approach in an extension strategy relying chiefly on nancfiltration for
purification between extension steps, it was critical to establish the chain extension chemistry itself. In

the following discussion, the synthesis of a heterobifunctional Egse oligomer is outlined, with
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chromatography used as a primary separation means before complementing the strategy with

nanofiltration in a later chapter.

L(g)=a(1+g)n

Figure 35. Speed of growth of the homostar strategy, with unidirectional linear extension on a
multivalent hub. L(g) = length of the product chain in generation g, n = length of the building block,

g = the extension generation, a = number of attachment sites on the multivalent hub. (In this example, 3
chains are grown simultaneously). @ = starting building block, or building block from previous chain
extension, @ = freshly added building block during chain extension, @ = multivalent hub. Adapted from 52
with permission from The Royal Society of Chemistry.

In summary, Table 9 captures some of the advantages and disadvantages of each extension strategy
and highlights the benefits of the homostar approach. A list of the products and the various synthetic

strategies towards uniform PEG oligomers is shown in Table 10.
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Table 9. Extension and purification characteristics of the different chain extension strategies.

Linear
unidirectional

Linear
bidirectional

Chain

doubling Chain tripling

Homostar
approach

Building block
preparation

Same building block in each
step; may be prepared at scale

Two different building blocks
in each step, each different in
every extension step

Same in each
step, may
prep. at scale

Heteroblfunctlona.llty Yes No Yes No Yes
after each extension
Rate of oligomer Linear Linear Exponential Exponential Linear
growth
Increases by | Increases by Increases by
Size of product vs. 1 length of 2 lengths of Always a Always a 3 lengths of
building block building block | building block ratio of 2 ratio of 3 building block
per step per step per step®
4: extension;
No. of reaction deprotecitlon At Ieas.t 3:
. of Pg’, extension; .
steps per extension ) . . . . 2: extension,
i 2: extension, deprotection deprotection partial .
/ additional ) . deprotection
separation steps of Pg® and deprotection,
P P replacement | addition of Lg
with Lg
Any excess building block
May use
- must come from the product
. L May use excess building block : . excess
Reaction kinetics . of the previous extension, .
as required . : building block
thus increasingly valuable as required
building block lost as excess g
Ease of separation . . .
after chain Comparatively | Comparatively Medium Very_ i Comparatively
. easy easy challenging® easy
extension

[a] While each chain only increases by 1 length of building block like in linear, unidirectional extension, the

product molecule grows by however many chains are attached to the multivalent hub (3 lengths in the case of a

trivalent hub).

[b] See Figure 29
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Table 10. Overview of the synthetic strategies towards uniform PEG oligomers to date.

Mode Attained length Building block(s) Starting material Reference
Egn (generation) | Fg'-Egn.—Fg? Egn
Bidirectional 44 (5) BnO-Egs—OTs Egs Ahmed & Tanaka
linear 2009%
Chain doubling 11 (2) BnO-Eg.—OH Eg2, Egs, Egs Burns, Field,
BnO-Eg—OTs Hashimoto,
HO-Eg—OThp Petteys, Ridley,
Samankumara
Sandanayake
19994
Chain doubling 24 (3) BnO-Eg.—OTs Egs, Egs Loiseau, Hii, Hill
HO-Eg~—OPmb 2003*
(PmbO-Eg,—OTs)
(HO-Egn—OThp)
Chain doubling 12 (2) BnS-Eg.—OH Egs Boden, Bushby,
Cl-Eg+—OThp Clarkson, Evans,
Knowles, Marsh
19973%
Bidirectional non- | 28 (2) TsO-Egs+—OTs Eg4 Harada, Li,
linear HO-Eg,—OH Kamachi 199445
Chain doubling 32 (3) BnO-Eg.—OTs Eg4 French,
HO-Eg—OTrt Thompson, Davis
2009%2
Unidirectional 64 (7 from Egs) Macro- 00 Eg4 Zhang, Li, Shi,
linear cyclic O’\\S”‘O Xia, Chen, Yang,
Egs (‘\ /f Jiang 2015%
sulfate (O
Bidirectional 24 (3) HO-Egs—OH Eg2, Egs, Egs Maranski,
linear BnO-Egs—OTs Andreeyv, Bruce
MeO-Eg.—OTs 20143°
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1.2. Materials and methods

Two different batches of Egs starting material were purchased from Sigma-Aldrich over the course of this
work and used as received with purity quantified via gas chromatography (GC) with flame ionization
detection (FID) by the supplier (Table 11). Batch MKBK3234V was used for the final synthesis of Egse
and because Egss is a combination of 14 units of Egs, a maximum molar purity of 92.0 % can be

achieved after 14 couplings with an Egs starting material oligomer purity of 99.41 % (= 0.9941').

Table 11. Summary of Egs starting material purities by GC-FID as obtained from Sigma-Aldrich (Product:
110175-1KG). GC area-% is approximated to be equal to the mass-% of each species. Molar purity
accounts for the difference in molecular weight from Egs to Egs.

LOT GC Area Purity
(Date) " (area-%) (mole-%)

MKBK3234y  E9s  150.17 0.44 0.57
(03/2012) Eg.  194.23 99.24 99.41
Egs  238.28 0.03 0.02

MKBS7714y  E9s  150.17 0.29 0.38
(03/2014) Eg.  194.23 99.60 99.58
Egs  238.28 0.05 0.04

Reagents were purchased from Sigma-Aldrich and used as supplied. Sublimed potassium tert-butoxide
(KOt-Bu) was used. All solvents were purchased from VWR (UK), acetonitrile was purchased from Merck
(DE). CH.Cl2, MeCN, THF and DMF were dried and stored over baked 4A molecular sieves. Flash
chromatography was conducted in a 9 cm diameter, porosity 3 glass sinter funnel with Geduran® (Si 60)
for normal phase columns, and silanized silica for reverse phase columns (Merck, DE). Thin layer
chromatography was carried out using silica gel 60 F2s4 aluminium-backed plates (Merck, DE);
compounds were visualized using UV light, KMnOy stain, or for Dmtr ethers trifluoroacetic acid vapour

was blown over the plate.

Mass spectra were recorded on Micromass MALDI micro MX, or Micromass LCT Premier (ESI) mass
spectrometers at the Department of Chemistry, Imperial College London. Mass spectrometry samples

were not spiked and 6-Aza-2-thiothymine (10 mg-mL") was used as matrix.

'H- and "*C-NMR spectra were recorded on a Briiker AV-400 spectrometer. Chemical shifts in ppm are
referenced with respect to residual solvent signals: &4 (CHCI3) 7.25 ppm, &4 (CHD20D) 3.31 ppm; &¢
(CDCl3) 77.50 ppm, &¢c (CDsOD) 49.15 ppm. The splitting patterns for '"H-NMR spectra are denoted as

follows; s (singlet), d (doublet), t (triplet), g (quartet), quin (quintet), m (multiplet), b (broad) and
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combinations thereof. Coupling constants (J) are in Hertz (Hz). *C-NMR assignments (C, CH, CH. and
CHs) and 'H-NMR assignments, where given, were established with the aid of DEPT-135, HSQC and
COSY experiments. CDCIl; was purchased from VWR and CDsOD from Merck. All NMR of Dmtr-
derivatives was conducted in the presence of a small amount of EtsN, and these purified compounds

were always stored with a trace of added EtsN.

Parts of this chapter have been published in two journal articles.**? For full experimental details, please

consult the Supporting Information therein.
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1.3. Results and discussion

Parts of this chapter have been published in two journal articles.*>?

o Szekely, G.; Schaepertoens, M.; Gaffney, P. R. J.; Livingston, A. G., Iterative synthesis of
monodisperse PEG homostars and linear heterobifunctional PEG. Polymer Chemistry (2014), 5,
694-697.

o Szekely, G.; Schaepertoens, M.; Gaffney, P. R. J.; Livingston, A. G., Beyond PEG2000:
Synthesis and Functionalization of Monodisperse PEGylated Homostars and Clickable Bivalent
Polyethyleneglycols. Chemistry — A European Journal (2014), 20 (32), 10038-10051.

The goal of this foundational work was to synthesize uniform PEG based on the homostar growth
strategy and to demonstrate that the approach fulfilled all synthetic requirements before demonstrating
the route with nanofiltration as the purification technology. Planning to synthesize oligomers beyond Egz4
where alternative separations such as extraction may no longer be feasible, chromatography was first

used as a tested and reliable means of purification between chain extensions in this synthesis of Egss.

Prior to chain extension, however, it was necessary to prepare enough building block of high quality and
to prepare a first generation central homostar species ready for extension by attaching the first round of
chains to a hub. Thereafter, chain extension can commence up to the desired length, followed by
cleavage from the hub. The oligomer may optionally be functionalized at one terminus prior to cleavage
from the hub, and once after at the other terminus. Broadly, the strategy can thus be divided into four

parts:

1) Building block preparation
2) First generation homostar formation (hub attachment)
3) Chain extension (multiple cycles), consisting of

a. Etherification

b. Deprotection

4) Functionalization and hub cleavage

Based on the published work*°2, the requirements for success with regard to each step are summarized

below. The overall strategy is sketched out in Figure 37.
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I.  Building block preparation

Preparing in an economic fashion large quantities of PEG building block, Pg'-Egw—Lg (where m is the
length of starting material and M is the final length of building block after elongation), from a commercial

oligomer that is sufficiently uniform. The building block may be elongated prior to chain extension and a

balance found between the number of elongation and chain extensions steps to attain the final product
length. For example, by elongating the building block once to double the size of the starting material, the

number of later chain extensions may be halved.

H(O/\%nOH Pgl(o/\%\//ng

Figure 36. Multi-step preparation of Pg'-Egm—Lg building block from HO-Egm—OH starting material.

It is important that the cost of building block preparation is not economically prohibitive and its synthesis
scalable as a homostar strategy with optimized purification between chain extensions would be rendered

impotent if the building block preparation became limiting.
II.  First generation homostar formation

Preparing on a suitable hub a first generation homostar, Hub(—Egu—OH)a (where a is the number of
attachment sites on the hub), ready for chain extension. The functional linkage between the hub and the
PEG chain must be stable to the chain extension (Step Ill) and deprotection conditions (Step IV) as it

simultaneously acts as the semi-permanent protecting group.

The structure and valency of the hub should be chosen to balance the rate of growth with ease of
analysis. Fewer arms lead to a slower growth of product and will later lead to a more difficult separation
via nanofiltration, while too many arms may complicate analysis, for example in mass spectrometry, due
to excessive fragmentation. In NMR, a symmetrical hub will generally facilitate analysis and a hub
containing a UV chromophore allows tracking by UV and provides a linear quantification method when a

non-UV absorbing protecting group is used or when the homostar is temporarily deprotected.
[ll.  Williamson etherification

Ensure completion of and optimize the Williamson ether synthesis with Pg'-Egw—Lg building block:

Hub(—-Egn—OH)s — Hub(—Egn:m—OPg')a. Ideally, unconsumed building block should be recovered.
IV.  Deprotection

Ensure unblocking of the protecting group, Hub(—Egn—OPg')a to Hub(—Egn—OH),, is quantitative and
orthogonal to the semi-permanent protection chemistry (described in Step Il) linking the PEG oligomers

to the hub core (Figure 1, step 4).
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V. Functionalization

After chain extension to the full length homostar, functionalize the chain termini into a pharmaceutically

useful end group compatible with hub disassembly in Step VI: Hub(-Eg~—OH)a — Hub(-Egn—R")a
VI.  Homostar disassembly and functionalization

Disassemble the full-length homostar, Hub(-Eg—R")a to yield ‘a’ multiples of HO-Eg—R"', where R' is a
functional group that distinguishes one end of the PEG from the other; a second functional group, R?,

may then be appended to yield R>~Eg,—R
VII.  Depolymerization

Minimize the extent to which any of the above reactions, particularly the chain extension in Step llI,

reduce oligomer purity, e.g. through depolymerization.
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Figure 37. Key steps in the synthesis of uniform PEG via a homostar strategy: (i) Assembly of building
block, (ii) assembly of homostar, (iii) chain extension, (iv) unblocking of the temporary protecting group,
(v) functionalization of the outer terminus, (vi) disassembly of the homostar to liberate the individual PEG

oligomers, and optionally (vii) functionalization of the liberated terminus. = short PEG oligomer,
HO-Eg.—OH; © = temporary protecting group, Pg; ™® = leaving group, Lg; © = building block
without Lg; © » = building block with Lg; O = trivalent hub; © and © = non-identical functional

groups. Adapted from 4 with permission from John Wiley & Sons.
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1.3.1. Uniform PEG synthesis

1.3.1.1. Building block preparation

The first part of the strategy concerns itself with building block preparation. This first implementation of
the homostar strategy for PEGs was anticipated to rely heavily on chromatographic separation. The
4.4-dimethoxytrityl (Dmtr) protecting group was therefore suitable — its hydrophobicity serves as a useful
distinguishing feature for the poly(ethylene glycol) chain during chromatographic separation and the

Dmtr group also possesses appropriate lability under acidic conditions.

Building block was prepared from tetra(ethylene glycol) (or tetragol, Egs, HO-Egs+—OH, 1) according to
Figure 38. First, a large excess of 1 (5-10 eq.) was protected with 4,4’-dimethoxytrityl chloride (2) in the
presence of EtsN as acid scavenger. Tetragol contains two equivalent hydroxyl end groups, both of
which are equally susceptible to protection. The use of a large excess of tetragol therefore statistically
favours the monoprotected product, DmtrO-Egs—OH (3), but production of a small quantity (ca. 5-10 %)
of biprotected side product, DmtrO-Eg+—ODmtr (4), cannot be avoided. While the biprotected side
product is inert to further reaction and may remain in the product mixture, excess reagent (1) must be
removed.

1, tetra(ethylene glycol),
Eg4, HO—Eg4—OH

H oH MeO OMe
— o™ Qe
i) 0.1 equiv. DmtrClI
Dmtr ’
{ Yo )X ] Et,N, CH,Cl,, 97 % O

3,m=4,X=0H

D (i) TSCI, Et;N, CH,Cl,, 97 % 2, 4,4'-dimethoxytrityl chloride
5, m=4,X=0Ts (DmtrCl)

D (iii) 10 equiv. 1, KOtBu, DMF, 66 %
= 6, m=8,X=0H

(ii) TsCl, Et;N, CH,Cl,, 97 % o
O
o)

Dmtr OTs Dmtr ODmtr p-toluenesulfonyl chloride
‘(o/\)g (‘o/\%’n (TsCl)
8, DmtrO-Egg—OTs 4, m=4
7, m=12

Figure 38. Synthesis of DmtrO-Egs—OTs (8) building block from Eg. starting material. (i) Monoprotection
with 2 using a large excess of Ega, (ii) activation of the unprotected hydroxyl terminus by leaving group
insertion, (iii) building block elongation with a large excess of Ega. (iv) Optionally the procedure may be
telescoped by carrying forward crude product and separating only Egs where necessary up to 6, without
purification of intermediates 3 and 5. Adapted from # with permission from John Wiley & Sons.
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Due to the hydrophobicity of the Dmtr protecting group, separation is feasible by either reverse phase
chromatography* or extraction**#* and the former technique was chosen. The use of extraction as a
separation technique in building block preparation up to Eg+s has been previously discussed (Section
1.1.6.2 on page 62). Selective adsorption of tetragol onto CaCl., i.e. formation of the metal complex in
Et,0%3, under sufficiently dry conditions is also feasible, although the procedure requires fine-tuning.
Another alternative to using a large excess of reagent, stoichiometric Ag(l) may be used for

heterobifunctionalizing short chains.®*

After protection of one end of the chain, the other chain terminus was activated with p-toluenesulfonyl
chloride (TsCl), in the presence of EtsN as an acid scavenger and, optionally, N-methylimidazole (NMI),
to yield the toluenesulfonate ester, DmtrO—Eg4—OTs (5). The use of NMI as a catalyst for the
toluenesulfonate ester formation with TsCl in conjunction with EtsN as base is documented®®, but the
introduction of NMI also poses a removal problem. Typically, removal of the conjugate acid under slightly
acidic conditions via extraction would be feasible, but the procedure must not affect the acid labile
protecting group. With primary alcohols, introduction of an OTs moiety is also feasible without NMI as a
catalyst. Alternatively, relevant sulfonate ester formations with methanesulfonyl chloride (MsCl) are

reported to proceed smoothly without catalyst even for secondary alcohols.*®

Following activation, it is critical to quench and/or remove any excess TsCl reagent from the product
mixture as PEGs bearing acid-labile protecting groups have been reported to undergo concomitant
unblocking during treatment with sulfonyl chlorides.?®* It is possible that the observed decomposition
was caused by traces of TsCl remaining in the apparently pure product after concentration, and that
residual TsCl may have reacted to release HCI and thus caused deprotection during storage, rather than
deprotection occurring concomitantly during tosylation. Excess TsCl was therefore quenched via N-
methylimidazole-catalyzed hydrolysis by stirring the product mixture in a monophasic mixture of
THF:H20 in the presence of NaHCOs3, prior to aqueous work-up. It is important to ensure that no
hydrolysis of the tosylate ester occurs here as the non-activated species and resultant side products will
be difficult to separate during the following steps. It was not finally determined whether the TsCIl quench
under aqueous conditions simultaneously resulted in a small degree of toluensulfonate ester hydrolysis.
If so, the quench would be counterproductive as the removal of DmtrO—Egs—OH (3) from DmtrO—Egs—
OTs (5) would likely pose a more difficult separation problem than the removal of TsCl from 5. For
example, the chromatographic separation of 3 from 5 should be more difficult than the separation of TsCl
from 5 on a normal phase medium. Wawro et al.’s work on the multigram chromatography-free synthesis
of octa(ethylene glycol) p-toluenesulfonate*® does suggest that a clean quench of the excess TsCl is

possible when using appropriate conditions.

After activation, DmtrO-Egs—OTs (5) is extended by another length of Egs by etherifying with tetragol in

the presence of a strong base, either KOtBu (2 eq.) or NaH (2 eq.). Once again, a large excess of
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tetragol (5-10 eq.) is used to statistically favour the desired product. The main product, DmtrO-Egs—OH
(6), includes a free hydroxyl and is therefore susceptible to reaction with the DmtrO-Egs—OTs (5)
reactant, similarly to tetragol (HO-Eg+—OH). Reaction of 5 with 6 (perhaps better thought of as extension
of tetragol with 5 on both sides) leads to formation of the undesired diprotected side product, DmtrO—
Eg1>—ODmitr (7). Like 4, 7 is inert to further reaction as it has a Dmtr protective group on either chain
terminus and thus does not require immediate separation and may be carried forward in the mixture.
However, the side reaction should be reduced from an economic standpoint until use and separation of

excess tetragol become costlier than the loss of DmtrO—-Eg+—OTs (5) reagent to the side reaction.

The extended building block is then once more activated to give the final building block, DmtrO—-Egs—OTs

(8) which may be used in the subsequent chain extension steps.

1.3.1.2. Hub attachment

The second part of the strategy concerns itself with attachment of the building block to the hub. Before
chain extension can commence, a starting point for attachment, the first generation homostar, needs to
be assembled from a suitable hub reagent and the non-activated building block, DmtrO—Egs—OH (6).
Commercially available 1,3,5-tris-(bromomethyl)benzene (9) was reacted with a small excess of 6 (4 eq.)
in the presence of KOtBu (3.5 eq.) to yield the first generation homostar (Figure 39). This reaction
proceeds to completion rapidly (< 5 min) and later work has shown that a smaller excess of building
block can generally be used (< 3.3 eq.). The use of a smaller excess of 6 not only conserves material but

also simplifies the post-reaction work-up.

In this version of the hub attachment reaction, the alkoxide of the non-activated building block acts as the
nucleophile attacking the benzyl bromide moiety on the hub reagent. As a result of the nucleofuge
residing on the hub reagent, traces of hydroxide introduced either directly via impurities in the base used
or indirectly via trace water will result hydrolysis of the hub benzyl bromide moiety. This leads to
formation of homostar side products containing fewer than three attached arms, e.g. two hub sites
possess successfully attached arms and one side group persists as the hydroxymethyl moiety. It is
therefore critical to use a high grade of base, e.g. sublimed KOfBu (lower grades e.g. 98 % typically
contain KOH as a major contaminant), and dry the building block reagent rigorously to remove traces of
H20. The reaction mixture is separable via reverse phase chromatography (whereas normal phase
chromatography gave poor separation). If present, it is critical that any homostar side product bearing
fewer than three arms is removed at this point to preserve monodispersity as any benzyl alcohol groups
would be available for later chain extension. For hub attachment, the reverse attack pathway is
conceivable, e.g. between 1,3,5-tris-(hydroxymethyl)benzene and DmtrO—Egs—OTs (8), but is

comparatively very slow.
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Figure 39. Hub attachment with 1,3,5-tris(boromomethyl)benzene and 6 to yield the first generation
homostar and detrimental side reaction with trace H>O or hydroxide to yield the two-armed species with
incomplete attachment of arms. (one-armed side product is not shown.)

