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Glossary
Autosampler Programmable method of sampling and injection in analytical instrumentation.
Glycosylation A reaction between two carbohydrate components to form a new glycosidic bond. These bonds can be formed
chemically or enzymatically.
HPLC High-performance liquid chromatography. An analytical instrument commonly used for purification and analysis of
chemical compounds by utilizing a column loaded with an immobile material of which a pressurized mobile-phase
component will pass through the column.
Solid-phase synthesis Reaction process that requires molecules to be covalently bonded to a solid-support while other
reactive components will flow past the functionalized solid-support in a mobile phase solvent.
STICS Surface-tethered iterative carbohydrate synthesis, a method of solid-phase synthesis utilizing a “stick” of reactive high
surface area material which can be functionalized and used as a solid-support.
Nomenclature
DCM Dichloromethane
DMAP 4-Dimethylaminopyridine
DMF Dimethylformamide
EDC 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide
Fmoc Fluorenylmethoxycarbonyl
HPLC-A HPLC-based automation
NPG Nanoporous gold
Pico Picoloyl
Recirc. (in Schemes) Recirculation
SAM Self-assembled monolayer
TEA Triethylamine
TMSOTf Trimethylsilyl trifluoromethanesulfonate (triflate)
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2.20.1 Introduction

Glycans or oligosaccharides are abundant natural compounds and became attractive targets for their investigation
as pharmaceuticals. Glycan components of glycolipids, glycoproteins, glycopeptides and other glycoconjugates present exciting
avenues for understanding cell interactions and differentiation. Chemical synthesis is an important tool for obtaining both natural
and unnatural glycans for therapeutic1,2 or diagnostic3–5 applications and continues to be a vibrant area of research for decades.
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Nevertheless, the key bottlenecks in glycoscience are related to synthetic and purification challenges, and the lack of universal
methods remain. As a result, the chemical synthesis of complex oligosaccharides is still difficult to achieve.

Natural glycans are oligomers in which monosaccharides components (monomers) are connected viaO-glycosidic linkages. The
glycosidic linkages can be synthesized by means of glycosylation, a chemical reaction between a glycosyl donor and glycosyl
acceptor. This is a promoter or activator-assisted reaction that involves nucleophilic displacement of an anomeric leaving group on
the glycosyl donor by a hydroxyl group of the glycosyl acceptor.6 The remaining functional groups of both reaction counterparts are
masked with temporary protecting groups.7,8 With the formation of a glycosidic bond a new chirality center is formed. Therefore,
achieving complete stereocontrol for the formation of either 1,2-cis or 1,2-trans diastereomer is of high relevance to chemical
glycosylation reactions. The mechanisms of these reactions are still of debate, but a number or important steps towards its
understanding have already been made.9–15 Thorough investigations of reaction conditions for glycosylation including tempera-
ture, solvent, and promoter systems provided a detailed understanding of how these modifications can influence yields and
stereoselectivity. Specific modifications of the protecting groups and leaving groups can also influence these reactions. Side reactions
can play a role in the production of unwanted by-products by means of migration, elimination, cyclization and redox reactions.
These side reactions can reduce the yields of final glycan products and methods to suppress the formation of these by-products have
been of interest in the carbohydrate community.16,17 Despite notable progress in the field, the chemical glycosylation reaction
remains challenging.

The glycosylation reaction is only a part of the challenge for the synthesis of glycans. Most traditional methods comprise
a stepwise pathway wherein upon addition of each monomeric unit chemoselective protecting group removal and/or new leaving
group installation are required. Typically, each synthetic step requires aqueous work-up to remove excess reagents and chromatog-
raphy purification to remove undesirable by-products or truncated sequences. These glycosylation and protecting/leaving group
manipulation steps are repeated per each new sugar unit added until the oligosaccharide sequence of interest is achieved. Being
tedious with relatively simple sugars, these operations become increasingly difficult and inefficient at the advanced stages of the
glycan assembly, which inevitably means that large oligosaccharides and glycoconjugates can only be obtained in very low overall
yields.