1.3.1.3. Chain extension cycles (extension and deprotection)

The third part of the strategy concerns the chain extension of the homostar side-arms and is the key
towards obtaining the desired length of PEG. The protecting group on one terminus of each building
block ensures that a building block can attach to the hydroxyl group on each arm only once per step via
its activated terminus. After a chain extension step, the protected termini consisting of the Dmtr
protecting groups need to be deprotected before another chain extension can commence. The chain
extension cycle therefore consists of a) chain extension and b) deprotection (Figure 40). Because the
first set of chains has already been attached during hub attachment, the next part-step is deprotection.
The protected first generation homostar is treated with Cl,HCOOH (dichloroacetic acid, or DCA) (1.3 eq.)
in CH2Cl2 which liberates an intense orange-red colour corresponding to formation of the Dmtr* cation. In
hydroxylic solvent, such as methanol, this colour would rapidly dissipate by transfer of the Dmtr* cation
to the solvent. However, the acid-catalyzed deprotection of Dmtr with alcoholic solvent is reversible and
does not reach completion, even with a large molar excess of the alcohol.* Because any trace of
incomplete deprotection would adversely affect oligomer dispersity, pyrrole (3.3 eq. per arm) was used
as a cation trap to force the reaction to completion.®® No decomposition of the hub linkage was ever
detected under the above deprotection conditions, but reaction time lengthened from 30 to 120 min with
increasing chain length.* It was hypothesized that the increasing volume fractions of polyether could
partially buffer the acid. To overwhelm the buffering, the DCA concentration may be increased while the
concentration of pyrrole should be kept as low as practically possible to minimize the generation of

polypyrrole.* For further discussion on the subsequent work-up, the reader is referred to Szekely et al.*
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Figure 40. Homostar chain extension cycle, consisting of chain extension and deprotection. Chain
extension yields the extended protected homostar as well as vinyl ether and building block dimer side
products. Adapted from 2 with permission from John Wiley & Sons

The first chain extension cycle on the first generation deprotected homostar initiates via etherification
with excess DmtrO-Egs—OTs (8) (10 eq., 3.3 eq. per arm), in a suitable non-protic solvent in the
presence of a strong base capable of deprotonating the homostar hydroxyl chain termini to generate the
alkoxide species. In the literature, a combination of either NaH or KOtBu as base (6 eq.), and either
N’,N’-Dimethylformamide (DMF) or tetrahydrofuran (THF) as solvent were typically chosen. Throughout
the final synthesis described here, a combination of NaH and DMF was used. While no systematic
studies were carried out, it was observed that PEGs exhibit very high solubility and a slightly higher
reaction rate in DMF. The generation of alkoxide from the chain terminal primary alcohol (pKs = 16) with
NaH [pKa(H2) = 35] is also irreversible while the reaction with KOtBu [pKs(tBuOH) = 18] is reversible. In
early trials of the chain extension reaction, KOtBu (6 eq.) was used as base instead of NaH and
approximately a sixth of the recoverable building block was typically converted to vinyl ether (13). In
contrast, this elimination by-product was almost undetectable in etherifications promoted by sodium

hydride, which was used as the base from then on.*?’

It was quickly apparent during etherification reactions under these conditions that reaction kinetics were
slow. In general, the etherification reactions here were complete in the order of hours or days, rather
than seconds or minutes. Because complete reaction is critical to maintaining uniformity of the PEG
oligomer, it was necessary to successively increase the reaction temperature from room temperature to
40 °C and the reaction time from several hours to 36 h. A kinetic study of these etherifications is

presented in the following chapter.
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Overall, six chain extensions were carried out after the initial hub attachment to reach a target length of
Egse. The average yields of etherification and detritylation were 86 % and 92 % respectively, resulting in
an acceptable average chain extension cycle yield of 79 % (Table 12 and Table 13). Both procedures
included two lower yielding steps at lower chain length and refinement of the chromatographic work-up
led to higher yields towards the end of the synthesis run at higher chain length. Yield loss is attributed
largely to the chromatographic work-up as reactions were monitored to completion via HPLC with
enough building block and base still present in each case. Functionalization and hub disassembly were

then be carried out as reported*, with a summary given in Appendix B.

Table 12. Summary of the scale and yield of homostar chain extension reactions. Reproduced from 4

Triol homostar reactant Extended product homostar
Product Mass My Mole Mass My Mole Yield
homostar [a] [Da] [mmol] [a] [Da] [mmol] [%]
Egis (12) 2.500 1225.4 2.04 6.030 3189.8 1.89 93
Eg24 (16) 3.700 2282.7 1.62 5.450 4247 1 1.28 79
Egs2 (18) 2.382 3340.0 0.71 2.780 5304.4 0.52 77
Egao (20) 2.000 4397.2 0.45 2.609 6361.6 0.41 95
Egss (22) 1.982 5454.5 0.36 2.085 7414 .2 0.28 83
Egss (24) 1.653 6511.8 0.25 1.898 8476.2 0.22 89

[a] The spectroscopic data for the compounds can be found in the Supporting Information of Szekely et al.#

Table 13. Summary of the scale and yield of the homostar deprotection reactions. Reproduced from #

Protected homostar reactant Deprotected triol homostar
Product Mass My Mole Mass My Mole Yield
homostar [a] [Da] [mmol] [a] [Da] [mmol] [%]
Egs (11) 5.947 2132.5 2.78 3.131 1225.4 2.55 92
Egs (15) 5.960 3189.8 1.86 3.720 2282.7 1.63 87
Eg2 (17) 5.450 4247 1 1.28 3.160 3340.0 0.94 74
Egs2 (19) 2.720 5304.4 0.51 2.070 4397.2 0.47 92
Egao (21) 2.379 6361.6 0.37 2.067 5454.5 0.37 1010}
Egas (23) 2.050 7414.2 0.27 1.733 6511.8 0.26 96
Egss (25) 1.487 8476.2 0.17 1.317 7569.1 0.17 99

[a] The spectroscopic data for the compounds can be found in the Supporting Information of Szekely et al.*

[b] High Mw PEG species are difficult to dry fully. Sample may have contained residual solvent.
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1.3.2. Analysis of homostar purity via HPLC and MALDI-ToF

A critical requirement for maintaining chain uniformity is to ensure completeness of the chain extension
and deprotection reactions. Reactions were monitored both by HPLC and mass spectrometry (MS).
HPLC was run with a reverse phase C1s stationary phase connected to a diode array detector (Agilent
G1315B DAD) and an enhanced light scattering detector (ELSD). Tracking of the homostar species is
helped by the shift in elution time on the reverse phase HPLC with the addition of each building block
due to the transfer of the hydrophobic Dmtr protecting group. The mono-, di- and fully tri-extended
homostar can therefore be resolved and the presence/absence of incompletely chain extended

intermediates detected.

All protected species including the DmtrO—-Egs—OTs building block, the DmtrO—Eg1s—ODmtr building
block dimer as well as the partially and fully extended homostars could be readily tracked by their UV
absorption at 260 nm due to the large extinction coefficient of the Dmtr ether. However, prior to
extension, the homostar triol only comprises a benzyl ether core with a comparatively weak UV
absorption. For this purpose, an ELSD detector was used downstream of the UV detector. The operation
principle of ELSD is that the liquid eluent is mixed with an inert carrier gas and dispersed into a fine mist
through a nebulizer. The mist is passed through a heated drift tube where the mobile phase is
evaporated off until only components less volatile than the mobile phase, ideally only dried analyte,
remain. In a detection region, a beam of light is shone through the resultant particles and the scattering
quantified. Because the detector response is non-linear and requires calibration for quantitative analysis,
this technique was only used for qualitative assessment of homostar triol disappearance. Further, with
sensitivity towards the full length of the chain rather than just the UV active end groups, ELSD served as
a useful additional check on all polyether species in the mixture, becoming particularly useful with higher
homostar My.%” Where preparative chromatography was used during building block preparation, HPLC
analysis was also useful to confirm that all PEG-related contaminants that could affect dispersity such as

tetragol had been removed.

While HPLC is useful in tracking reactions and detecting completion of chain extension and deprotection
reactions, it cannot readily resolve polyether homologues, oligomers with slightly different length, when
they possess similar functionality. For example, HPLC cannot resolve a three-armed Egss homostar (e.g.
24 or 25) containing 168 monomeric units from its homologues containing one more, or one less unit

(x Eg1). At these chain lengths, even resolution of a shortmer containing one fewer added Egs building

block from a prior extension (- Egs) is challenging.

Mass spectrometry was therefore essential to quantify oligomer purity after each chain extension step.
For the analysis of the homostars, matrix-assisted laser desorption/ionization (MALDI) with a time of
flight detector (MALDI-ToF) was used. In MALDI, the analyte is co-crystallized with a laser absorbing
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matrix which increases its propensity to ionize with minimal fragmentation and often fewer multi-charged
ions than with other techniques e.g. electrospray ionization (ESI). After ablation and desorption triggered
through pulsed laser irradiation, the analyte is ionized by protonation or deprotonation and after

acceleration quantified by their time of flight.

MALDI-ToF allows quantification under a confined set of circumstances. Absolute quantification of
concentration or comparison between samples is usually complicated by the variability in the co-
crystallization process. But relative quantification is possible where the propensity of all species in the
mixture to ionize can be assumed equal, e.g. where the molecular weight and chemical functionality are
similar. In these cases, the relative signal intensities of all species can be compared to obtain an
estimate of molar purity. For large homostars, this assumption is close to valid, as an Egss homostar
lacking an Eg1 unit would be only be approximately 0.6 % smaller by molecular weight while a homostar

lacking one Egs building block would be 4.6 % smaller.

Here homostars may also possess higher intrinsic sensitivity to departures from uniformity. With three
oligomer chains joined into a single three-armed homostar, the likelihood of detecting a chain length
impurity in one of the arms is theoretically enhanced because the number of individual analyzed
molecules is approximately three times smaller than if the chains were analyzed individually after
cleavage from the hub. Equally, the relative difference in mass between the main species and an
impurity would decrease approximately threefold making relative quantification more accurate. However,

ionization becomes more difficult with increasing analyte My, overall.

During MALDI analysis, the deprotected homostar triols at length Egass (23) and Egss (25) yielded poor
signal-to-noise (S/N) ratios even after repeated attempts and did not allow identification of minor
impurities. In comparison, the protected tris-Dmtr ether homostars at length Egao (20) and above yielded
higher S/N spectra, perhaps due to better incorporation of the Dmtr group into the matrix or because the
Dmtr group itself helps in absorbing laser irradiation and thereby assists ionization. The downside of
analysing the Dmtr protected homostars was often a partial fragmentation of the main species with loss
one, two or three Dmtr groups. lllustrative is the difference of the protected and deprotected homostars
at length Egss (22 and 23 respectively). The protected tris(Egss—ODmtr) homostar (22) (Figure 41 a), fully
defragmented in this example, shows high S/N and allows identification of minor impurities, while the
same spectrum of the triol (23) (Figure 41 b) exhibits poor S/N. The spectral quality shown is
representative of the higher My, triols Egss and Egss while spectra of Eg4o and below gave better results

(see Supporting Information of Szekely et al.*).
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Figure 41. MALDI-ToF mass spectrum of (a) tris(Egss—ODmtr) homostar 22 showing complete

fragmentation by detritylation to tris(Eg4s—OH) homostar 23 with good S/N and (b) tris(Eg4ss—OH) homostar
23 itself with poor S/N. Adapted from 4 with permission of John Wiley & Sons.
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While impurity analysis at length Egss was difficult, the high S/N of the spectrum of tris(Eg4ss—ODmtr)
homostar (22) fully deprotected in situ allowed a detailed quality assessment of the synthesis. The two
main species present are the sodium base peak [M + Na]* (100 % relative intensity) and potassium
adduct [M + K]*. Multiple adducts are visible in this case because no salts were added during the sample
preparation process to favour exclusive formation of a single adduct. The main impurity is lacking one
unit of monomer [M — Eg1 + Na]* (9 %) which may derive from starting material or depolymerization
during chain extension. With Egs starting material of 99.41 % molar purity containing 0.57 % Egs, this
departure from uniformity likely stems from the starting material, as a concatenation of 36 units of Egs
(12 per chain) on the Egss homostar should contain roughly 18.6 % [1 — (1 — 0.0057)%%] of shortmer
lacking one monomer unit. In fact, the detected level of this impurity should be roughly twice as high if
the supplier estimate of purity was correct. Depolymerization therefore does not appear to have occurred
to a significant degree during synthesis. Similarly, the 0.02 % of Egs in the starting material should have

led to about 0.7 % of [M + Eg1 + Na]* which is approximately consistent with the level visible.

The remaining impurities are by-products of the synthesis. Of the shorter homologues, [M - Egs + Na]* (4
%) lacking one tetragol unit must derive from low levels of DmtrO—Egs+—OTs (5) contaminating the
activated DmtrO—Egs—OTs (8) building block after tosylation. DmtrO-Egs—OTs (5) in turn must have
stemmed from a very low level of DmtrO—Egs—OH (3) contaminating the DmtrO—-Egs—OH (6) after
building block elongation, which was incompletely separated by chromatography post reaction. [M - Egs
+ Na]* (3 %) is a result of incomplete chain extension which can be caused by either incomplete reaction
during a chain extension or by incomplete detritylation in a prior deprotection, as a still protected site
cannot be extended. Because reactions were monitored by HPLC, it is thought that these shortmers
were formed at a low level over multiple chain extension and deprotection cycles as a single poor

coupling should have been detected.

Of the longer homologues, both [M + Egs + Na]* (2 %) and [M + Egs + Na]* (1 %) are detected. The latter
likely derives from slight detritylation of the DmtrO—-Egs—OTs (8) building block which was prepared in
bulk at the beginning of the synthesis, stocked and used over time. The resultant formation of
deprotected HO—-Egs—OTs causes double coupling during chain extension. The M + Egs impurity could
have been explained similarly, by the presence of coincidentally shorter and deprotected building block,
were it not for the relatively higher intensity of this peak. If the impurity was generated from HO-Egs—OTs
derived from leftover DmtrO—Egs—OTs in the DmtrO-Egs—OTs building block, the ratio of HO—Egs+—OTs
to HO—-Egs—OTs in the building block sample should be small, and the peak ratio of the impurities, [M +
Egs + Na]" and [M + Egs + Na]*, should be consistent therewith. Because it is not, the M + Egs impurity
must instead stem from contamination of the building block with DmtrO-Eg>—OTs, which derives from
double coupling caused by HO-Egs—OTs during building block synthesis. HO—Egs+—OTs in turn must

have been caused by a low level of deprotection of DmtrO-Egs—OTs at the very start of the synthesis.
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1.4. Conclusion

In Chapter 1, it was demonstrated that the synthesis of uniform oligo(ethylene glycol) up to Egss via the
homostar approach is feasible. Impurity analysis by MALDI revealed that one main source of oligomer
impurity was the Egs starting material. The use of alternative starting material sources, or of a separation
technique during building block synthesis that also achieves oligomer purification such as crystallization
is therefore worth considering. At the same time, chain impurities also arose from all synthetic steps as
impurities could be traced back to the building block synthesis and potentially to its storage as well as

the chain extension and deprotection reactions.

For an industrial process to work on this basis, the reaction would likely need to be fine-tuned. First, to
be economical, an industrial synthesis would likely need to make do with a smaller excess of building
block. At the current level of excess (10 eq. of building block, 3.3 eq. per arm), the building block
utilization is only 30 %. In theory the remaining 70 % (excluding any side products derived from building
block) could be recovered. However, the idea of recovering the building block after reaction runs counter
to the principle of the homostar approach. The homostar approach is so effective precisely because it
facilitates purification of a large product from a much smaller building block. But the difference in size
between the building block and its two side products, vinyl elimination product and dimer, is much
smaller in comparison, resulting in a more difficult separation. If building block were to be recovered
chromatographically, that recovery would likely become the economically limiting step of the overall
separation, rendering innovations with regard to separability of the homostar post chain extension void.
Ultimately, the strategy should therefore be improved with regard to building block preparation and

building block input factor during chain extension.

The dimethoxytrityl protecting group may also be an inefficient choice. While readily traceable, the Dmitr
group is one of the larger acid labile protecting groups weighing in at 303 Da, equivalent to almost seven
units of ethylene glycol. About 35 % of a Dmtr—Egs—OTs building block therefore consist of the protecting
group which needs to be carried through the building block preparation, the reaction and separation
steps but does not contribute to the length of the final product. A reduction in protecting group size, e.g.
towards smaller acetal type protecting groups, could therefore increase mass efficiency, and reduce
cost. A similar reasoning could be applied to the tosylate leaving group which could be replaced, for

example, by the smaller mesylate.

Overall, the process described in Chapter 1 is limited in both cost and scalability by the use of
chromatography as the separation tool. For the relatively cheap starting materials used in uniform PEG
synthesis, a quick cost calculation reveals that the vast majority (> 90 %) of the cost is in the
chromatographic separation, through solvent use and labour. This production cost is reflected in the high

prices currently charged for homo- and heterobifunctional uniform PEG. At the same time, while the
89



typical minimum size for effective PEGylation is 5,000 Da, this region has so far only been accessed with
branched products. This suggests that there are limitations to the current strategies for linear PEGs. The
quest for uniform PEGs of pharmaceutically useful length therefore requires an entirely different
separation approach, and a strategy designed around such a separation. That approach could be

organic solvent nanofiltration (OSN), a membrane-based separation technique.

In Chapter 3, OSN will be used to improve the purifications within the chain extension cycle, both after
chain extension and after deprotection. Prior to implementing nanofiltration however, the kinetics of chain
extension were investigated to obtain an estimate of reaction speed and impurity accrual (e.g. M — Eggs)

over time.
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2. Chapter 2: Chain extension kinetics

2.1. Introduction

In order to obtain a uniform PEG product, chain extension reactions must be significantly more than

99 % complete after each step, or shorter homologues will quickly accumulate over multiple cycles.
Because the separation of incompletely extended homostar from the homostar main product is much
more difficult than the removal of building block, building block dimer and debris, understanding the
homostar chain extension is a priority. If there is a 1 % shortfall in conversion during an extension cycle,
leading to incompletely extended homostar that is not separable, it could lead to approximately 5 % of
shorter impurity after only 5 cycles. The monitoring of the chain extension reactions to completion was
therefore critical to ensuring uniformity of the product PEG. In order to better understand how fast chain
extensions proceed, a kinetic study was carried out alongside the synthesis run from Egs to Egss

described in Chapter 1.

Each chain extension consists of three main reactions from the reactant triol to the fully extended
homostar in which each of the homostar’s three arms homostar are extended. Each chain extension step
is an etherification reaction that obeys Sn2 characteristics and these extension steps occur in series
(Figure 42). The first, second and third extension are assigned the individual rate constants, k1, k> and
K.

ODmtr ODmtr

NaO ONa NaOTs NaO ONa NaO

ODmtr
o

Figure 42. (a) Chain extension from reactant triol homostar, via intermediate singly and doubly extended
homostars, to fully extended product.
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2.2. Materials and methods

2.2.1. Methodology for chain extension reactions

The kinetic study was carried out on a synthetic scale alongside the synthesis of Egss described in
Chapter 1. Reactant triol homostar and building block were azeotropically dried (three times) with MeCN
in separate flasks, with a trace of EtsN added to the building block prior to the first drying step. The
homostar was dried in a two-armed flask, with one arm connected to a Schlenk line supplied with argon
via a Young’s tap, and the other arm stopped closed. NaH (60 wt% suspension in mineral oil) was three
times washed and dried with n-hexane under a stream of argon to give a free-flowing powder. The
building block was then dissolved in a minimum quantity of N,N-dimethylformamide (DMF) solvent and
transferred into the two-armed flask containing the homostar. The flask having contained the building
block was then twice more rinsed with DMF and the rinsing solution transferred. The quantities of DMF
for transfer and rinsing were chosen to obtain the correct final volume of DMF for the reaction after

transfer.

The reaction flask was then immersed in a silicone oil bath, heated to the reaction temperature and
stirred for several minutes. Only then was NaH added against a flow of argon through the side arm of the
two-necked flask and the flask closed once more. The addition of NaH marks the start of the reaction

and, upon addition, a timer was simultaneously started with assistance of a second person.

2.2.2. Reaction monitoring and sampling

Samples (50 uL) were taken from the reaction mixture through the side arm with a micropipette against a
brisk stream of argon, and samples were quenched by injection into a GC vial filled with dilute aqueous
solution of NH4Cl (450 pL) (2 eq. of NH4Cl per mol of NaH). The GC vial was immediately capped and
shaken to affect complete quenching, with assistance by a second person where necessary. By addition
into the quenching solution, the samples were diluted 1:10 (50 uL of reaction mixture in 500 L total
volume). The sampling volume was deliberately small to minimize the impact on the isolated product

yields, although this required dilution for HPLC analysis in turn.

Samples were taken from 00:01:14 onwards at intervals regularly spaced on a logarithmic time scale
(Table 14). Short sampling intervals at the beginning of the reaction necessitated the assistance of a
second person for capping and shaking of samples. Sampling on a logarithmic time scale was chosen
due to the exponential nature of the Sn2 reaction, with sampling more closely spaced at the beginning of

the reaction when the change in concentration is faster.
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Table 14. Sampling table over 36 h for kinetic studies during chain extension.

Time
Sample
[hh:mm:ss]

1 00:01:14

2 00:01:32

3 00:01:54

4 00:02:21

5 00:02:54

6 00:03:36

7 00:04:27

8 00:05:30

9 00:06:49
10 00:08:26
11 00:10:27
12 00:12:56
13 00:16:00
14 00:19:48
15 00:24:31
16 00:30:20
17 00:37:33
18 00:46:29
19 00:57:31
20 01:11:12
21 01:28:07
22 01:49:04
23 02:15:00
24 02:47:06
25 03:26:49
26 04:15:59
27 05:16:50
28 06:32:10
29 08:05:23
30 10:00:46
31 12:23:36
32 15:20:22
33 18:59:09
34 23:29:58
35 29:05:08
36 36:00:00
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Figure 44. Kinetic sampling points over 36 h visualized on a logarythmic scale.
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2.2.3. HPLC analysis

Samples were analyzed with an Agilent 1100 Series HPLC system equipped with a quaternary pump, an
autosampler and a diode array detector (Agilent G1315B DAD). For chain extensions from Eg2s to Egss
and onwards, a Phenomenex Aeris Widepore 3.6 mm XB-C1s 150 mm x 4.6 mm column was used with a
flowrate of 0.8 mL-min"' and a column temperature of 30 °C. A binary solvent system of methanol and 5
mm diethylammonium acetate in deionized water was used. A linear gradient was run from 50 to 90 %
methanol over 20 min, followed by a hold at 90 % methanol for 5 min, and a re-equilibration period of

5 min at 50 % methanol. The sample injection volume was 50 pL.

Downstream of the UV detector was installed a Varian 385-LC Evaporative Light Scattering Detector
(ELSD) operated as follows: 40 °C evaporation temperature, 55 °C nebulization temperature, 1.5 SLM

N. flow rate.

2.2.4. Data processing

Quantification of Dmtr containing species

The study was helped by the structure of the building blocks including very hydrophobic Dmtr protecting
groups. As a result of these, homostar triol reactant, the singly and doubly extended intermediate
products, and the fully extended homostar possess very different retention times on a C+g stationary
phase during HPLC analysis. With each extended arm, the retention time increases due to the addition
of a chain terminal lipophilic Dmtr ether. In contrast, the unprotected homostar reactant possesses
comparatively little hydrophobic character and elutes early on. This degree of separation provided a

useful basis for the kinetic study.

HPLC traces were collected, the peaks assigned and integrated at 260 nm for quantification. Present in
all traces were six species: the four homostar species — unreacted triol, singly, doubly and fully extended
homostar — as well as DmtrO—Egs—OTs (8) building block and DmtrO—Eg+1s—ODmtr (14) building block

dimer.

The quantification for this kinetic study relies on the conservation of Dmtr ether groups across the five
Dmtr-containing species during chain extension, excluding the homostar triol which lacks a Dmtr ether.
The starting triol possesses a benzyl ether group absorbing only weakly at 260 nm and the only other
group on one of the six reaction participants exhibiting UV absorbance at 260 nm is the tosylate ester on
the building block.
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The concentration of the five species containing at least one Dmtr ether was derived from their

integrated peak area at 260 nm using the following set of assumptions:

The UV extinction coefficient of the Dmtr ether group at 260 nm is constant over the molar
concentration range in question.

The contribution of the tosylate ester group towards UV absorbance at 260 nm is considered
negligible compared to the contribution of the Dmtr ether.

It follows that the UV peak integral of each Dmtr ether containing species is proportional to the
number of moles of that species after accounting for the number of Dmtr groups per molecule.

It also follows that the sum of the integrals of the five Dmtr ether containing species is assumed to
remain constant over the course of the reaction as these are assumed to consist only of the Dmtr
ether contribution.

(Strictly, the assumption is incorrect because there is a minor contribution from the tosylate ester
which is expelled during chain extension to form a tosylate salt which elutes elsewhere and will no
longer contribute towards the integral total of the five Dmtr containing species. While the expulsion
of tosylate ester only occurs for the approximate one third of building block which reacts, its loss
nevertheless leads to a small decrease in the net UV absorbance of all Dmtr containing species as
the reaction proceeds.)

The density of building block and homostar reactant is assumed equal to that of tetragol (1.125
g-mL™) and there is no density change upon mixing, so that the volumes of DMF solvent, homostar

triol and building block give the total reaction volume when added together.

With these assumptions, the following process is then applied to each collection of 36 HPLC traces

representing a single chain extension:

1)

2)

3)

4)

A full table of all HPLC traces for a reaction is compiled. The peaks for the six reaction participants
are identified, and integrated. (The identification of the triol position was often helped by consulting
the ELSD traces.)

The integrals of the five Dmtr containing species are summed and an integral total for the Dmtr
containing species thus calculated for each sample trace.

For the collection of 36 Dmtr integral sums per chain extension are calculated: mean, median and
standard deviation around the mean.

The normalized values for all 36 traces are then calculated, whereby the Dmtr integral sum of each
individual trace is divided by the mean of the 36 Dmtr integral totals. This step yields normalized
values scattered around 1 and helps to identify outliers far removed from the average value. (For
visual aid, the integral sums or normalized values for all traces can be plotted alongside each other.)

All outlying samples are excluded from further analysis.
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5) Some relative error is inevitably introduced during pipetting when removing the sample from the
reaction mixture. Another source of relative error is the injection of the sample for HPLC analysis.
To eliminate this relative error and make all samples taken from a reaction mixture quantitatively
comparable to each other, all peak integrals of an individual trace are scaled according to the
deviation of the Dmtr integral sum of that trace from the mean of all 36 Dmtr integral sums.

For example, if the average integral sum for the five Dmtr containing species across all 36 samples

was 10,000 arbitrary units (a.u.) and one sample deviated upwards, with a total UV integral of

10,200 a.u., all individual peak integrals of that sample, even that of the triol, are scaled down

accordingly by dividing by a factor of 1.02 (or 10,200/10,000). After applying this step to all traces,

the Dmtr integral sums of each trace should now be equal to the mean Dmtr integral sum across all
traces.

6) The molar quantities of the five key species are then back-calculated from the Dmtr integral sum and
the theoretical molar quantity of building block weighed in at the beginning of the reaction, which
constitutes the single source of Dmtr ether during chain extension.

7) For example, for the first chain extension from Egs to Egs the molar quantities of the five Dmtr
containing species are calculated as follows:

a. The Dmtr integral sum for the five Dmtr containing species is 14,500 arbitrary units (a.u.).

b. The moles of DmtrO-Egs—OTs building block weighed in were 20.4 mmol.

c. 1 mmol of Dmtr ether is therefore equivalent to 711 a.u. By dividing all UV peak integrals for the
individual species by a factor of 711 mmol-(a.u.), the corresponding moles of Dmtr ether are
obtained.

d. The moles of each individual species are then obtained by accounting for the number of Dmtr
ether groups per molecule.

For example, for the diextended homostar and DmtrO—Eg+s—ODmtr dimer, each containing two
equivalents of Dmtr, the moles of Dmtr ether need to be divided by a factor of 2 to obtain the
moles of the species. For the triextended homostar containing three equivalents of Dmtr, the
moles are divided by three.

8) Lastly, by dividing the molar quantity of each Dmtr containing species by the reaction volume,
assumed to be the sum of the total reactant volume and the solvent volume, the molar concentration
of all Dmtr containing species is obtained.

For example, the total reaction volume for the chain extension from Egs to Eg1s was 58.2 mL.

For the DmtrO—Egs—OTs building block, the calculated molar starting concentration is 0.35 M

(20.4 mmol / 58.2 mL).As the building block contains only one Dmtr ether, 14,500 a.u. are equivalent

to 0.35 M of building block. For a species containing two Dmtr ethers, 14,500 a.u. are equivalent to

0.175 M of that species.
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While the UV traces at 260 nm were used for quantification, ELSD traces were only used for qualitative
guidance since calibrations would have otherwise had to be performed for many different homostar

species. Particularly the isolation of pure intermediate homostars for calibration was deemed impractical.

Quantification of homostar triol

The unreacted homostar triol concentration cannot be estimated in similar fashion, as it lacks a Dmtr
group, and must therefore be estimated via the benzyl ether UV absorbance. The triol is harder to
quantify accurately as its maximum integral under similar conditions to those used for to the Dmtr
containing species is smaller by at least a factor of ten due to the low absorbance of the benzyl ether
hub at 260 nm. At these relatively low triol peak areas, the overlap of even small peaks caused large

relative errors and made triol quantification difficult.

In theory, several methods are available for quantifying the homostar triol. If NaH is added last, as done
in this study, one method is the sampling of the reaction mixture prior to starting the reaction. Sampling
was in fact performed here in triplicate to estimate the starting integral of triol and back-calculate starting
concentration of triol from the theoretically added homostar triol mass, but this measurement yielded
mixed results. First, the three samples did not always yield similar values, suggesting variability in the
HPLC injection. Further, a variable induction period upon addition of NaH meant that the starting triol
concentration could not always be aligned with the data points derived from sampling during reaction on

a single curve.

ELSD would have been an alternative means of quantification with higher sensitivity toward the large
fraction of polyether in the molecule not detectable by UV but would have required calibration for each
generation of triol and is itself prone to error due to its strong non-linearity if peak shapes vary between
calibration and sampling. For the first few chain extensions the combination of short homostar chain
length and choice of HPLC column also led to poor retention and caused the reactant triol to elute early
on, overlapping with the solvent front and salt peaks (NaOTs as a reaction by-product, NH4Cl from

quenching) which are also detected by ELSD.

Ultimately, the homostar triol peak integral at the start of the reaction (t = 0 min) was estimated by
backwards extrapolation. The fit was manually performed by visual inspection and due to the induction
period a linear fit often looked most suitable over the first few minutes. The apparent concentration at
each sampling point was then back-calculated proportionally using the peak integral and concentration at
to.

The theoretical starting concentrations back-calculated from the masses of reactants and solvents

weighed in and the corresponding average Dmtr integral sum and estimated starting Hub' peak area are
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shown in Table 15. Due to a change of HPLC method after extension to Eg.4 and other factors such as
adjustment of HPLC injection volumes between extensions, there is not a clear trend in the average
Dmtr integral sum or estimated Hub' peak area. If analytic conditions were comparable throughout,
quantification of Dmtr containing species and homostar triol always yielded the correct peak area and
weighing in and transfer of building block always yielded the correct mass balance, then peak areas
should be proportional to the theoretical starting concentrations by the same factor in each chain

extension.

Table 15. Starting concentrations of homostar triol and building block and corresponding peak areas

Concentration  Average Dmtr Estimated Hub'

Ctl-Tg-trioI CE:I(B) .
factor®® integral sum peak area (t = 0)
mM mM no units a.u. a.u.

Egs — Eg1s 0.035 0.350 1.000 14489.2 113.7
Egie — Egas 0.034 0.340 0.940 11619.0 45.6
Eg2s — Egs2 0.033 0.330 0.885 23213.7 86.5
Egs2 — Egao 0.032 0.319 0.831 15972.1 170.9
Egs0 — Egas 0.031 0.310 0.783 17751.0 119.4
Egss — Egse 0.030 0.301 0.738

[a] Concentration factor is the ratio of the concentration product (cfd.io - C55) for a chain extension relative to
the concentration product for the extension from Egs to Egis. The concentration factor does not need to be
additionally applied to the reaction rate coefficients as it is already included within the simulation by using the

different starting concentrations.
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2.2.5. Simulation of chain extension kinetics

The rate of decrease of homostar triol concentration was used to obtain an initial estimate of the reaction
rate for the first chain extension step. Given the large excess of building block, it can be assumed that
the reaction rate is pseudo first order and an exponential decline fitted to obtain the pseudo first order
rate constant, k', as given by the integrated first order rate law (Equation 2). By dividing k’ by the average
building block concentration over the time interval, an estimate of the real second order rate constant for

the reaction of triol, k1, is obtained (Equation 3).

t o A0 Kt
CHs-triol = CHS-triol €
Equation 2

kl
cEB * Chg
2

Equation 3

Using the obtained rate constant as a starting estimate, concentration profiles for each chain extension
were simulated for the system of equations shown in section 2.2.6 and manually fitted to suit the
concentrations obtained from the integrated data sets. Where the profiles of the triol and Dmtr containing
species could not be jointly fitted, a good fit of the Dmtr containing species was given priority. For
simulation of the concentration profiles, a MATLAB script was used into which the various parameters

could be input, namely induction time (tina), the starting concentrations of homostar triol (cja o) and

building block (ctB=§), as well as the four kinetic constants (ki, k2, ks for chain extension; ks for building

block dimerization). The concentration profiles were then simulated numerically.

Because the moles of homostar must be conserved, the simulation of the reaction kinetics requires that
the starting concentration of homostar triol and concentration of the fully extended homostar are equal.
Because the two concentrations are estimated by different methods as described above, this would lead
to disagreement in the starting and final molar concentrations. After obtaining the initial reaction rate
estimate, the homostar triol starting concentration is therefore adjusted to be equal to the final
concentration of fully extended homostar. Because the concentration of fully reacted homostar reaches a
plateau in each data set upon completion of the reaction, its value can be obtained with relative
accuracy. The starting triol concentration is then adjusted to a similar molar concentration for the kinetic

simulation.

The method of adjusting the triol concentration in the simulation to suit the Dmtr containing species was
chosen as it is simpler than scaling the experimental concentrations of all Dmtr containing species. In
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reality, a discrepancy in the molar concentration is much more likely to arise from inaccuracies
introduced from transfer of the building block. The molar excess of DmtrO-Egs—OTs building block
added to the reaction mixture will vary slightly above or below 10, while the homostar as the limiting
reagent is accurately weighed provided it is fully dried and is not transferred between flasks. But the
starting triol concentration is harder to estimate accurately because the triol peak integral is small and
because the triol disappears quickly upon starting the reaction while the sum of the Dmtr peak integrals

stays approximately constant throughout the reaction.

During simulation and fitting, precedence was given to a good fit for the Dmtr containing species over the
homostar triol. As a result, the experimental concentrations for all Dmtr containing species will always
show good agreement with the kinetics simulation while the concentrations of the triol will sometimes
show disagreement. This occurs in cases where the starting concentrations of triol and the final
concentration of fully extended homostar, calculated from their respective peak areas, are not equal. In
practice, this arises when the building block and starting triol were not added in a molar ratio of 1:10 and
slightly differ from the reported theoretical quantities, or where triol peaks overlap and cannot be

quantified accurately.

In this synthetic protocol, homostar triol and building block were mixed with solvent prior to addition of
NaH. Because alkoxide formation upon addition of NaH is not instantaneous, an induction period was
always observed. It was attempted to keep this induction period to a minimum by washing the NaH
powder with n-hexane prior to addition, but some variability was nevertheless observed between
reactions. This induction period (tind) was accounted for in the simulation and adjusted for each chain

extension.
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2.2.6.

Mathematical description of the chain extension kinetics

The following system of equations is used for simulating the chain extension reactions:

d
% =(+k2 [Cz] -k3 [03])' [05]

dlc4]
dt

=(+ks[cs])-[cs]

d[cs]
dt

= (-kq[cq] -ka[cz] -ks[c3] -2-k4)-[C5]

= +Ky-[Cs]
Equation 4-9
k4, Ko, K3, ks > 0; all constant

[c4], [c2], [e3], [cal, [cs5], [cgl = O; all variable with time

[c1] to [c4] are the concentrations of unreacted triol, monoextended homostar, diextended homostar and

fully triextended homostar respectively and [cs] and [cs] are the concentrations of DmtrO—Egs—OTs (8)

building block and DmtrO—Egs—ODmtr (14) building block dimer respectively.

[ca]:
[co]:
[cs]:
(A
[cs]:

[ce]:

Hub'(—Eg.—OH)s
Hub'(~Egn—OH)2(~Egn+s—ODmtr);
Hub'(~Ega—OH)1(~Egn+s—ODmitr),
Hub'(—Egn+s—ODmtr)s
DmtrO-Egs—OTs (8)

DmtrO—Eg1e—ODmtr (14)

k1, k2 and ks (M"-min") are the reaction rate coefficients for each of the three individual chain extension

steps, all Sn2 type. ks (Min') is an arbitrary reaction rate coefficient for the formation of dimer from

building block. The experimental data often gave a good fit for a first order reaction for dimer formation,

so the above rate equation was chosen although the exact mechanism has not been investigated.
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2.3. Results and discussion

The raw data and analysis for the chain extension from Egs to Eg1s is Shown in detail in Section 2.3.1

below. The remaining chain extensions from Egis to Egse are detailed in Appendix D.

2.3.1. Extension from Egs to Eg1e

The reaction from Hub'(-Egs—OH)s (11) to the next generation homostar, Hub'(—Eg1s—ODmtr); (12),
proceeds in three successive reaction steps via two partially extended intermediates. Each chain
extension step is an etherification reaction that obeys Sn2 characteristics and each reaction step is
assigned an individual reaction rate constant (Figure 45a). The first, second and third extension are
assigned the individual rate constants, k1, ko and ks. Simultaneously a side reaction occurs through
which DmtrO—-Egs—OTs building block (8) is continuously degraded and converted to DmtrO—Eg16—
ODmtr building block dimer (14) (Figure 45b). The building block degradation mechanism is not
investigated in detail here and the formation is described from building block as a first order reaction with
rate constant ks, in first approximation. The formation of alkoxide from the reaction of the hydroxide chain
termini of the homostar with NaH is considered fast with respect to the other reaction steps in first

approximation.

(a) Ts °° ODmtr

\(\O/\’) /[(O OH]

Hubh[(o/\a’OH] #» HWT(O/\/)O(\/\ ,)/Dmtr] |((I)3 Hub“RO ODmtr]
Me

1Mb,x=2,y=1e
(i) kz[
Mec,x=1,y=2e@
(b) Hub' =
K4

Ts\éo/\/)ODmtr o , Dmtr\(o/\%o,e/\o,ysttr
14

Figure 45. (a) Chain extension from the first generation homostar triol, Hub'(-Egs—OH)s (11, @), via
intermediate singly (11b, @) and doubly extended (11¢, ®) homostars, to the second generation
homostar, Hub'(—Eg+s—ODmtr); (12, =) and (b) side reaction of DmtrO—Egs—OTs (8, @) building block to
generate DmtrO—Eg1s—ODmtr dimer (14, #). (i) 10 eq. 8, 6 eq. NaH, DMF (ii) Exact reaction mechanism
unknown. Annotated colours correspond to the simulated chain extension profiles in the following
section.
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Waterfall plots of the HPLC traces taken over the course of the reaction (12.5 h) with ELSD and UV (260
nm) detection (Figure 46, top and bottom respectively) reveal a central peak eluting around 12.5 min
corresponding to the DmtrO—Ege—OTs building block (8). Expansions of the plot (Figure 47 and Figure

48) give a more detailed view of either side of the main peak.

In Figure 46, eluting earlier than 8 (to the left of the building block main peak), are visible the solvent
front and reaction debris such as sodium tosylate (NaOTSs) salt (2.8-3.2 min), the Egs homostar triol (11)
(3.8 min, @) and the Egs homostar with one extended arm, Hub'(—Egs—OH)2(—Eg1s—ODmtr) (11b) (8.4
min, ®). Eluting later than 8 (to the right of the building block main peak), are visible the doubly extended
homostar, Hub'(—Egs—OH)1(—Eg1—ODmtr), (11¢) (14 min, ®), DmtrO—Eg1s—ODmtr building block dimer
(14) (15.8 min, @) and fully extended homostar, Hub'(—Eg1s—ODmitr); (12) (18.2 min, «).

The analysis of the UV traces reveals a similar picture and all Dmtr ether containing species can be
readily identified but it is much harder to locate the homostar triol in the UV spectra due to the low
extinction coefficient of the hub benzyl ether (Figure 47, compare top and bottom). Hence, the ELSD

spectra were usually used as a location aid and for confirmation.

A comparison of the UV and ELSD spectra also reveals peaks which were not identified as part of the
kinetic study. Identification of these peaks e.g. by an HPLC coupled with mass spectrometric analysis
could have given valuable information into side products and impurities formed during the reaction, or
into impurities already present on the HPLC column prior to analysis. A peak of relatively constant size is
visible (ELSD but no UV) at about 5.3 minutes. Another constant peak is visible around 11.2 minutes
(ELSD and UV) and a peak around 11.5 minutes (ELSD and UV) increases in size (Figure 47) and these
could be DmtrO—Ege—Cl and building block vinyl ether elimination side-product (13) respectively.
DmtrO—Egs—Cl can be generated during tosylation of building block with TsCl when the chloride liberated

during the reaction exchanges with the tosyl leaving group.
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Figure 46. Waterfall plot of HPLC traces with (top) ELSD and (bottom) UV (260 nm) detection for the chain
extension from Egs to Egs over 750 min (12.5 h). NaOTs (2.8 min), 11 (3.8 min, @), 11b (8.4 min, @), 8
(12.5 min, @), 11c (14 min, @), 14 (15.8 min, #), 12 (18.2 min, «). Reaction time (z-axis) is shown on a log1o
scale. Regions on either side of the main peak are shown enlarged in Figure 47 and Figure 48.
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Figure 47. Enlarged from Figure 46. HPLC traces with (top) ELSD and (bottom) UV (260 nm) detection
for the chain extension from Egs to Eg+s. Homostar triol (11) (3.8 min, e) partially overlapped with earlier

eluting peaks consisting of reaction debris such as NaOTs salts (2.8-3.2 min) but integration was still
possible in this case.
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Figure 48. Enlarged from Figure 46. HPLC traces with (top) ELSD and (bottom) UV (260 nm) detection
for the chain extension from Egs to Eg1s. DmtrO—Eg16—ODmtr dimer (14) (15.8 min, @) concentration

increases towards the end of the reaction.
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While the homostar triol (11) was not easily detectable by UV and the peak overlapped slightly with what
are presumably tosylate salts eluting close to the solvent front, integration was still possible. The
integrated peak areas for the triol were translated into concentration values by means of the starting
concentration at to, as shown in Figure 49. The data shows good agreement with an exponential fit over
the entire range. The pseudo first order rate coefficient could therefore be extracted directly from Figure
49 (k' = 0.143 min™"). The average concentration of building block over the time period of the exponential
fit was 0.324 M, so the second order rate constant is around 0.4 M-'-min'. Because of the small peak
areas for the unreacted hub triol, the rate constant estimated in this fashion should be treated with

caution and used as a starting estimate for the simultaneous simulation of all rate constants.
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Figure 49. Concentration profile of homostar triol at the start of the reaction up to the 16" minute.

Coupled with the concentration data of the five Dmtr containing species obtained from integration of the
UV traces and conversion into concentration values as described in section 2.2.4, a complete data set is
obtained (Figure 50). The data points corresponding to the homostar triol (red circles) are directly
equivalent to the data shown in Figure 49. The concentration profiles show the expected trend with the
intermediate homostar species appearing and then disappearing in succession: as the Egs homostar triol
(11, @) disappears at the start of the reaction, the monoextended homostar (11b, @) starts to appear,
peaks, then declines and is converted into the doubly extended homostar (11¢, @), which is finally
converted into the fully extended homostar (12, «). Eventually, the concentrations of the triol and both
partially extended homostars tend towards zero and the fully extended Hub'(—Eg+s—ODmtr); (12, ©)

plateaus as the reaction reaches completion. It is evident that as long as building block and strong base
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are present and the reaction is not quenched, building block (8, ) continues to be converted to DmtrO—

Eg1s—ODmtr building block dimer (14, +) after the reaction is complete after around the 200" minute.

[All species excl. BB] (mmol.L")

Figure 50. Concentration data points for the chain extension from Egs to Eg+s. Connections between
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The same concentration data set is then overlaid with simulated concentration curves obtained via an
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ordinary differential equation solver in MATLAB with the system of equations described in section 2.2.6

(Figure 51). The rate constant for the first extension step from the triol, k1 = 0.4 M"'-min"!, was used as

the starting estimate for all extensions (ki, ko, ks) but it quickly emerged that the reaction constant

declined with each extended arm (k4 > k2 > k3). For the overall chain extension from Egs to Eg+s, using as

starting concentrations ¢33, = 33 mmol-L™", c§? =

reaction rate constants ks = 0.70 M'-min”', ko = 0.40 M"-min’', ks = 0.20 M-"-min-" for the first, second

350 mmol-L™", an acceptable fit was obtained with

and third arm extension respectively. It was necessary to fit an induction time delay of 0.75 min to

account for the induction period and it is notable that the Dmtr containing species exhibit a better fit than

the homostar triol which could not be brought into agreement simultaneously. A temporary drop in

reaction rate is apparent around the 20" to 40" minute, presumably due to a discontinuation of the

magnetic stirring in the silicone oil bath responsible for maintaining the reaction temperature at 30 °C.
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The need for fitting an induction time indicates that the formation of the alkoxide from the hydroxide

chain termini on the homostar with NaH is not sufficiently fast to be negligible.
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Figure 51. Simulated concentration profiles for the chain extension from Egs to Egie: tina = 0.75 min,

ki =0.70 M"-min, k2 = 0.40 M"-min”", k3 = 0.20 M"-min", k4 = 6.5 - 10~ min"

t=0
» CHS-triol

= 33 mmol-L",

c&9 = 350 mmol-L". A temporary drop in reaction rate is apparent around 20-40 min, due to a
discontinuation of the magnetic stirring in the silicone oil bath responsible for maintaining the reaction

temperature at 30 °C.

A decrease in the reaction rate constant with each extended arm can be rationalized with the Arrhenius

equation (Equation 10), where k is a rate constant, T is the absolute temperature in Kelvin, A is the pre-

exponential factor, Ea is the activation energy and kg is the Boltzmann constant, and where E. and ksT

have similar units and A has units similar to the rate constant which vary depending on the order of the

reaction (min* for the chain extensions constants k1, k2 and k3).

k = A-e(_'i_%r)

Equation 10

For the extension from Egs to Eg+s (as for any individual chain extension reaction studied here), the

temperature of the reaction remains similar over the course of the reaction, and the extension of each
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arm follows a similar chemical mechanism thus requiring a similar activation energy, E.. Independent of
the exact activation energy and temperature, the exponential term of the Arrhenius equation for the
extension of any two arms during a chain extension should therefore be similar. When comparing the
Arrhenius equation for two specific reaction rate constants (corresponding to the extension of successive
arms), the exponential terms therefore cancel. It follows that the ratio of the rate constants must be

proportional to the ratio of the pre-exponential factors (Equation 11).

k1 _A1

ko Az
Equation 11

While the exponential term describes the probability that a given collision in correct orientation will lead
to a successful reaction when the two reaction partners can overcome the activation energy, the pre-
exponential factor, A, describes the frequency of collisions in the correct orientation. For a given overall
number of collisions at a given temperature and concentration, the fraction of collisions in proper

orientation must therefore differ between two arm extensions to lead to different reaction rate constants.

For the extension of successive homostar arms, this should be the case. With the attachment of the first
arm, an individual homostar molecule loses one of its three sites available for extension. This
corresponds to a loss of a third of available reaction sites per molecule and so for a given total number of
collisions, the number of collisions in proper orientation should decrease by a similar proportion, roughly
1/3, according to theory. Upon attachment of the second arm, the pre-exponential factor should further
halve as the fraction of collisions in proper orientation for a successful reaction decreases further with
only one site per molecule now left available for reaction. It follows that the ratio of the rate constants for
the individual arm extensions should be expected in the ratio of ki:k2:ks = 3:2:1 provided no additional

factors have an influence.

The difference in rate constant between each extended arm becomes more visually accessible when
comparing the concentration profiles of the intermediate homostar species for a hypothetical chain
extension with values similar to those obtained previously (k1 = 0.60 M"-min', ko = 0.40 M"-min’", ks =
0.20 M'-min’"; Figure 52a) with a hypothetical reaction in which the rate constants are equal (k1 = k2 = ks
= 0.40 M"-min’"; Figure 52b). It is apparent that in the hypothetical example with equal rate constants,
the concentration of the doubly extended homostar peaks much lower than the concentration of
monoextended homostar whereas the concentrations peak at similar values in the real example. (This
pattern is apparent throughout all the chain extensions up to Egss without exception; in some cases, the

doubly extended homostar concentration actually peaks slightly higher.)
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Figure 52. Comparison of simulated concentration profiles for two hypothetical chain extensions (a) with
k1:k2:ks in the ratio 3:2:1 (k1 = 0.60 M"-min™', k2 = 0.40 M"-min™", ks = 0.20 M"-min"") and (b) with ki:ka:ks
in the ratio 1:1:1 (k1 = k2 = ks = 0.40 M"-min™"). The remaining parameters were kept similar to those
obtained for the chain extension from Egs to Eg+s (Figure 51): ting = 0.75 min, ks = 0.65 - 10* min™,
i i = 33 mmol L7, c59 = 350 mmol-L™.
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2.3.2. Summary of reaction parameters, reaction rate coefficients and analysis

A similar analysis was then carried out for the remaining chain extensions up to Egss. A summary of the
reaction conditions, simulation parameters and deduced reaction rate coefficients is shown in Table 16
and Table 17.

It is apparent that the trend of decreasing reaction rate constant for extension of successive arms
persists and that, similar to the chain extension from Egs to Eg+s, the rate coefficients k1, ko and ks
decrease in ratio of roughly 3:2:1 for all chain extensions up to Egas. Further, it is evident that there is a
collective decrease (-65 % to -75 %) for all reaction rate coefficients, including for the formation of dimer,
between the first chain extension (Egs to Eg+s) and the second (Eg+s to Egz4). Thereafter, the normalized
reaction rate coefficients stay approximately constant with increasing chain length up to Egss when
accounting for different reaction temperatures. The lack of significant further decline in reaction rate from
extension past Egs can perhaps be rationalized as follows: the Egs homostar triol reactant is still
sufficiently small and the arms sufficiently short so that each arm is mainly solvated by the DMF solvent,
and the chain extension follows the kinetics of a fully solvated small molecule. After extension to Egys,
the arms are perhaps sufficiently long to create a local environment partially influenced by the polyether
arms with slower reaction characteristics. Overall, the observation that reaction rate coefficients do not
significantly decline beyond Egz4 is critical because it tentatively suggests that further extension beyond

Egss is in principle not limited by reaction kinetics.

In an alternative hypothetical scenario, each extended arm could have caused partial shielding and
sterical hindrance of the remaining reactive alkoxides and thus slowed reaction of the remaining arms
beyond the statistical reduction of correctly oriented collisions expected in accordance with the Arrhenius
equation. Even more prohibitive for a successful synthesis of longer PEG oligomers would have been a
transition into an altogether different reaction regime limited significantly by mass transfer as observed in
polymer kinetics. Such a change may still occur but has not been observed up to Egss. Given that such a
transition does not occur here, and the reactions behave as expected in accordance with the Arrhenius
equation, it suggests that individual arms act and react independently without strongly affecting each

other.

The decline in reaction rate between extension to Eg+s and extension to Eg24 should also not be
over-interpreted without repeats as the collective fit of the data for the first extension was only mediocre
with a poor fit of the triol and the reaction temperature dropped temporarily between the 20" and 40™
minute introducing additional error. The temporary temperature drop is reflected in a decrease of
reaction rate around 20-40 min and was caused by a discontinuation of the magnetic stirring in the

silicone oil bath responsible for maintaining the reaction temperature at 30 °C.
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Table 16. Summary of reaction rate coefficients, i.e. MATLAB simulation parameters and reaction rate coefficients.

. . Reaction rate coefficients,
Reaction rate coefficients

tind Ci8-trio Chs C°’;§§t";{§]‘ on 1 temperature normalized (30 °C)!
K1 k2 ks ka4 K1 k2 ks ka4

min mol-L-'  mol-L" no units °C M'min”"  M'min"  M'min"  min"10° M"min" M"min" M"min" min'-103
Egs — Egie 0.8 0.033 0.35 1.00 30 0.70 0.40 0.20 0.065 0.70 0.40 0.20 0.065
Egie — Egas 1.7 0.031 0.34 0.90 30 0.20 0.14 0.05 0.023 0.20 0.14 0.05 0.023
Eg2s — Ega2 9.0 0.029 0.33 0.81 40 0.25 0.19 0.10 0.055 0.13 0.10 0.05 0.028
Egs2 — Egao 1.5 0.033 0.32 0.90 40 0.38 0.24 0.13 0.060 0.19 0.12 0.06 0.030
Eg40 — Egas 1.1 0.030 0.31 0.79 50 0.67 0.45 0.25 0.120 0.17 0.11 0.06 0.030
Eg4s — Egse no reliable interpretation possible due to sparse and discontinuous sampling

[a] Concentration factor is the ratio of the concentration product (ciia., - Chn) for a particular chain extension relative to the concentration product for
the extension from Egs to Egus.

[b] The calculation for the normalized reaction coefficients makes the simplistic assumption that the reaction rate doubles every 10 °C around rt.

Table 17. Mass, volume, molality and weight ratio data for the chain extension reactions

i m /" m /
Homostar triol Building block Total reactants Solvent Total mixture Molality reactants reactants

triol Msolvent Miotal

mmol g mmol g g mL g mL g mL mmol-g-! g-g" g-g’

Egs — Egis 2.04 2.500 204 16.9 19.4 17.2 38.9 41.0 58.2 58.2 0.052 0.50 0.33
Egie — Egas 1.62 3.700 16.2 134 17.1 15.2 30.8 325 47.9 47.7 0.053 0.55 0.36
Eg2s — Ega2 0.71 2.382 7.1 5.9 8.3 7.3 13.5 14.2 21.7 21.5 0.053 0.61 0.38
Egs2 — Egao 0.45 2.000 45 3.7 5.7 5.1 8.5 9.0 14.3 14.1 0.053 0.67 0.40
Eg40 — Egas 0.36 1.982 3.6 3.0 5.0 4.4 6.8 7.2 11.8 11.6 0.053 0.73 0.42
Eg4s — Egss 0.25 1.653 25 2.1 3.7 3.3 4.7 5.0 8.5 8.3 0.053 0.78 0.44
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For the chain extension from Egass to Egss, the reaction was run in a narrow two-armed tube resembling a
test tube rather than a round-bottomed flask due to the small total reaction volume (8.3 mL). As a result
of the narrow neck, effervescence resulting from addition of NaH could not sufficiently dissipate and
resulted in a foam atop the reaction mixture for much of the reaction time. For a lack of clean access to
the reaction mixture, it was decided not to regularly sample this reaction and only five samples were
taken over the course of the reaction to obtain a qualitative impression of reaction completion. The
collected data from five samples was in that case not sufficient for generating concentration profiles from

which reaction rate constants could be deduced.

Most of the reactions exhibited an induction time of several minutes (0.8-1.7 min) except for the chain
extension from Ego4 to Egs2 (9.0 min). The longer induction time for the extension to Egs2 may have been
the result of an inconsistency during NaH preparation leading to a less immediate accessibility and
dispersion of the NaH base. Some induction time is always expected because sodium hydride is not
soluble in organic solvents®® and alkoxide formation can therefore only occur at the solid interface. As a

result, the induction time should also be influenced by the particle size distribution of the NaH base used.

In general, rather than no reaction occurring before the induction time, it is usually the case that the
homostar reactant triol concentration only follows the expected exponential trend after the simulated
induction time while following an approximately linear decline beforehand. Instead of splitting the
simulation of the concentration curves into a linear part prior to the in-built induction time (ting) and an
exponential part thereafter, it was accepted that the concentration data would show a poorer fit with the

simulated exponential curves for the first few minutes.

Lastly, analysis was complicated in two cases by the overlap of two Dmtr containing species in the HPLC
chromatograms. During chain extension from Eg+s to Eg24, the HPLC peaks of the doubly extended
homostar and the building block overlapped, and during extension from Eg.4 to Egs» the peak of the
mono-extended homostar overlapped with the building block peak. In those cases, the concentrations of
the two concerned species were combined in the concentration data and simulated jointly. Further, in
those cases both the simulated fit of the joint concentration and the simulated profiles of the individual
concentrations are shown. (When species overlap and are simulated, care needs to be taken to account

for potentially different number of Dmtr ether groups per molecule of each species.)

The retention on the reverse phase column used for analysis is dominated by the Dmtr ether groups in
each molecule. If all other group contributions in each species were negligible, one would expect the
mono-extended homostar and the building block as well as the doubly extended homostar and the
building block dimer to elute at similar times along the chromatogram. In fact, the contributions of the
polyether fraction of each species are not negligible and cause lesser or stronger retention depending on

the interaction with the RP-HPLC column and choice of mobile phase. As a result of the polyether chain
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length continuously increasing, the homostar species shift along the chromatogram and inevitably
overlap with the building block or building block dimer peak at one point or another, as these stay at the
same elution time throughout. Overall, the additional large quantity of polyether usually distinguished the
homostars from the building block and the building block dimer sufficiently. A full resolution of all species
over the course of multiple chain extensions, however, can therefore only be achieved when relying on

more than one HPLC method to avoid overlap.

2.3.3. Potential improvements of the kinetic study

Induction time and alkoxide formation

With regard to the speed of alkoxide formation, it is unclear whether complete alkoxide formation is in
fact fast and occurs within several minutes of adding NaH. In earlier work, Lumpi et al.>* monitored the
conversion of TrtO—Egs+—OH to the corresponding alkoxide with excess NaH (1.25 eq.) by means of an
attenuated total reflectance (ATR-IR) in-line probe (Figure 53) to shorten reaction times of earlier
protocols (Keegstra et al.?) where the reactant alcohol was pre-mixed with NaH for a period of 24 h.
Their results suggest that full conversion to the alkoxide may take between 90 min and 4 h which stands
in contrast to the much shorter induction period observed in this work. An overview of the concentration
profiles throughout this kinetic study suggests that alkoxide formation is significantly faster, as the
reaction itself is often complete within 90 min, at lower concentrations of substrate. Lumpi et al. used
THF as solvent and the substrate (TrtO—Egs—0OH) was more hydrophobic and more concentrated (0.8
M), perhaps diminishing the already sparse solubility of NaH and impeding alkoxide formation. Perhaps,

NaH is better soluble in the DMF-polyether solvent-substrate system.

Based on their ATR-IR data, Lumpi et al. concluded that the time for pre-mixing could be significantly
reduced in comparison to previous protocols, but with pre-mixing still performed for several hours.
However, it is questionable whether any premixing between alcohol and base to generate alkoxide
should be performed at all, if a base is used which does not show substantial side reaction with the
building block leaving group. Pre-formation of the alkoxide was avoided here to minimize the

concentration of active alkoxide and prevent the formation of shorter homologues by depolymerization.

Nevertheless, it would have been useful to perform an experiment to assess the change or elimination of
the induction period by running at least one experiment with similar concentrations, but with different
order of reactant addition, whereby homostar triol and NaH are premixed in DMF and allowed to preform
alkoxide for several hours. Building block dissolved in DMF can then be added last as a liquid medium
and should mix rapidly under stirring, thereby leading to a shorter or no induction period in theory with all

alkoxide having formed at the point of building block addition.
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Figure 53. ATR-IR in-line monitoring for the deprotonation of TrtO—Eg4+—OH (0.8 M) with NaH (1 M, i.e.
500 mmol worth of solid in 500 ml as a suspension) in THF. Distortions for t < 10 min are attributed to
equilibration effects (temperature and concentration) by Lumpi et al. Reproduced from ** with permission
from Elsevier.

Change in solvent composition and molarity

This kinetic study was run with a small gradual drift in concentration with each chain extension. Because
this kinetic study was carried out alongside a synthesis run and had to be run at practical concentrations
to ensure completion of the reaction, molality was deliberately kept constant but as a result the solvent
composition and molarity changed. This is because the reactants themselves represent a significant
proportion of the reaction medium in these reactions. During the study, solvent quantities were
calculated on a mole per mole basis (260 eq. of DMF; equivalent to approx. 20 mL of DMF per mmol of
reactant homostar triol), i.e. molality was kept constant. As a result of the increase in the polyether
fraction per mole of homostar with each chain extension step and the slightly different assumed density

of polyether and DMF, the concentration of reactant with respect to solvent decreased.

Another implication of the increasing molecular weight of the homostars and the thus increasing ratio of
polyether is the change of the solvent environment. Table 17 highlights that the mass fraction of
polyether reactants (building block + homostar) with respect to the total reaction mixture mass increases
from around 33 % to 44 %, due to the increasing molecular weight of the homostar. The resultant
change in reaction medium itself may have an influence on the reaction kinetics. DMF is more polar than
PEG itself, as exemplified by a comparison with solvents resembling PEG (Table 18). For example,
triethylene glycol dimethyl ether, THF and 1,4-dioxane all possess lower relative permittivity and a lower
dipole moment than DMF. As a result, there are reported differences?’ for chain extensions between
DMF and THF and it can reasonably be expected that the increasing fraction of self-solvating polyether

will negatively affect the kinetics at some point.
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Table 18. Selected organic solvents together with their physical constants, arranged in order of

decreasing EY value, as empirical parameter of solvent polarity5®$°. Reproduced in part from ©' with
permission from John Wiley & Sons.

Solvent Tmp /°C Top /°C g4 p-10% /CmPl N

Water 0.0 100.0 78.36 6.2 1.000
N,N-Dimethylformamide (DMF) -60.4 153.1 36.71 12.7 0.386
Triethylene glycol dimethyl ether  -45 216 7.6 7.4 0.253
Tetrahydrofuran -108.4 66.0 7.58 5.8 0.207
1,4-Dioxane 11.8 101.3 2.21 1.5 0.164
n-Hexane -95.4 68.7 1.88 0.0 0.009

[a] Relative permittivity (“dielectric constant”) of the pure liquid at 25 °C, unless followed by another temperature
in parentheses.

[b] Dipole moment in Coulombmetre (Cm), measured in benzene, tetrachloromethane, 1,4-dioxane, or n-hexane
at 20-30 °C. 1 Debye = 3:336 - 103° Cm.

[c] Normalized E¥ values, derived from the transition energy at 25 °C of the long-wavelength visible absorption
of a standard pyridinium N-phenolate betaine dye, Et(30)5%0,
[d] Chosen to resemble PEG.

Indirectly, the increasing polyether fraction will also eventually complicate mixing, particularly at lower
temperatures. Using the melting points of commercial PEG samples as a guideline (Appendix A, Figure
124), the melting points of the homostars from Eg.4 onwards should be in the region above 50 °C. While
the reaction mixture contains solvent as diluent, it also accumulates the by-product tosylate salts, and
contains sodium hydride both dissolved and suspended, each of which should raise the viscosity and
melting point. With increasing homostar chain length, the choice of concentration may therefore be
constrained by other considerations, e.g. mass and heat transfer, rather than just kinetics when looking

at scale-up.

Reaction rate and mechanism of dimer formation

Lastly, the rate of dimer formation was fitted with first order kinetics with respect to the building block
concentration throughout, although the exact reaction mechanism was not investigated. The simulation
of dimer formation, modelled as a first order reaction with respect to building block, showed good
agreement with the experimental concentration data in all extensions apart from Egaso to Egus. If the
building block degradation arose from slow intrusion of moisture through the flask neck during sampling,
it is surprising that the reaction rate coefficient for dimer formation (ks) stood in an approximately
constant relationship (ki/ks = 4.5-10.5) to the other rate coefficients in all chain extension cycles and also

remained approximately constant beyond extension from Egie. This suggests that intrusion of water
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throughout the reactions must have been very replicable or that a different mechanism was the cause of

dimer formation.2-6°

UV analysis and functional group contributions

While it is apparent in the UV spectra that the contribution of the benzyl ether hub is small compared to
the Dmtr ether, this error could have been quantified. Similarly, the relative contribution of the tosylate
group could have been quantified by measuring a deprotected sample under similar conditions.
Alternatively, screening over a larger UV wavelength around 260 nm, e.g. 240-310 nm, could have
helped to identify wavelengths where the UV absorption of Dmtr ether compared to that of tosylate and

benzyl ether is particularly large.
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2.4. Conclusion

Overall, it can be concluded from this kinetic study that further chain extension beyond Egss may
reasonably be expected to work given that the inherent reaction rate stays approximately constant
beyond extension to Eg.4. The absence of further decline beyond Eg.4 also suggests that greater chain
lengths can be attained, although other factors such as mixing and heat transfer may necessitate raising
temperature or diluting the reaction medium eventually. Similarly high molar concentrations cannot be
maintained indefinitely as a concentration limit will be reached at lower temperatures with an ever
increasing weight fraction of poly(ethylene glycol) and the relative solvent volume will therefore have to
decrease. It is therefore unavoidable that the solvent composition changes over time and contains
increasing fractions of polyether if the mixture is to be maintained equally concentrated. The problem of
reactant solubility could then be circumvented by raising the reaction temperature above the melting
point of poly(ethylene glycol) around 60 °C but this may negatively affect selectivity. At temperatures

around 60 °C, the reaction could conceivably be run neat, or with very little added solvent.

Base-catalyzed depolymerization and leaving group elimination as well as the formation of dimer remain
concerns but have not been kinetically investigated here. If chain extension reactions were to become
slower beyond Egsg, but with a similar level of dimer formation observed, the relatively more pronounced
degradation of building block could severely affect process economics. It is therefore imperative that the
exact mechanism of dimer formation from building block is understood so that preventative measures
can be taken. If the side reaction relies on the presence of hydroxide, the route by which it enters the
reaction, e.g. sealing, drying or quality of base used, will need to be improved. If dimer is formed from

other routes, for example from interaction with solvent, this could necessitate a solvent switch.

While the kinetic study revealed that reactions at higher chain lengths can be carried through to
completion, the necessary conversion in the order of 99.9 % or higher remains challenging and requires
long reaction times in excess of one hour. These chain extensions can therefore likely only be run in
batch, which is in principle not limiting when considering that downstream processing of these mixtures

will likely also be non-continuous.

The choice of downstream separation for purification of these challenging mixtures is key and in the
following chapter, a route via organic solvent nancfiltration (OSN), a membrane-based separation
platform, is proposed as an alternative to the techniques used previously such as chromatography and

extraction.
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3. Chapter 3: Utilizing membrane separation in the synthesis of

monodisperse PEGs

3.1. Introduction

As described for the synthesis of Egss (Chapter 1), the key challenge for preparing longer uniform
oligomers besides reactivity for increasing chain length (Chapter 2) is the separation of the growing
oligomers. To validate the synthetic chemistry, chromatography was used for purification of the growing
oligomer product in the synthesis of Egss. But because chromatography suffers from several drawbacks,
the goal was to use a membrane-based separation technique compatible with organic solvents, organic
solvent nanofiltration (OSN), to overcome this separation challenge in the synthesis of uniform PEG. The
homostar strategy used in Chapter 1, where multiple chains are grown on a hub, was deliberately
chosen to facilitate this separation by creating a fast-growing product homostar while using a small

building block in each chain extension.

Another method often used in the synthesis of defined oligomers such as oligonucleotides and peptides
is synthesis on a solid support. OSN should improve upon the comparatively high cost of
chromatography and solid phase synthesis and at the same time avoid mass transfer and reactivity
problems of solid phase synthesis by allowing operation in a homogeneous, liquid phase throughout. For

a better understanding, a comparison between the two competing technologies is given below.

3.1.1. Comparison between solid phase synthesis and liquid phase synthesis.

Since the 1960s, following Robert B. Merrifield’s development of synthesizing peptides on a solid
matrix’®"! (Nobel Prize in Chemistry 1984)72, solid phase synthesis (SPS) has been the standard
operation for synthesizing oligonucleotides, peptides and other sequence-defined molecules in an
iterative fashion. In solid phase synthesis, the first monomer of the growing oligomer is immobilized on a
solid matrix, initially polystyrene beads but many other types of matrix have since been developed, and
purification between different reaction steps is carried out by simply washing a bed of the packed beads.
The method had replaced complicated purification steps as well as increased the yield significantly into
the region of 99.5 %. With automated solid phase synthesiszers since developed, solid phase synthesis
can be utilized to produce a large variety of sequence-defined oligomers up to length of around 70

monomers (beyond which coupling of multiple smaller oligomers becomes favourable) at kilogram scale.

However, solid phase synthesis also has several drawbacks. Current automated synthesizers are limited

to about kilogram scale and there is no reasonable perspective for exponential scaling of the current
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synthesizers, i.e. multiples of the same unit would scale linearly, and there is little scope to expand
current synthesizers. One reason for the limitation is that packed beds only scale up to a point, beyond
which channelling and other non-uniformities start to negatively impact on mass transfer e.g. during
purification and reaction. In other words, freshly introduced monomers as well as washing solvent during
purification cease to reach all regions of the bed equally well which starts to impose limits on scalability
as expanding bed size risks introducing dead regions that result in impurities. Solid phase synthesis also
has an intrinsic limit of mass intensity as oligomers can only be grown on the functionalized surface of
the beads, while the internal volume of the beads and the voidage of the packed bed is dead space

where no oligomer can be grown.

With the potential onset of RNA oligomer drugs, and for scalability of oligomer synthesis in general, it
would therefore be desirable to grow oligomers in a similar fashion but in a homogeneous liquid medium
provided purification is feasible. Besides scalability, there are other advantages to liquid phase

synthesis:

e Analysability/Traceability: In a homogeneous liquid medium, reaction progress could be accurately
monitored. It is not easily possible to monitor reaction progress and success in solid phase synthesis
as analysis requires taking out a sample of bead and cleaving off it the oligomer that has hitherto
been grown. There is a risk that due to heterogeneity in the bed, the analyzed sample is not
representative of the entire bed. In a homogeneous liquid medium, both reaction progress and
purification progress can be monitored in situ.

e Reaction kinetics and reagent excess: One limitation of solid phase synthesis is that reaction
kinetics are limited by mass transfer to the solid phase surface and that large amounts of reagent
excess must be used to ensure full completion of all reactions. In a homogeneous liquid phase,
reactions are not mass transfer limited, and smaller excesses of reagent may be feasible, i.e.
reaction times should be faster for similarly large excess.

e Material transfer: An important industrial consideration is material transfer within a plant and liquid

solutions are significantly easier to transfer than solids.

Liquid phase synthesis potentially possesses significant advantages over solid phase synthesis but the
high degree of purification needed for oligomer synthesis and which SPS provides is hard to match. In
fact, it is only because of the much-simplified purification procedure that solid phase synthesis is so
attractive in oligomer synthesis and if a way could be found to affect similar purification in a

homogeneous liquid medium, this would mark significant progress.
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3.1.2. Utilizing nanofiltration in the synthesis of uniform, sequence-defined oligomers

The idea of utilizing membrane separation for oligomer synthesis in a homogeneous medium as a
substitute for solid phase synthesis originated in the early 1970s with a patent’® and publication’ by
Bayer, Mutter and co-workers on synthesizing peptides. This early implementation was fraught with
complications largely related to the instability of membranes in organic solvents at the time. With
membranes only operable in water, the process needed to accommodate several additional steps for
evaporation of the reaction solvent, uptake in water for diafiltration, and followed presumably by another
switch back to the reaction solvent (Figure 54). Bayer & Mutter used a 10,000 Da poly(ethylene glycol)
support to increase the size difference between their product and the reagent monomer. They used a

linear monovalent version of the support.

(1) [PEG]-OH + HOOC-CH,-NH-Z 80 % HO-Gly-Leu-Ala-Thr-Leu-H (8)
L Purification on
F:arbonyl diimidazole (1) 'Sephadex G-15' column
in CH,Cly (2) lon exchange chromatography
(2)  [PEG]-OCO-CH,—NHZ HO-Gly-Leu—Ala—Thr-Leu—H @)
Amino-acid analysis: Gly : Leu :Ala : Thr
H, | Pd/C 1.0:1.99:0.98:0.98

0.1 N NaOH in dioxane : water

(3)  [PEGJ-OCO-CHy-NH; =1:1

+ mixed anhydride from —OGIy—Leu—AIa—TIhr—Leu—H (6¢)
isobutylchloroformate | OBzl

and next BOC-protected
amino-acid

after 4 cycles

repeating of (4) — (6) for
consecutive amino-acids

(Ala, Thr, Leu) [PEG}-OCO-CH,-NH-CO-CHR-NH, (6)

1.2 N HCl in CH3COOH \

(5) [PEG]-OCO-CH,—-NH-CO-CHR-NH,
+ low molecular weight impurities

4) —-0CO-CH;—-NH-CO-CHR-NHZ

impurities
(1) Evaporation i. vac. excess reagents
(2) Uptake in water
(3) Diafiltration through
'DiafloR Ultrafilter
(Amicon)" until
ninhydrin negative

Abbreviations: Z = BOC = t-Butyloxycarbonyl. [PEG]-OH = Polyethylene glycol, molecular weight = 10,000. Bzl = Benzyl.

Figure 54. Flow chart for the synthesis of the amino acid sequence HO-Gly-Leu-Ala-Thr-Leu. The
separation after coupling and deprotection between step (5) and (6) is accomplished by ultrafiltration
after uptake in water. Reproduced from 7 with permission from Springer Nature.

Despite the lack of solvent stable membranes rendering infeasible a direct filtration of the reaction
mixture at the time, Bayer & Mutter identified substantial advantages of the liquid phase method over

solid phase synthesis’:

I.  The synthesis is achieved in homogeneous solution.

[I. Better yields can be obtained due to better mass transfer compared to a heterogeneous phase.
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[ll. A wider range of protecting groups and coupling methods can be used.

IV. In the context of membrane separation, a soluble anchor can be designed in line with the
requirements for rejection and solubility.

V. There is an opportunity to isolate the desired product from impurities derived from a failed coupling.

VI. The completeness of coupling can be monitored by taking samples from the homogeneous
solution.

VII. Scaling-up of a reaction is easier when working in solution as opposed to solid beds.

VIII. Automation and transportation are easier for liquids than solid.

Particularly, the opportunity to monitor the homogeneous solution (point VI) is crucial when synthesizing
longer oligomers. In a solid phase synthesis, the reaction cannot be monitored in situ because the
substrate is bound to a solid bed and the bed itself may not be homogeneous. Sampling requires
removing beads from the bed and cleaving the sample off the solid support for analysis. A failed coupling
step is therefore usually only detected at the end of a synthesis run when it is too late to correct. For a
synthesis of a longer oligomer, this introduces the risk of continuing past a failed coupling sequence, and
losing further material in subsequent couplings, before having to discard the entire batch at the end of

the run.

A streamlined synthesis of a 5-membered peptide, also on a linear PEG anchor but with filtration in
organic solvent, was demonstrated with a stable ceramic membrane by So et al. in 20107576 (Figure 55).
The switch to a membrane stable in organic media, not available to Bayer & Mutter at the time, allowed
the membrane filtration to be performed in the same solvent required for the reaction, thus simplifying
the overall process. Other processes at the time often relied upon precipitation, e.g. in ether, to achieve

separation. The synthesis on polymer supports has been reviewed.””

Livingston et al. considered relatively early on how the synthesis of uniform oligomers could be
performed in conjunction with membrane separation. A key innovation for the separation of reaction
mixtures during uniform polymers synthesis, the homostar approach, was patented in 2011 by Livingston
et al.”® with the proposition to link several oligomers to a single branch point molecule. As previously
discussed, the approach is useful because it increases the size difference between the product and
reactants and makes separation via OSN more viable. Beside the work contained herein, the concept
has since been demonstrated in the synthesis of 2’-Methyl-RNA phosphorothioate 9-mer™ (Figure 56)

and for uniform PEGs with sidechains®’, both on a trivalent support.
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Figure 55. Schematic of membrane enhanced peptide synthesis for peptide chain assembly using
nanofiltration. Reproduced from 7® with permission from The Royal Society of Chemistry

The intention to substantially simplify the purification of reaction mixtures by nandfiltration is reflected in
the synthesis of Egss via the homostar approach (Chapter 1) which bound three growing oligomer chains
onto a trivalent hub to increase the size differential. However, when attempting to separate some of the
chain extension mixtures described in Chapter 1 in early nandfiltration trials, separation was found to be
more difficult than expected when considering the size differential, a crude predictor of nandfiltration
separation performance. The insufficient membrane selectivity during trials, combined with the need for
almost complete impurity removal required for maintaining uniformity of the growing oligomer, led to low
yields and long processing times during nanofiltration. The binding together of three growing oligomers

into a homostar alone did not sufficiently raise selectivity in combination with the building block used.

Chapter 3 describes how these challenges were overcome for the synthesis of Egeo, an oligomer similar
in size to the Egse oligomer prepared previously, using only nancfiltration for purification between chain
extensions. In order to optimize nanofiltration selectivity, a two-pronged approach was used: the
molecular architecture of hub and building block were fine-tuned and a two-stage membrane process

was established.
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Figure 56. Liquid phase oligonucleotide synthesis coupled with OSN: a) Chain extension reaction; b)

a) Chain Extension Reagents
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diafiltration by OSN to remove excess reagents; c) 5’-O deprotection; d) diafiltration by OSN to remove
deprotection debris, then repeat cycle to the desired length. Reproduced from 7 with permission from

John Wiley & Sons.
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3.1.3. The membrane filtration spectrum and transport phenomena

In the widest sense, a membrane is a filter characterized by an ability to allow one component of a
mixture to pass through relatively unhindered while simultaneously preventing passage of another
component.8’ (In membrane terminology, the fluid passing through a membrane is typically referred to as
permeate while the fraction not permeating the membrane is referred to as retentate. A solute which is
preferentially retained by the membrane and is being enriched in the retentate is also referred to as
being rejected.) In contrast to conventional filters, membranes allow separation on a molecular level and
thus provide an alternative to standard unit operations such as distillation.?’ In the context of separating
on a molecular level, membranes are also described as semi-permeable barriers or as having the ability

to control the rate of permeation of different chemical species.®

The membranes used in chemical engineering applications are typically synthetic and often made from
polymeric materials. One example of a large-scale industrial application of membranes is the
desalination of brackish or sea water to produce potable water. In this application, the membranes reject
in the range of 95 — 99.7 % of the dissolved ions, plus any larger species, to produce water ready for
drinking. This application area of membranes is often referred to as reverse osmosis because an applied
pressure pushes water through the membrane against the osmotic pressure gradient, e.g. from a
concentrated saline solution to a lower concentrated water solution. These membranes therefore
separate salts with diameters in the range of several Angstrém and the driving force for the separation is
provided in the form of applied pressure. The reverse osmosis industry is well established and total

worldwide membrane module sales in 2010 were about US$500m.82

Nanofiltration occupies the separation spectrum just above reverse osmosis and usually concerns
separations of molecules in the region of 100 — 2000 Da, i.e. molecules with a diameter of approximately
0.1 to 3 nm. One characteristic that reverse osmosis membranes and most nanofiltration membranes
share is that they consist of non-porous, dense separation layers. In non-porous membranes, solutes are
distinguished based on differences in sorption and diffusivity in the dense membrane layer rather than
through pore-flow and size exclusion. Transport in these non-porous dense films can be described by

the solution-diffusion model and Fick’s law.

On the other side of the nanofiltration regime are ultrafiltration and microfiltration membranes which are
typically microporous and usually possess connected pores passing from one side of the membrane to
the other. These porous membranes are best described by a pore-flow model and Darcy’s law. A

summary of the different filtration ranges and the corresponding solute radii is given in Figure 57.
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Figure 57. Classification of membrane processes according to operating pressure, retained solute/pore
size (nm), molecular weight cut-off (g mol "), transport mechanism, and examples of applications.
Reproduced from 8 under a Creative Commons Attribution (CC-BY) License.
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nanofiltration over time. Reproduced from 8 under a Creative Commons Attribution (CC-BY) License.
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Organic solvent nanofiltration

The field of membrane separation concerned with nanofiltration in organic solvents is commonly referred
to as organic solvent nanofiltration (OSN), or sometimes as organophilic nanofiltration or solvent
resistant nanofiltration (SRNF). Several reviews are available®*-8° and a brief history of the development
of OSN in context with aqueous nanofiltration is shown in Figure 58. The membranes required for the
separation of chain reaction mixtures for the synthesis of uniform PEG all need to distinguish between
molecules in the range of around 500 — 5,000 Da in strong organic solvents. Compared to reverse
osmosis and nanofiltration in aqueous systems, the field of OSN is relatively young and poses different
challenges. Membrane process design in aqueous systems is often concerned with bio-fouling, scaling
and similar phenomena degrading permeability of the membrane over time, but most membranes
materials are generally stable in water. On the other hand, OSN membranes are typically exposed to

cleaner feeds but must be stable in strong organic solvents.

The solution-diffusion model

The driving force for a membrane separation is a chemical potential gradient which encompasses the
constituent forces such as pressure and concentration gradients. The two common models for
membrane transport differ in how they derive the solvent and solute transport across the membrane from
the chemical potential gradient. The solution-diffusion model assumes a permeant activity gradient and
no pressure drop through the membrane while the pore-flow model takes as a basis a pressure gradient
and assumes constant permeant activity (Figure 59). The solution-diffusion model goes back to Lonsdale

et al. in 19658 and several reviews of membrane transport models are available.8”-8°

// O Dense solution-diffusion
Microporous membranes membranes separate because
separate by molecular of differences in the solubility
filtration [~ and mobility of permeants
// in the membrane material
\l
Chemical Chemical
potential, 1 \ potential, p; \
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activity, v n; activity, y: n; N
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Figure 59. A comparison of the driving force gradients (chemical potential, pressure, solvent activity) of
pressure-driven filtration for a one-component solution permeating through a (a) pore-flow and (b)
solution-diffusion membrane. Reproduced from 82 with permission from John Wiley & Sons.

129



A simplified solution of the solution-diffusion for a binary mixture eventually leads to expressions for the
flux of both components (Equation 12-13), where J; is the flux of component i, D; and K} are diffusivity
and liquid phase sorption coefficients respectively, ¢ is the thickness of the membrane c;, and ¢;, are
concentrations of component i on the feed side and permeate side membrane surface respectively, v; is
the molar volume, p, and p, are the pressure on the feed and permeate side of the membrane and R
and T are the gas constant and temperature in Kelvin respectively.®?

_ [—v;(po — pe)]
Ji=——\¢ciy —ci, " exp —Rr

_ Djk; -—Uj(Po —py)]
Jj= 7 <Cf0 — G, €xp T >

Equation 12-13

It is apparent that the total throughput, or combined flux of both components, which determines the
overall performance of the membrane, is inversely proportional to its thickness, a common finding in film
theory.®? The other important membrane characteristic, membrane selectivity, the ability of the
membrane to separate two components of a binary mixture, can be defined as the ratio of the diffusivity
and liquid phase sorption coefficients (Equation 14). The sorption coefficient, K-, is a term “linking the
concentration of a component in the fluid phase with its concentration in the membrane polymer phase”®?
while the diffusivity is a kinetic term “reflecting the effect of the surrounding environment on the

molecular motion of the permeating components”®2.

DK}

7o T \D)

£

Equation 14

It further follows that the quality of the separation is dependent on the applied pressure, the temperature
as well as the concentration gradient across the membrane and the resultant osmotic pressure gradient.
(Because a simplified characterization of membranes is used in the following chapter, this brief
discussion is included only for completion. For a detailed discussion of transport theory through

membranes and the underlying assumptions, the reader is referred to the subject literature.886-89)
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Membrane parameters and characterization

In practice, it requires effort to rigorously characterize separations according to the solution-diffusion
model because the required parameters, particularly diffusivity in polymers, are difficult to obtain.
Instead, a simplified model is used, quantifying membrane parameters at particular process conditions,
with the caveat that these parameters cannot then be universally applied to other process conditions

without adjustment.

The two key parameters by which membranes are characterized here are the permeance of the
membrane, which determines its throughput, and the extent to which the membrane prevents a solute

from passage, described as a rejection term.

Permeance (B) [L'm2-h"'-bar] relates the total volumetric flux through the membrane (J;,) [L-m2-h""], to
the transmembrane pressure (AP) [bar] applied across the membrane, with an osmotic pressure (All)

[bar] acting in the opposite direction to the applied pressure.
Jy = B (AP — Al
Equation 15

For dilute solutions of a solute, the total volumetric flux is typically determined by the solvent and for the
dilute, non-ionic solutes used herein the osmotic pressure can be considered negligible. Permeance is
then a membrane parameter that is normalized for membrane area and pressure and in the pressure
range of nanofiltration (approx. 20-50 bar) the relationship is typically linear. Permeance is
experimentally determined by measuring the volumetric flowrate (V) [L-h"] and dividing by the
membrane area (4) [m?] and transmembrane pressure (AP) [bar] (Equation 16).

14

B=2T2p

Equation 16

Membrane selectivity is described by a rejection term relating the concentration of solute on the feed and

permeate side of the membrane according to Equation 17 where c;, and ¢;, are the concentrations of
solute i on the feed and permeate side of the membrane respectively. Rejection (R;) is calculated with as

a dimensionless quantity between 0 and 1 in formulae but typically plotted in units of percent (R;-100 %).

C.
cio
Equation 17
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The rejection parameter requires further explanation because the concentration on the feed side of the
membrane surface is not homogeneous due to the presence of a phenomenon termed concentration

polarization.

Concentration polarization

Concentration polarization is a result of the different permeation rates of the components in a mixture.
The solute in a binary mixture which permeates more slowly, or which is preferentially retained by the
membrane will be enriched at the membrane surface on the feed side during normal operation. This
leads to concentration of the solute on the feed side of the membrane and causes a concentration
gradient between the membrane surface and the bulk solution. At the same time, the no-slip boundary
condition at the membrane surface causes the formation of a boundary layer within which the flow is
non-convective. As a result, the enriched solute on the membrane surface is not transported back into
the bulk of the feed by convective transport through the boundary layer and the feed side is not well-
mixed. Instead, the enriched solute must be transported back from the membrane surface into the bulk

by back-diffusion.
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Figure 60. Concentration polarization gradient of a preferentially retained solute adjacent to a
membrane. Adapted from 8 with permission from John Wily & Sons and with creative input from .
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The net solute flux in the boundary layer is equal to the convective flux through the membrane minus the
diffusive component flux acting in the opposite direction (Figure 60) and is described by Equation 18
where D; [m?:s"] is the diffusivity of the solute in the bulk medium, J,, [m-s™' to maintain dimensional
consistency] and c; is the concentration of solute as a function of the location (x) within the boundary

layer. (c;, and ¢i, are assumed equal as there is negligible transport resistance on the permeate side.)

dCi

Jvei =Di—

= ]VCip
Equation 18.

Integration over the thickness of the boundary layer (§) [m] with the appropriate boundary conditions

yields equation Equation 19 where ¢;,, ¢;, and c;  are the concentrations of solute in the bulk, at the

membrane surface and on the permeate side of the membrane respectively.®?

— ¢, D;

Equation 19

The solution of this equation requires knowledge of the mass transfer coefficient of the system, kai [m-s™]

given in equation Equation 20.%°

Equation 20

It follows that concentration polarization is more pronounced for systems with higher volumetric flux,
lower temperature, higher viscosity, lower feed velocity and lower feed Reynolds number, or more
generally larger boundary layer thickness as well as lower diffusivity of solute and higher rejection of the
solute. Further, it is now more precisely understood that Equation 17 describes intrinsic membrane
rejection, relating the concentration of a solute on the membrane surface to the concentration on the

permeate side.

In order to reduce the effect of concentration polarization in practical applications, a sufficiently large
cross-flow (Figure 61) is usually applied to the membrane surface to create turbulence and enhance

performance by reducing the boundary layer thickness.
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Figure 61. Schematic representation of membrane filtration system design: (a) dead-end, (b) cross-flow
mode, to enhance turbulence and decrease concentration polarization.

In practice, the mass transfer coefficient of a system is not easy to obtain. Instead, a rejection term (R;)

is used here whereby permeate concentrations (Cip) are directly related with the bulk concentrations on
the feed side (c;, ), not with the concentration on the membrane surface on the feed side (c;,).

Concentration polarization and the difference of concentration between the bulk and the membrane
surface on the feed/retentate side are therefore neglected (Equation 21) which is justified by the use of
dilute feed and a high cross-flow velocity. By making this simplifying assumption, we no longer quantify
an intrinsic membrane rejection but obtain a rejection value that is influenced by mass transfer limitations
and is therefore no longer independent of surrounding process parameters. For the rejection values
obtained from screening to resemble the performance expected during purification, the process

parameters should thus be kept comparable.

Equation 21

Because this work is performed in dilute systems with organic solvents possessing low viscosity and
using flat-sheet membranes and deliberately high cross-flow speeds, concentration polarization should
generally be low, and membrane rejections obtained during membrane screening should yield a good
approximation of the expected intrinsic rejections. For sufficiently high cross-flow speeds where the
recirculation flowrate far exceeds the permeate flowrate, the bulk feed and bulk retentate may also be

considered well-mixed.

134



3.1.4. Membrane processes

There are three common batch processes for separation by membranes in the liquid phase (Figure 62):

a) Concentration: A solute or mixture of solutes is concentrated by selectively removing a portion of
the solvent through a membrane, leaving a more concentrated solution behind. A suitable
membrane for a concentration should possess sufficiently high rejection to all solutes while ideally

allowing only solvent to permeate.

b) Solvent exchange: A solvent exchange using membranes works similarly to a concentration in
that the membrane should possess rejection to all solutes but allow only solvent to permeate.
Because the purpose is to switch solvent rather than reducing the total solution volume, the system
is continuously replenished with the desired new solvent at a rate equal to the permeate flowrate
exiting the system through the membrane. This membrane operation is particularly useful in cases
where a higher boiling solvent needs to be replaced with a lower boiling solvent, a switch which

would not typically be possible via distillation in a single step.

c) Purification / Diafiltration: For a two-solute separation, a membrane needs to preferentially retain
one solute while permeating another solute as well as solvent. Solvent acts as a carrier to
continuously flush the more permeable component through the membrane, while the system is
replenished with fresh solvent at a rate equal to the permeate flowrate. This operation is often
referred to as diafiltration, or constant volume diafiltration, in the subject literature because the
system volume on the feed/retentate side of the membrane is kept constant by replenishment with
fresh solvent. Separation is feasible with the product being either the more permeable or the less
permeable component, but in the common scenario, the product is preferentially retained, while the

impurity is permeated.

These membrane operations can be combined into multi-stage cascades®'-* as well as continuous
operations®°%-192 and may be further combined with other separation techniques, e.g. distillation,

crystallization and extraction, in hybrid processes.%*-"%

The separation problem of concern (discussed in Chapter 1) where the building block, side products and
reaction debris need to be separated from a growing product homostar, is well-suited to purification by
diafiltration where the product is retained by the membrane, and all other species permeated (Figure
62c). While such a separation may also be carried out continuously, it would be less efficient and would
not suffice for the high purity requirements required. It is also unnecessary to consider a continuous
purification in this case because the high conversion requirements necessitate reactions to be carried

out batch-wise. The focus is therefore on diafiltration as a batch operation.
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Figure 62. Membrane batch filtration processes in the liquid phase: (a) concentration, (b) solvent
exchange, and (c) purification, or diafiltration. Solvent feed and permeate tanks in (b) and (c) are only
approx. to scale as the solvent requirement is usually several times larger than the feed tank volume.
Adapted from %7 (in turn adapted from 8%) under a Creative Commons Attribution (CC-BY) License.
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Mathematical description of diafiltration

While membranes are usually characterized in terms of their rejection (R;) (Equation 21), or the fraction
of solute that is retained by the membrane, for diafiltration it is often more convenient to characterize
membranes by the fraction of solute which passes (1-R;). This is because the effectiveness of a typical
diafiltration is given by how many molecules of impurity permeate through the membrane for every
molecule of product that also permeates through the membrane at the same time and is thereby lost.

The equivalent term describing 1-R; in ultrafiltration is the sieving coefficient.®?

The separation effectiveness of a diafiltration may then be described by a separation factor (y;,)
describing the ratio of the permeating components, impurity i and product p according to Equation 22

where R; and R,, are the rejection of impurity and product respectively.

Ci

)
(1R _(Cib>
) T (@)
Cpp

Equation 22

Assuming the diafiltration apparatus approximately resembles a continuously stirred tank reactor, the
feed/retentate bulk side can be considered well-mixed. The progress of single stage diafiltration process
can then be described by drawing a mass balance around the system for each component, as given in
Equation 23 for impurity i, where Vs [L] is the system volume, E, [L.h""] is the permeate flowrate, and A
[m?] is the membrane area.

dCi
Vsd_tb= _Fp'Cip = _]V'A'Cip

Equation 23

Relating the permeate concentration (Cip) to the bulk concentration on the feed/retentate side (c;,) via the

rejection (R;) (Equation 21) and rearranging, we obtain Equation 24 which can be integrated with the

appropriate boundary conditions (starting concentration: cfb:" at time 0) to give Equation 25. The

equation can be rewritten as (J,, - A - t) equals the total permeate volume collected up to time t (V£). The
resultant term (V£ / V) is a dimensionless quantity which describes diafiltration progress in terms of the
system turnover, i.e. how many washing volumes, or multiples of the system volume, have permeated
(and been replenished with fresh solvent). This quantity (V / Vs) is often referred to as the number of
diafiltration volumes or diavolumes but, while useful for describing single-stage systems, it cannot easily

be defined for multi-stage systems.
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Equation 25

It is apparent that the bulk concentration of every solute in the mixture follows an exponential decay from
its starting concentration over time, i.e. with an increase in diafiltration volumes. The decay is more

pronounced for a solute with low rejection as would be expected for a solute that is more readily washed
out of the system through the membrane. This leads to the desired separation as the impurity with lower

rejection is washed out of the system faster than the highly rejected product.
It follows that the yield and purity of the product p in a two-component purification by diafiltration can be
defined as follows.

: by v
Yield(t) = =5 = exp —75(1 - Ry,)

Py
Equation 26
¢t 1 1
Purity(t) = B = = =
oy * i 1+i 1+£-exp(—v—’§(ﬂ2{ —]R{-))
S, ey Vs
Equation 27

For multi-stage systems, mass balances similar to Equation 23 apply and these can be still be integrated
analytically if rejections are assumed constant, i.e. independent of concentration.®” If rejections are
described as functions of the bulk concentration, the system of equations needs to be solved

numerically.
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3.1.5. Improving membrane process performance

Conceptually, there are three ways to improve a membrane separation and these all apply to diafiltration.
First, the selectivity of the membrane itself may be improved, thus improving the separation of solutes in
a single membrane stage. Also, the process configuration may be modified to make better use of an
existing membrane, for example by using a multi-stage configuration. Lastly, the solute system may be
adapted to better fit the membrane and configuration, for example by modifying the product to be more

highly rejected or modifying the impurity to be better permeated.

Membrane performance

A separation may be improved by choosing a more selective membrane that can better discriminate
between two molecules. For this purpose, it is often useful to consider the rejection of a membrane over
a range of solute sizes, or a range of solute radii. A plot of rejection over solute size is referred to as a
molecular weight cut-off curve because it describes the cut-off, or rejection, over a range of molecular
weights. (Sometimes a discrete value for molecular weight cut-off (MWCOQO) is given in the literature
which refers to the molecular weight of the solute which is 90 % rejected, i.e. the x-axis position where

the curve crosses the 90 % rejection mark in a rejection versus molecular weight plot.)

An idealized membrane would exhibit a perfectly sharp molecular weight cut-off curve with complete
rejection for the product (R, = 100 %) and no rejection, or negative rejection, for the impurity (R; < 0 %).
An idealized cut-off curve exhibiting such a step change in rejection is shown in Figure 63 (grey curve).
However, membranes typically exhibit sigmoidal cut-off curves and there is evidence that membranes
with sharp separation curves and abrupt changes in rejection over a small molecular weight difference

do not exist in this idealized form.

In an attempt to explain this phenomenon, Kim et al. adapted the transport model by Bowen and
Welfoot'%-"10 taking into account hindered diffusion to predict rejection of solutes at different pore
sizes.”"" Simulating rejection as a function of solute radius for idealized membranes in which the pores
are all cylindrical with uniform diameter, the authors obtain sigmoidal profiles in good agreement with
experimental data''?. The authors conclude on this basis that “sharp separations might be difficult to
achieve, even if it [were] possible to fabricate membranes with uniform cylindrical pores.”"
Nevertheless, there are some examples of carbon molecular sieve membranes with extremely sharp cut-
offs for very small molecules capable of separating the xylene isomers, specifically p-xylene from o- and

m-xylene.'"3
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(b) Poor selectivity
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Figure 63. Scenarios for purification of product (P) from impurity (I) by diafiltration. (a) Idealized
selectivity, (b) poor selectivity unsuitable for separation and (c) good selectivity. The membrane with
excellent selectivity (d) allows a better separation than (c) but requires higher solvent consumption.
Rejection curves are simulated in the nanofiltration region for uncharged solute of uniform size (rs) and
membranes with uniform pore sizes (rp) between 0.75 nm and 1.75 nm using the pore-flow model
assuming 10 bar pressure and 1cP solvent viscosity. The relationship between solute size (rs) and
molecular weight (My) is approximate. Figure reproduced from 1°7 (an adaption from 11).

While the difference between a membrane exhibiting idealized and poor selectivity is readily recognized
(Figure 63a vs. Figure 63b), the difference between a membrane exhibiting good selectivity combined
with low rejection of the impurity and a membrane exhibiting even better selectivity but high rejection of

the impurity is more nuanced (Figure 63c vs. Figure 63d). The membrane with the higher separation
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factor (y;,) will always afford a higher product yield for a similar attained purity, but the removal of an
impurity with higher rejection will require more diafiltration volumes, i.e. a higher solvent consumption, for
complete separation. This can be visualized by plotting the normalized concentration profiles of both
impurity and product alongside product purity over several diafiltration volumes. (Normalized
concentration is the concentration at a given time with respect to the starting concentration. For the
product solute, the normalized concentration is also equivalent to its yield.) The two scenarios with good
and excellent selectivity described above are here compared for a similar attained purity (99.0 %) (Figure
64). It is noticeable that the membrane with higher selectivity (Figure 64d, y;, = 15) affords a better yield
(72.0 % versus 59.8 %) but requires approximately three times the diafiltration solvent (32.8 versus 10.3
diafiltration volumes) when compared to the less selective membrane with lower impurity rejection
(Figure 64c, y;;, = 10). The example also offers a guideline: when looking to attain high yields it is

preferable to have a product rejection close to 100 % than to have an impurity rejection close to 0 %.%2
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Figure 64. Simulated normalized concentration profiles for product (solid black) and impurity (dashed
grey) as well as product purity (solid green) versus diafiltration volumes for two different scenarios: (a)
good selectivity (as shown in Figure 63c) and (d) excellent selectivity but high impurity rejection (as
shown in Figure 63c).
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There thus exists in some cases a trade-off between the solvent consumption during diafiltration and the
attained product yield. It should be noted that a higher solvent consumption also implies that diafiltration
will take longer, or that a larger membrane area is required to process the required permeate in a similar
length of time. When choosing a tighter membrane with a generally higher rejection, the effect is
compounded because there is typically an inverse relationship between rejection and permeance and a

tighter membrane will therefore exhibit a lower permeance already.

Lastly, the choice of membrane is restricted by the availability of membranes in the separation region of
interest. In an industrial context, one is further confined to using commercially available membranes

converted into industrially usable module format.®'82 Particularly for organic solvent nanofiltration, there
is a limited number of material combinations available that fulfil separation and stability requirements at

the same time.

The topic of solvent consumption is revisited in Chapter 4 in search for a solution to mitigate the high

solvent consumption during diafiltration by integrating a nanofiltration-based solvent recovery unit.
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Process configuration

The separation from a single membrane stage can be improved by using multiple stages in a variety of

configurations. A large body of literature has been published on the use of membrane cascades.”°'-

100,102,111,114-117

Kim et al. describe the separation of two disperse PEG species, PEG-2000 and PEG-400 with rejections

of 96 % and 60 % respectively. These two species cannot be efficiently separated with a single stage

membrane separation, where a purity of 98 % can only be attained with a simultaneous yield loss of

40 %. By introducing a second stage with a similar membrane and using a recycle set-up to obtain a

multi-stage effect, that yield loss can be reduced down to 6 % (Figure 65).

Yield (%)

(a) Single stage diafiltration
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Figure 65. Separation of PEG-400 (R = 60 %) from PEG-2000 (R = 96 %). Comparison of PEG-2000
yield and purity between (a) single- and (b) two-stage diafiltration over 12 diavolumes. The yield
increased from 59 % to 94 % for a similar purity of 98 %. The two-stage diafiltration was operated with a
recycle ratio of 0.5. Reproduced from "% with permission from Elsevier.
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Tuning molecular architecture

Lastly, changing the solutes themselves to move them further apart on a cut-off curve can increase
selectivity for a given membrane. For example, a product can be anchored to a larger species to
increase its rejection. A good example is ligand design during recovery of homogeneous catalysts by
nanofiltration where an increase in ligand size can help retention of the catalyst complex.'®'%° In some
cases, there may also be an opportunity to tailor a process to create smaller impurities. In an industrial
context, one is often tasked with separating an existing process stream with a set list of solutes at a fixed
concentration. Therefore, there is usually little scope to change the membrane or solute system and the

design choices often centre around process configuration.

In this synthesis of uniform PEG, however, there is scope to tune the molecular architecture of the
functional groups on the termini of the building block as well as the hub. In order to maximize membrane
selectivity, it is therefore expedient to consider the distinguishing features between the building block
(BB) and the homostar product (HS):

a) Protecting group (common to BB and HS): The effect of the protecting group (Pg) should be
minimized because it is a feature common to both BB and HS. If the protecting group is large and
significantly contributes to rejection of both BB and HS, it will diminute the contribution to rejection
of the groups that distinguish HS and BB such as hub and leaving group. In other words, the Pg
would decrease selectivity by making BB and HS more similar in terms of their rejection
characteristics. The size of the Pg should therefore generally be as small as possible. However, as
deprotection needs to be carried out as part of the chain extension cycle, there may be an
alternative option: to remove the protecting groups prior to diafiltration, so that they no longer affect
HS and BB rejection.

b)  Leaving group (only existent on BB): The rejection of the leaving group should generally be
minimized because only the building block includes a leaving group. A decrease in leaving group
rejection therefore only helps to minimize BB rejection with no effect on the rejection of product
homostar. Care must be taken when changing leaving group, as it can affect the chain extension

reaction.

c) Hub (only existent on HS): The hub contribution to rejection should be maximized as the hub is the
only distinguishing feature of the homostar aside from its increasing chain length and the bulkier
geometry resulting from multiple arms. Therefore, hub size should generally be increased as much
as practically possible, i.e. within the confines imposed by the required hub chemistry for

attachment and disassembly, its stability towards chain extension and its solubility and affordability.
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d) PEG oligomer (necessarily common to both BB and HS but at different lengths with constant
length on the BB and increasing length on the HS). The polymer chain chemistry cannot be
changed when looking to synthesize linear uniform PEG, but there is a choice regarding the length

of building block and how many chains should be attached to the hub.

The tuning of the molecular architecture and chemistry to improve nanofiltration performance will be the

focus of the following discussion.
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3.2. Materials and methods

3.2.1. Membrane preparation

Poly(ether ether ketone) membranes

The poly(ether ether ketone) (PEEK) membranes used in Chapter 3 were prepared as described by da
Silva Burgal et al.'?"22 PEEK membranes were prepared from a 12 wt% solution of VESTAKEEP 4000P
(Evonik, DE) in 3:1 w/w MsOH:H.SO4, cast on a Novatexx 2471 poly(propylene) non-woven backing
(Freudenberg Filtration Technologies, DE), phase-inverted in deionized water and, after solvent
exchange, dried for 24 hours at 120 °C. Two different sets of membranes were prepared for screening.
Both sets were prepared from the same cast but dried in different solvents, either acetone or ethanol,
resulting in different molecular weight cut-offs. Drying from acetone gives a slightly looser membrane
with lower overall rejection and a corresponding higher permeance, whereas the ethanol-dried
membrane is tighter with higher overall rejection of all solutes and lower permeance. All PEEK

membranes used in this study were prepared by Jodo da Silva Burgal.

Polybenzimidazole membranes

The poly(benzimidazole) (PBI) used in the early stages of this work, and upon which the effect of
increasing rejection with increasing central hub size was demonstrated (Figure 84), were prepared as
described by Valtcheva et al.’?*'24 PBI dope solution (17 wt% PBI in dimethylacetamide) was prepared
by dilution of a commercial PBI solution (Celazole® S26 PBI, M,, = 27,000 g mol', from PBI
Performance Products Inc., USA) containing 26 wt% PBI and 1.5 wt% LiCl as stabilizer with
dimethylacetamide (Sigma-Aldrich). Membrane films were cast on a Novatexx 2471 poly(propylene) non-
woven backing (Freudenberg Filtration Technologies, DE), then phase-inverted in deionized water and,
after solvent exchange to acetonitrile via isopropyl alcohol, cross-linked with 3 wt% 1,4-dibromoxylene
(DBX) at 80 °C for 24 hours, followed by conservation with PEG-400 until use. Earlier sets of PBI

membrane were prepared by Irina B. Valtcheva and later sets were prepared by Gyorgy Szekely.

An updated version of the PBl membrane was later tested where the functional groups on the DBX
cross-linker which had not completely reacted with the PBI polymer during cross-linking were further
modified by reacting with a polyetheramine (Jeffamine® M-600 or Jeffamine® M-2005). Modification with
Jeffamine® M-600 results in a looser membrane with lower overall rejection and modification with
Jeffamine® M-2005 results in a tighter membrane. The preparation process is patented'? but a detailed
experimental description has not been published. The Jeffamine-modified PBI membranes tested in this

work (Figure 99) were prepared by Ruiyi Liu.
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Membrane installation

Membrane samples were cut into discs (d = 81 mm) (Figure 66) and installed into test cells (Figure 67)
acting as a pressure housing. Membranes were typically installed dry without prior contact to solvent. A
detailed visual guide of the test cell design and assembly procedure can be found in Appendix F on page
277.

Figure 66. Membrane coupon (a) upper active layer (PEEK) and (b) rear side backing (polypropylene).

The PEEK membranes used for the diafiltration during the synthesis run towards Egeo (Section 3.3.6)
were cut to size and first immersed in 1:4 MeOH-THF for 72 hours and then re-cut to size prior to
insertion into the test cells; the membranes had swollen by 2-3 mm across an 81 mm disc, equivalent to
a 3 % increase in diameter. The pre-swelling procedure prevents wrinkles from forming on the
membrane due to differential swelling and thereby improves the mechanical stability of the membranes
after insertion. The active membrane area after assembly is 51 cm? per pressure housing cell.

4

Figure 67. Assembled flat-sheet membrane pressure housing cell
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3.2.2. Membrane screening

Membrane screening was performed in a set-up with two pumps, one providing pressurization and one
providing circulation (Figure 68). For pressurization and recirculation, an HPLC reciprocating piston
pump with a flowrate up to 100 mL-min~' and a rotary gear pump with a flowrate of 2,400 mL-min™' were
used respectively. While the rotary gear pump was protected upstream with an inline filter, the HPLC
pump was not equipped with an inlet filter to minimize pressure drop and avoid potential cavitation with
the low boiling organic solvents used. The pressure housing cells holding the membranes were
connected in series in the retentate loop with sufficient crossflow provided for the membrane by the
recirculation pump to minimize concentration polarization (Figure 60). The recirculation flow is
significantly faster than the permeate flowrate through the membrane so that the retentate side of the
apparatus can be assumed well-mixed. The pressure was monitored upstream of the first and
downstream of the last pressure housing cell with Bourdon tube pressure gauges and for a recirculation
flowrate of 2,400 mL-min~" the pressure drop per cell was around 0.25 bar. Screening was typically
performed between 10-30 bar with the HPLC pump providing sufficient feed for all membrane cells and
the excess feed not leaving the retentate loop as permeate returned to the feed tank via a back-pressure

valve which was manually adjusted to set the feed/retentate side pressure.

rotary
gear pump
4-Vlvay 2,400 mL-min™
valve
o, ()
J U

inline filter

back-pressure
valve
P, =30 bar

membrane
pressure
housing cell
Fir Fipa Fip2 F
1 bar P
v VvV
30 bar
Fo < 100 mL-min"" feed tank
1 bar

4@

HPLC pump
(reciprocating piston pump)

Figure 68. Membrane screening rig with two pumps and three pressure housing cells in series with
manual measurement of permeate flowrate and sampling. Flexible PTFE tubing shown in light grey.
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It follows that the feed flow must be at least as large as the sum of all permeate flows at the set pressure
(Equation 28). In practice, the feed flow should be substantially higher than the sum of the permeate
flows to provide sufficient return flow to the feed tank through the back-pressure valve (Equation 29) and

prevent concentration of retained solutes in the retentate loop.
Fo2(Fips +Fip2+Fipg+..)
Equation 28
Fir=Fo-(Fips +Fipat Fips+...)
Equation 29

The lines on the permeate side of the pressure housing cells and the return flow line from the back-
pressure valve (F1,) were built with flexible poly(tetrafluoroethylene) (PTFE) plastic tubing and permeate
flowrates were measured manually with a graduated cylinder. Because flexible tubing was used,
samples could be taken from the permeate lines and the return line directly into GC vials. For taking the
retentate sample from the return flow line, the HPLC pump flowrate was temporarily switched down to
avoid spillage. The feed tank was not always sampled as membrane rejection is calculated from the
permeate and retentate concentrations (Equation 21) and the feed tank is always at least slightly less
concentrated than the retentate loop unless the feed and return flowrate are extremely large compared
to the sum of the permeate flows which was not the case in this set-up. When the feed tank was
sampled to provide a cross-check, samples were drawn from the feed tank with a disposable syringe
equipped with a needle. A small glass flask (V < 200 mL) equipped with a magnetic stirrer was used as
the feed tank and the feed line from the feed tank to the HPLC pump inserted into the feed tank from
above and made out as a riser pipe with flexible PTFE tubing. The feed tank was thus open to
atmospheric pressure and well stirred. Permeate lines and return line were loosely inserted into the feed

tank and clamped to a stand overhead.

For membrane screening, multiple coupons of flat sheet membrane (51 cm? membrane area per coupon)
were thus screened in series under recirculation (2.2 L-min™") at varying pressures (10-30 bar) in a total
recycle set-up. Usually, at least two coupons were screened in parallel. Where more than two coupons
were screened, the arithmetic mean and standard deviation are usually shown in figures alongside the
raw data. For membranes with higher permeance, fewer coupons were screened in parallel so that the
sum of the permeate flows would not exceed the HPLC feed flowrate at the highest screening pressure.
(Figure 68 shows three pressure housing cells connected in series as an example; a maximum of 8
pressure housing cells could be screened in parallel.) Pressures were recorded manually from the
pressure indicators upstream and downstream of the cells and an average value was recorded. Where a
pressure range was recorded, it indicates the pressure ripple from the single piston motion.
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3.2.3. Diafiltration

Diafiltration apparatus set-up and operation

A general sketch of a single stage diafiltration apparatus was previously shown in Figure 62c. Used in
this work was a two-stage diafiltration apparatus (Figure 69) whose retentate loops are each similarly set
up as the retentate loop of the screening apparatus shown in Figure 68 above. Like for the screening
apparatus, the first separation stage is directly pressurized by an HPLC pump from a feed tank. The
second separation stage, however, is indirectly pressurized by the permeate flowing from the 15t
membrane stage into the 2" membrane stage (F+e). This inflow into the 2" stage can then further
permeate the 2" stage membranes to leave the diafiltration apparatus into the permeate tank (F2p), but
importantly, there is also a recycle flow from the 2"® membrane stage back to the 1t membrane stage via
the feed tank. This recycle flow (F2) is critical to the performance of the two-stage set-up and can be
expressed as a fraction of the permeate flow from the 15t separation stage (F1r) as a recycle ratio (rz+)

between 0 and 1 (Equation 30).
Fip = Fap + Fpr

F
I‘21=F—:;;0<r21<1

Equation 30

In the limiting case where no recycle is used (r21 = 0), the two-stage set-up will not perform much better
than a single-stage set-up. In the limiting case where almost all permeate from the first stage is recycled
(r21 — 1) and the permeate flow from the second stage is infinitesimally small, the rejection of the two-

stage set-up will approach a higher value (Equation 31)."

. c
for Ry; = Ryj; 1y —1: RO = 1. Cilp= 1-(1-Ryy)?
r

Equation 31

The diafiltrations in this study were all run with a recycle ratio of approximately 0.5. In practice, this is
achieved by modifying the 2" stage pressure with the back-pressure valve so that 2" stage permeate
and recycle flow are equal. The recycle ratio was indirectly derived from volumetric measurements of the
2" stage permeate (F2p) and 2™ stage recycle flow (F2) using a graduated cylinder because the 1%t

stage permeate flow is under pressure and no inline measurement was used.

The 2" stage permeate (F2r) eventually flows out of the diafiltration apparatus into a permeate tank kept

at atmospheric pressure. To keep the system volume inside the diafiltration apparatus constant, fresh
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solvent must be fed into the feed tank at a rate equal to the permeate flowrate exiting the system. The
solvent is fed from a fresh solvent reservoir also kept at atmospheric pressure via another HPLC pump
but without a pressure gradient across the pump because both solvent reservoir and feed tank are open
to atmospheric pressure. The feed tank level and system volume are thereby kept at a constant level
throughout the diafiltration. Both stages are kept well-mixed on the retentate side by recirculation pumps
and the 1%t stage retentate loop and feed tank are kept mixed by the excess flowrate provided by the

feed pressurization pump and corresponding return flow from the 15t stage to the feed tank (F,).

recirculation pump recirculation pump
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¢/ N ¢/ N
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Figure 69. Schematic illustration of a two-stage diafiltration apparatus. Approximate pressures, volumes
and flowrates shown for the synthesis of Egeo in Section 3.3.7. For equipment labels, the reader is

referred to

Figure 68.

The two-stage diafiltration apparatus shown in Figure 69 is here explained using the approximate

pressures, volumes and flowrates used for the synthesis of Egeo in Section 3.3.7. With similar

transmembrane pressures of 30 bar in each stage and a desired recycle ratio of 0.5, four and two

pressure housing cells with similarly permeable membranes were installed in the 15t and 2" stage

respectively, equivalent to membrane area of 204 cm? and 102 cm?, a ratio of 2:1. Over the course of a

32 h diafiltration, approximately 26 L of solvent pass through the diafiltration apparatus, depleting the

feed tank and accumulating in the permeate tank. In practice, the permeate was collected in multiple

2.5 L Winchester flasks. Further details of the diafiltration apparatus can be found from p. 282 onwards.
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Diafiltration preparation

In preparation for diafiltration, the solvent inside the apparatus is replaced with freshly distilled 1:4 v/v
MeOH-THF to minimize contamination with THF-hydroperoxide. The volume inside the stages is washed
out via the 4-way valves in each stage (Figure 70). In the open configuration, fresh solvent is fed into one
side and the stage contents are simultaneously pumped out into a wash tank. A similar washing method
is used to recover the product from the apparatus after nanofiltration.

(a) (b)

4-way 4-way
valve valve

A Q A
\Y ()

Closed loop Open loop

Figure 70. Use of 4-way valves (a) closed during diafiltration and (b) open for washing the retentate
loops prior to and post diafiltration.

After filling the system with fresh solvent, the system is run in total recycle with the 2" stage permeate
returned to the feed tank for a period of around 30 minutes to ensure system stability. During this time,
the retentate back-pressure valves are adjusted to give the desired stage pressures and flowrates. The

following strategy is used:

1) The 1% stage back-pressure valve is adjusted to give 1%t stage pressure (P+) of 60 bar (with some
fluctuation of + 3 bar due to the pressure ripple induced by the piston motion of the HPLC pump).
While P4 is adjusted, the 2" stage pressure (P>) is also gradually increased to prevent the

transmembrane pressure in stage 1 (AP+1 = Py — P2) exceeding 35 bar.

2) The 2" stage back-pressure valve is then adjusted to give a recycle ratio of 0.5 which indirectly

sets the stage 2 pressure.

F2r and F2p were both measured manually with a measuring cylinder in short intervals and the 2" stage
back-pressure valve adjusted until the desired recycle ratio was obtained. For the acetone-dried PEEK
membranes used in Section 3.3.7, a recycle ratio of 0.5 typically corresponded to a P, of 27 + 2 bar for a
P+ of 60 bar which in turn corresponded to flow rates of 27 mL-min™" and 13.5 mL-min-" for F1p and Fy

respectively.
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Monitoring diafiltration progress

Diafiltration progress was monitored by regular sampling of the 2" stage recycle flow which is
representative of the 2" stage retentate loop concentration. This method of monitoring is convenient
because the recycle flow downstream of the proportional relief valve is at atmospheric pressure, while
the stage itself is pressurized. Sampling was scheduled to be more frequent at the beginning of the
diafiltration when the change in concentration in each stage was more pronounced, due to the
exponential decline of the concentration profiles. Samples were taken at half-hourly intervals for the first
two hours, then hourly until the sixth hour, and every two to three hours thereafter until diafiltration was
complete after 32 h. For the synthesis run towards Egeo (Section 3.3.7), samples were deliberately only

taken from the 2" stage and not from the 1%t stage to conserve yield.

The concentration of ThpO-Eg1>—OTs (67) building block may be monitored by following the UV
absorption at 260 nm from the toluenesulfonyl moiety. The hub may be observed at 260 nm, but also
exhibits absorption at 300 nm where the toluenesulfonyl moiety ceases to absorb. It is therefore
convenient to monitor UV absorption at both wavelengths, as the trace at 300 nm corresponds solely to
the Hub? containing species. However, the ThpO—Eg2+—OThp (71) dimerization side product lacks a UV
chromophore. For this reason, a separate Electron Light Scattering Detector (ELSD) unit was connected
downstream of the UV detector. While the UV absorption increases linearly with concentration according
to the Lambert-Beer law, the ELSD response is non-linear, approximately a power function (y = a-x®)

over a suitable interval, and therefore had to be calibrated.

Samples (0.5 mL sample taken, 30 pL injection volume) were analyzed on an Agilent 1100 Series high
performance liquid chromatography (HPLC) machine with a diode array detector (Agilent G1315B DAD)
and connected to a Varian 385-LC ELSD. UV signals were gathered at 260 nm and 300 nm and ELSD
traces were gathered at evaporator and nebulizer temperatures of 40 °C and 55 °C respectively, with a
N2 gas flowrate of 1.5 SLM. The HPLC column employed was an ACE 5 C15-300 stationary phase (250 x
4.6 mm ID) (Advanced Chromatography Technologies Ltd., UK), a MeOH-MeCN (v/v) 1:4 solvent phase
and a non-solvent phase of 5 mM ammonium acetate in deionized water. The column temperature was
maintained at 30 °C, with a pump flowrate of 1 mL-min' and a gradient from 40 % to 95 % solvent

phase, see Figure 71 and Table 19 below.
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Table 19. HPLC solvent gradient system.

Time 25 mM NH4OAc in H2O  1:4 MeOH-MeCN (v/v)

/ min ! % ! %

60 40

60 40

25 5 95

35 5 95

35.5 60 40

40 60 40
100
L 90
S 80
< 70
2 60
< 50

P
O 40
(0]
= 30
§ 20
2 10
0
0 10 20 30 40

HPLC Elution time /min
Figure 71. HPLC solvent gradient profile.

In a two-stage diafiltration apparatus, with a recycle flow from the 2" stage to the 1%t stage, the
concentrations of all solutes with at least some rejection will be lower in the 2" stage than the 1t stage.
The two-stage apparatus improves upon the selectivity of a single stage because this reduction in
concentration in the 2" stage is much more pronounced for the product than for the impurity. This is
because the product has higher rejection in the 15 stage than the impurity.

As a result of the above general considerations, the product homostar is concentrated almost exclusively
in the 15 stage, whereas the ThpO-Eg1,—OTs (67) building block and ThpO—Eg2s—OThp (71) dimer are
much more evenly distributed across the two stages. Compounds 67 and 71 can be reliably sampled
from the 2" stage recycle flow without dilution. The limit of detection is 5 a.u., equivalent to 4.7 uM of 67
or 5.4 uM of 71, but both cease to be reliably quantifiable around 20 a.u., or at around 20 uM. With an

HPLC injection volume of 30 uL, 67 and 71 are traceable for at least 6 and 18 hours of diafiltration
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respectively. Compounds 67 and 71 can also be traced in the 2" stage permeate stream for a slightly
shorter time period. Permeate samples were taken for the first 9 h of diafiltration to confirm constant

rejection, i.e. membrane stability, over time.

The product homostar (61 — 79) is more difficult to trace by monitoring the 2" stage concentration
because its absolute concentration and associated peak area are low. Due to its large UV absorption
coefficient, the product can be detected, but its concentration varies strongly with small changes in
recycle ratio and other system parameters. As a result, the 2" stage concentration profiles obtained for
the impurity species are typically smoother and more representative of diafiltration progress. Product
concentration may be monitored by sampling the 15! stage recycle flow to the feed tank or the feed tank
itself. Due to the large UV absorption coefficient, samples need to be diluted at least 1:10 and/or
injection volumes lowered, at which point dilution errors become problematic. Sampling the 15t stage
regularly also lowers the product yield. Therefore, having monitored both stages during the trial synthesis
of Eg1s homostar from Eg. building blocks, and having observed the expected performance, 15 stage
concentrations of homostar and building block were not monitored in the final synthesis run for Egeo. The
dry mass yield obtained at the end of each diafiltration, after removal of solvent, and similarly after
deprotection gave a good, and probably more accurate, estimate of diafiltration yield than an HPLC trace

could in this case.

For the separation of the crude reaction mixture by diafiltration after chain extension to Hub*~Egss—OThp
HPLC traces from the UV detector (260 nm) and the ELSD detector are shown in Figure 72 and Figure
73 below. Integration of the peak areas and conversion into concentration values via the relevant

calibration yields the concentration profile shown in Figure 102.

1%t stage retentate loop samples from the 1%t stage proportional relief valve return flow should be taken
by switching down the HPLC feed pump flow rate for a few seconds to collect approx. 200 pL of
retentate into a sample vial which can then be pipetted accurately with the remainder washed back into

the feed tank. Pipetting straight from the line may be inaccurate.
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3.3. Results and discussion

The following discussion details the tuning of the molecular architecture of building block and hub to
improve the nandfiltration performance. The improved building block and hub are then used in a trial
synthesis of Eg1s where deprotection and purification are carried out jointly in the nandfiltration
apparatus. A final synthesis is then carried out up to Egeo to demonstrate the viability of iterative
synthesis of uniform PEG via nanofiltration.

3.3.1. Protecting group size decrease

Early nandfiltration trials were carried out with polybenzimidazole (PBI) membranes in acetonitrile
solvent. The tests showed that the dimethoxytrityl protecting group (see Figure 38) dominated rejection
when present in a molecule. For all molecules containing a Dmtr ether, rejection was high and largely
independent of the functionality on the other terminus of the building block (Figure 74). Dmtr—-Eg.—OH
(3), Dmtr—Eg4s—ODmtr (4) and Dmtr—Eg4+—OTs (5) all exhibit rejection in the range of 76 — 84 % at 15 bar
with Dmtr—Egs—OH (3) exhibiting a slightly lower rejection than the other two species. At the same time,
the three building block species are largely indistinguishable from the corresponding Hub'(-Eg+—ODmtr)s

homostar (26), with a separation factor (Equation 22) between 3 and 4.

100.0
90.0
80.0
70.0
60.0 ——
50.0 +——
400 +——
30.0 +——
200 +——
100 +——

0.0

— 5 bar 10 bar m15 bar

Rejection / %

DmtrO-Eg,~OH | DmtrO-Eg,~OTs |DmtrO-Eg,~ODmtr | Hub'-Eg,~ODmtr
(3) (500 Da) (5) (650 Da) (4) (800 Da) (26) (1,600 Da)

Sbar | 684 63.9 68.3 67.5 73.5 72.5 92.0 91.7
10 bar| 76.1 72.5 78.2 79.2 79.6 80.3 94.5 94.8
m15bar| 77.6 76.6 82.5 83.7 83.0 84.0 95.1 96.0

Figure 74. Rejections of tritylated building block species and the corresponding homostar with varying
pressure (5, 10, 15 bar) on a 17 wt% PBI membrane (2 samples screened in parallel) in MeCN.
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To maintain compatibility with the protecting group strategy, based on a hydrogenolytically cleavable hub
and an acid labile temporary protecting group (Pg), an acid labile Pg with similar stability to Dmtr ethers
was sought. Acetal protecting groups were potentially suitable replacements with much smaller size and
three acetals were investigated (Figure 75): tetrahydropyranyl (Thp), a common protecting group in
carbohydrate chemistry, 2-methoxyisopropyl (Mip), a very small acetal, and 2-benzyloxyisopropyl

(BnOip), a larger analogue of Mip containing a UV chromophore.'?®

1
R\(O/\%nOH

H+ OMe H* O/\© H* ©
28

27 32

R%O/\%nOXOMe Rl(o/\)fnoxosn RL(O/\%OT\OJ

2-Methoxyisopropyl 2-Benzyloxyisopropyl Tetrahydropyranyl
(Mip) (BnOip) (Thp)

Figure 75. Three acetal protecting groups alternative to Dmtr ethers: Mip, BnOip and Thp.

The reagent for introducing the Mip protecting group, 2-methoxypropene (27) is available as a bulk
reagent (Sigma-Aldrich, 2017: 250 g for £53). BnOip is not commonly used because the reagent needed
for its introduction, 2-benzyloxypropene (benzyl isopropenyl ether'?”, 1-methyl-1-benzyloxyethyl ether'5,
28) is prohibitively expensive in comparison (Tokyo Chemical Industry, 2017: 5 mL for $320). The BnOip
acetal was particularly interesting for its chromophore and because it was reported that it could be

introduced and removed under neutral conditions with Pd/C."28.129

Mip and BnOip cannot be introduced like Dmtr ethers in the presence of excess tetragol because they
undergo cross-acetalization. Tetragol (1) can further react with the desired product, MipO-Eg+—OH (29 in
Figure 76) to yield HO—-Eg+—OC(CHjs),0-Eg+—OH (30 in Figure 76) by replacing the methoxy moiety of
the protecting group to form a symmetrical acetal. The doubly Mip-protected product (31), the analogue
of 4, is not detected. Cross-acetalization is suppressed with Thp due to an unfavourable equilibrium for
ring opening so that reaction of 3,4-dihydropyran (32) with excess tetragol (5 eq.) yields monoprotected
ThpO-Eg+—OH (33) as the major product alongside ThpO-Egs+—OThp (35) as side product. For Mip and
BnOip, the protecting group must therefore be introduced after the leaving group so excess 1 is first
reacted with TsCl in CH2Cl, with EtsN (1.5 eq.) as acid scavenger to yield HO-Egs—OTs (36). BnOip and
Mip can then be introduced by reaction with 2-methoxypropene (27) or 2-benzyloxypropene (28) in THF
with trace TsOH as catalyst to yield MipO—Egs—OTs (37) and BnOipO—Eg4+—OTs (38) respectively.
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Figure 76. Indirect route to protection of tetragol with Mip and BnOip with prior addition of tosylate
leaving group as direct reaction of 2-methoxypropene with excess tetragol leads to cross-acetalization.

MipO—-Eg+—OTs (37) and BnOipO-Eg4+—OTs (38) were then screened for rejection alongside unprotected
HO-Egs—OTs (36) and DmtrO-Eg4—OMs (39) on similar PBl membranes (c.f. Figure 74) in MeCN. Both
Mip and BnOip exhibited lower rejection than dimethoxytrityl (Figure 77) and were therefore potentially

suitable for a synthesis via nanofiltration. (No direct comparison was made between the rejection of Thp

and the other acetals at the time, but it is assumed that Thp rejection is comparable to BnOip.)

Unfortunately, the gentle introduction and removal of BnOip with Pd/C under neutral conditions 28129
could not be achieved during this work. Instead polymerization of the acetal species was observed,
which was attributed to acidity of the catalytic system. It is possible that protons released through the
Lewis acid character of Pd are the real catalyst for the reaction.*? BnOip may alternatively be introduced
via cross-acetalization with 2,2-dibenzyloxypropane which was prepared on a multi-gram scale from
2,2-dimethoxypropane and benzyl alcohol under reflux by distilling off methanol followed by vacuum
distillation.™ While synthesis of the reagent and protection via cross-acetalization with a large excess of
2,2-dibenzyloxypropane (10 eq.) was successful and the excess reagent could be readily recovered,
benzyl alcohol is liberated as a side product and proved tedious to remove. The BnOip protecting group
was eventually given up on as the high cost of reagent or additional purification effort required for its

introduction did not justify the gain of a UV chromophore.
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Figure 77. Rejections of alternative acetal protecting groups (Mip, BnOip versus Dmtr) with varying
pressure (5, 10, 15 bar) on a 17 wt% PBI membrane (2 samples screened in parallel) in MeCN.

The Mip protecting group was easy to introduce and to remove with readily available, cheap reagents
and multiple building blocks containing Mip were made and tested for rejection. However, Mip is less
stable than Thp'''*2 and was very labile in the presence of trace acid with storage and processing
requiring much care. Mip containing building blocks were stored with a trace of EtsN and were not dried
to constant mass overnight, but some partial deprotection was observed at times. Although Mip exhibited
the lowest rejection from the three acetal protecting groups screened, the Mip group was eventually
discarded. With the PEG backbone, hub and the potential sulfonate leaving group all being relatively

robust and requiring no particular care during handling, it was deemed unwise to introduce a weak link
with a Mip protecting group.

This left Thp as the acetal protecting group of choice. The cyclic nature of Thp gives it additional stability
compared to the Mip and BnOip acetals and allows the group to be introduced in the presence of excess
tetragol as previously shown (Figure 76).
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3.3.2. Leaving group size decrease

In the next step, a change of leaving group (Lg) was considered. Given that the Lg is only present on the
building block and not on the homostar, leaving group size should be minimized as much as is
practicable. However, while the size and type of the leaving group affect rejection, the chemical
properties of the Lg also simultaneously affect many other elements of the strategy. Modification of the

leaving group therefore needs a more nuanced analysis.

First, the leaving group determines the reactivity of the building block and thus, the overall chain
extension kinetics. With the information from the kinetic study available, the reaction is already relatively

slow, so a reduction in leaving group reactivity may not be acceptable.

Formation of vinyl ether side product from elimination on the other hand is probably not a concern when
using nanofiltration because the vinyl ether side product should always be smaller in size and molecular
diameter than the building block itself. Any vinyl ether should therefore be easy to remove through the
membrane alongside excess building block and reaction debris. A membrane process could therefore
likely accommodate a leaving group more prone to competing elimination from a separation standpoint,

although the associated higher building block input factor could be an economic concern.

The more problematic side reaction occurs with trace hydroxide to form building block dimer. Traces of
hydroxide (either from water or impure base) can displace the leaving group on the building block to yield
the non-activated hydroxyl analogue, and on further reaction with strong base, e.g. NaH, yield the
building block alkoxide. This building block alkoxide has similar reactivity to the alkoxide chain termini of
the homostar and can therefore attack another molecule of building block. As a result, two molecules of
PgO-Eg.—Lg building block may combine to form a PgO—-Eg2.—OPg dimer in the presence of trace water
or base (Figure 78). (The reaction was previously described in Figure 28). The dimer side product
naturally has double the length of the building block and should therefore usually be harder to remove,

unless the leaving group is very large.

In this context it is important to recognize that separation via nanofiltration may be performed before or
after deprotection. If by choice the separation via nanofiltration is to be accomplished in the protected
state, the limiting separation will be between the protected homostar, Hub(-Eg,—OPg)s; and either
PgO-Eg.—Lg building block or PgO—-Eg2.—OPg dimer, whichever the harder to remove. But if
deprotection is carried out prior to or during nancfiltration, the building block would lose the protecting
group on one terminus and retain the leaving group, i.e. lose only one of its end groups, while the dimer
would lose the protecting group on both termini to yield the diol. The limiting separation in the
deprotected state would therefore be between the deprotected homostar, Hub(—-Eg—OH)s; and either
HO-Egn—Lg building block or HO—Eg..—OH, whichever is the harder to remove (Figure 79).
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Figure 78. Formation of Pg—Eg.+—Pg dimer side product from Pg—Eg.—Lg building block caused by
presence of trace water or hydroxide during etherification.

It is therefore possible that the same leaving group would not be limiting during a separation in the
protected state, while being limiting during separation in the deprotected state. An eventual membrane
process would be greatly aided by deprotection during nandfiltration inside the apparatus so the latter
scenario should usually be considered (except if there was an intention to fully recover building block

from the permeate).

Which of these species is limiting
PgO P for separation in the protected state?
Lo 0™ 9F9 ’ P
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Figure 79. Homostar, building block and building block dimer in their (top) protected and (bottom)
deprotected state. Deprotection causes conversion of all protected termini into hydroxyls but the leaving
group on the building block is unaffected. The effect of the building block leaving group Lg on
nanofiltration performance is determined by whether the building block or the dimer limit separation, and
whether nanofiltration is carried out with protected or deprotected solutes.

162



Lastly, the difference in rejection between the building block and the dimer, in the protected or
deprotected state, will also depend on the length of the building block. The dimer will always be double
the length of the building block, but with increasing length of building block, the effect of the end groups
will diminish. The ideal choice of leaving group and the requirement to minimize its size may therefore

also vary depending on building block length.

In summary, the extent to which the leaving group size influences the performance of nancfiltration is
determined by several factors, including the extent to which the reactants and reaction mixture can be
kept dry, i.e. free from traces of water and hydroxide. Excluding trace water may become increasingly
difficult as the growing PEG chains can sequester solvent along their entire length on a weight basis,

while reactivity is determined only by the end group concentration on a molar basis.

Besides tosylate, two other common leaving groups were selected for screening: methanesulfonate (or
mesylate), another sulfonate ester, and bromide. The leaving groups were each screened as the Ega
derivatives without protecting groups in acetonitrile with 17 wt% and 19 wt% PBI membranes (c.f.

17 wt%: Figure 74 and Figure 77..

(a) 17 wt% PBI (b) 19 wt% PBI
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Figure 80. Rejections of building blocks with different leaving groups (OTs, OMs, Br) at varying pressure
(5, 10, 15 bar) in MeCN with (a) 17 wt% and (b) 19 wt% PBI membranes (2 samples screened in parallel
each).

It is evident that the Egs building block with a bromide leaving group, HO-Egs—Br (41), exhibits a much
lower rejection than the two building blocks with sulfonate ester leaving groups, HO-Eg+—OTs (36) and
HO-Egs+—OMs (40), and that the methanesulfonate ester also provides at least a 10 % lower rejection

than the tosyl leaving group under these conditions. Both alternative leaving groups, mesylate and
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bromide, could therefore be advantageous in a membrane separation where the removal of building
block rather than dimer is limiting. However, tosylate was ultimately kept as the leaving group. First,
there was evidence that dimer formation could not be avoided altogether and would be limiting,
potentially making a leaving group change redundant or less relevant. Both mesylate and bromide would
also likely result in a slower reaction with a primary alkoxide, and there was uncertainty over possible
side reactions. (For more hindered species, such as branched oligomers, there is a case for using the
smaller mesylate leaving group for higher reactivity.®) With bromide, another concern was the lack of an
equally simple and mild protocol to introduce this group directly. Lastly, with the Thp protecting group

lacking a UV chromophore, it was desirable to keep the UV traceability of the tosyl group.

3.3.3. Hub size increase

In a further step towards optimizing discrimination, the hub contribution to rejection was to be increased
in order to better retain the homostar product during nandfiltration. Two larger homologues of the
previously used hub, 1,3,5-tris-(bromomethyl)benzene (or Hub'-CH.Br, 9), were prepared from
commercially available tri-carboxylic acids (Figure 81). 1,3,5-Tris(4-carboxyphenyl)benzene (or
Hub?’-COOH, 42a) and 1,3,5-Tris(4'-carboxy[1,1'-biphenyl]-4-yl)benzene (or Hub>~COOQOH, 43a) were
esterified, then reduced with LitEtsBH, and finally brominated to give the benzyl bromide homologues of
9, Hub?>-CH,Br (42d) and Hub®*-~CH_Br (43d). Except for Hub>~CH.Br (42d), all hub species were
purified by crystallization in good yields and X-ray crystallography confirmed their identity (p. 287).

BrH,C  Hub'-CH,Br, 9

e OH
S ORI §—®—\<
QCHﬂ i=C [ 0

MeOH, H,SO,4
THF, reflux, 24 h

L OMe
r C 0
LiEt;BH
THF, 0 °C, 5 min

SOBr,
CH,CI,, 30 min

Figure 81. Synthesis of bromomethyl hubs (Hub', Hub?, Hub?®) of increasing size.
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Due to the sparse solubility of some hub derivatives, particularly 43¢, and to obtain rejection results more
representative of real homostars with attached PEG chains, the hubs were not screened as lone
species. Instead, Egs homostars were prepared by hub attachment with ThpO-Eg4—OH (33) using the
method previously described (Section 1.3.1.2), and then deprotected to yield the various derivatives for
screening (Figure 82). It was a deliberate choice to use shorter unprotected chains to isolate the effect of
the hub on rejection, although the resultant size and polarity difference compared to homostars with

longer PEG chain length may be skewing the results somewhat.

Hub'(-Eg,~OThp), (44): r=1,R' =OThp
R’ 0 Hub'(—Eg,—OH), (45): r=1,R = OH
to™
Hub?(-Eg,—OThp), (46): r=4, R' = OThp
Hub?(-Eg,—OH), (47): r=4,R'=0H

RITO/\%‘O r O(\/\OLR' Hub®(—Eg,~OThp); (48): r=7,R' =OThp

Hub®(-Eg,~OH), (49): r=7,R'=OH
Figure 82. Eg. homostars of Hub', Hub? and Hub?® for nanofiltration screening.

An Egs4 homostar with a geometrically different hub on the basis of tetraphenylmethane was additionally
screened to compare the difference between a tetrahedral and a planar hub. Via attachment of ThpO-
Eg+—OH (33) to tetrakis(4-bromomethylphenyl)methane (Hub*~CH_Br, 50), Hub*(—Eg.—OThp) (51) was
thus synthesized in similar fashion, followed by deprotection to yield Hub*(—Egs—OH). (52) (Figure 83).
(Tetrakis(4-bromomethylphenyl)methane'®® (50) was synthesized by Piers R. J. Gaffney.)

Oﬁff\oiR

Hub*(-Eg,~OThp), (51): R'=OThp
Hub*(-Eg,~OH), (52):  R'= OH

No™° O ~o)R

Figure 83. Eg. homostar of Hub* for nanofiltration screening having tetrahedral hub geometry and four
arms, prepared from tetrakis(4-bromomethylphenyl)methane, a derivative of tetraphenylmethane.

During membrane screening in MeCN with 17 wt% PBI membranes, the Egs-homostars of the larger
hubs, Hub?(—Egs—OH); (47) and Hub3(—Egs—OH)s (49) showed significantly better rejection, more than 10
percentage points higher than Hub'(—Egs—OH); (45) (Figure 84). At higher rejection values (> 90 %), a

small difference of only several percentage points in rejection makes a substantial difference . When
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rejections are very high, a look at the fraction of solute that permeates (1 - R;), gives a more insightful
answer. A change from Hub? to Hub?® results in an increase in rejection from 95.3 % to 98.8 % under
these conditions at 15 bar (Figure 84). Understood as a decrease in the fraction of homostar which
permeates from 4.7 % down to 1.2 %, this is a reduction in product permeation by 74 %. Similarly, the

separation factor for a diafiltration would increase about four-fold (c.f .Equation 22).

100.0
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Hub'-Eg,—~OH | Hub’*-Eg,~OH | Hub®*-Eg,~OH | Hub*-Eg,~OH
(45) (700 Da) | (47) (930 Da) | (49) (1,150 Da) | (51) (1,150 Da)
5 bar 63.9 91.5 96.1 85.4
10 bar 79.1 95.2 97.9 86.3
=15 bar 83.9 95.3 98.8 90.9

Figure 84. Rejections of Egs homostars made from four different hubs with varying pressure (5, 10, 15
bar) on a 17 wt% PBI membrane (2 samples screened in parallel) in MeCN.

The tetrahedral Egs homostar, Hub*(—Egs—OH)4 (52), yielded lower rejection than would have been
expected when only considering molecular weight. Compared to Hub3(—Eg.—OH); (49) with a rejection of
98.8 % at 15 bar, Hub*(—Egs+—OH). (52) has a rejection of only around 90 % despite its similar molecular
weight, smaller yet than the rejection of Hub?(—Eg.—OH); (47) at 95 %. This is good evidence that
rejection in this system is influenced by polarity effects such as the interaction of the hub centre and
PEG chains with the membrane, rather than just molecular diameter or size. In the case of Hub? and
Hub?3, it can be rationalized that the planar hub centre is more exposed to the membrane and interacts to
increase rejection. In the case of Hub* on the other hand, PEG arms protrude out from the tetrahedral
centre in all directions and prevent significant interaction between the membrane and the hub which

appears to lead to lower rejection. (The transport through nancfiltration membranes is typically a ternary
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interaction between solute, solvent and membrane and it is a well known phenomenon that rejection in
systems where solute and solvent are polar to a degree is not only governed by molecular size.?134-137)
Overall, Hub*(—Eg+—OH); (49) appeared to be a good choice for increasing homostar rejection and was

thus used from here on.

There was some concern whether the conjugated system of Hub?® would be susceptible to side reactions
during hydrogenolysis. To confirm that the larger Hub® was still cleavable via hydrogenolysis similar to
Hub', a polydisperse homostar synthesized from commercially acquired mPEG-2,000 and 43d was
subjected to hydrogenolysis over Pd/C (prepared in situ'®) under H, atmosphere at room temperature
and pressure. The reaction returned mPEG-2,000 and the tolyl derivative of 43d in clean fashion after
24 h.

Finally, beyond the improvement in rejection, Hub® (and Hub? to a lesser extent) offered the additional
advantage that they exhibit strong UV absorption due to their conjugated system and possess a larger
absorption range into higher wavelengths. For example, the Hub® homostar has an absorption maximum
around 280 nm with significant absorption at least up to 300 nm. At wavelengths around 300 nm, no
other species used in this study, e.g. tosylate, interfere. The homostar can therefore be clearly
distinguished from other species, and is detectable to a very low level, something that could not be

achieved with the simple Hub' benzyl group.

3.3.4. Deprotection of Thp during nanofiltration

Settled on tetrahydropyranyl (Thp) as protecting group and tosylate as leaving group for the building
block and on Hub?® as homostar core, it was now necessary to confirm under which conditions the Thp

protecting group could be smoothly removed and then to combine the chemistry with diafiltration.

Thp removal is an equilibrium reaction and excess protic solvent or removal of the Thp-alcohol
deprotection adduct, ideally both, are needed to push the reaction to completion. To simplify purification,
it was planned to conduct acid-catalyzed Thp deprotection during nandfiltration and to remove the Thp
moiety through the membrane during diafiltration alongside other debris, thereby driving the deprotection
equilibrium to completion. Due to the higher relative stability of Thp compared to the Dmtr ether, it was
necessary to first test what conditions were needed to affect deprotection within a reasonable time frame

so that the deprotection would not become time limiting in the context of a diafiltration.

For this purpose, a deprotection trial was carried out. A stock solution made up of Hub3(—-Eg+—OThp)s
(48) (10 g-L") dissolved in MeOH was filled into HPLC vials (1 mL each) and a stock solution of
toluenesulfonic acid (TsOH) in MeOH was then added to give acid concentrations between 0.1 mM and

1,000 mM. The HPLC vials were then capped and shaken for mixing. After 1 hour, the acid was
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quenched by addition of dilute aqueous ammonia through the cap with a syringe and the samples were
analyzed by HPLC. The deprotection of 48 proceeds via two intermediate species, singly deprotected
Hub3(—-Eg+—OThp)2(—Egs+—OH)1 (48b) and doubly deprotected Hub3(—-Eg.—OThp):(—Eg+—OH), (48¢) to
eventually yield fully deprotected Hub®*(—Egs—OH); (49). The HPLC spectra therefore show up to four
species as well as a salt peak of ammonium tosylate (NH4OTs) from acid neutralization (Figure 85). It is
apparent that the more acid is added, the further deprotection proceeds prior to neutralization. A
concentration of 5 mM appears to be sufficient to affect complete deprotection within one hour as no
more double deprotected intermediate species (48c¢) can be detected in those spectra with all of 48 fully
converted into 49. For later diafiltration trials, a slightly higher concentration (10-50 mM) was thus

chosen to allow for a margin of error.
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Figure 85. Deprotection trial of Hub*(—Egs—OThp); (48) (approx. 10 g-L™") with varying concentrations of
TsOH acid catalyst (0.1 — 1,000 mM) in MeOH for 1 h with sample analysis by HPLC.
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If deprotection is to be run simultaneously to diafiltration, the diafiltration needs to run with a protic
solvent or a mixed solvent system having a large enough fraction of protic solvent to push the
deprotecti