A significant effort has been made to create streamlined approaches to the synthesis of glycans. These studies resulted in the
invention of many selective, chemoselective, and regioselective strategies that expedite oligosaccharide synthesis by reducing the
number of synthetic steps required for the assembly.18 Fraser-Reid’s armed-disarmed,19,20 Danishefsky’s,21 Roy’s22 and Boons’23

active-latent, Ogawa-Ito’s orthogonal,24,25 Ley’s tunable,26,27 Wong’s programmable,28,29 Huang’s preactivation30 strategies are
among the most effective methods for glycan synthesis in solution. Some of these expeditious concepts have been adapted to
oligosaccharide synthesis in one-pot.31–33 This allows expediting the oligosaccharide assembly further because all reactions are
performed in a single flask (pot) and purification of the intermediates is not required. The latter also implies the requirement to
achieve excellent yields at each synthetic step to avoid accumulation of by-products and/or truncated glycan sequences that may
complicate or even impede purification of the final product. In spite of these advancements, there is still no universal route to
glycans, and the synthesis of each glycan target of even moderate complexity anticipates specialized knowledge and a significant
know-how. In contrast, preparations of oligopeptides, oligonucleotides, and other classes of compounds34–36 using insoluble
polymer supports (beads) can be accomplished both by specialized and non-specialized labs using broadly available and
inexpensive synthesizers.

Solid phase-supported organic synthesis is a very attractive alternative to a more conventional synthesis in solution. This
approach further streamlines oligosaccharide synthesis by simplifying excess reagent removal and by allowing bypass of the
purification and characterization of reaction intermediates. Merrifield37 was the first to report the application of a resin made up
of polystyrene beads to be used in peptide synthesis. Solid-phase oligosaccharide synthesis was first studied by Fréchet and Schuerch
who reported the first oligosaccharide synthesis on solid support.38 These pioneering studies led to the synthesis of many
oligosaccharides and glycopeptides in the 20th century.39–42 More recently, polymer-supported synthesis has received renewed
attention in connection with combinatorial chemistry43 and automation.42,44 Soluble polymer supports,45–49 ionic liquids,50–54

and fluorous tags55–60 have also sparked the interest of researchers for new novel methods for oligosaccharide synthesis. As a result,
in the last 20 years there has been increased interest in producing glycans using supported synthesis approaches.

The improvements made to advance the area of oligosaccharide synthesis have laid the basis for considering its automation.
Many automation platforms make use of liquid handling equipment and computer interface while creating an innovative
procedure which eliminates human error and increases the reproducibility of these results.61,62 Early attempts by Takahashi63–65

and Wong28,66,67 to develop the automated chemical syntheses in solution set the benchmark in the field. In 2001, Seeberger
introduced an automated method for oligosaccharide synthesis using a modified peptide synthesizer.68–70 In 2012, Seeberger
reported the “first fully automated solid-phase oligosaccharide synthesizer.”71 This has been the most impactful development to
date, and since 2014 this automation platform was marketed and sold as Glyconeer 2.1.72 Around the same time Pohl,56

Demchenko-Stine,73 and Nokami74 have developed alternative automation platforms. These automated platforms introduce the
idea of operational simplicity, which is very attractive for transferable and generally accessible methods for glycan production. This
chapter describes the invention and key steps that have already been made towards initial refinement of the HPLC-based
Automation (HPLC-A).

The underpinning idea for developing HPLC-A is that a computer interface coupled with standard HPLC components will allow
recording a successful automation sequence as a computer program that can then be accurately reproduced. HPLC-A is based on
common equipment that is broadly available in most labs and requires no investment for the basic setup or training. The modular
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character of HPLC also allows for implementing new attachments and accessories using the plug-in approach, modulating the
reaction modes, and monitoring practices, by computer programming.
2.20.2 Generation A: Original automation set-up with ternary pump

In 2012, we reported that a commonly available HPLC instrument could be used as a viable alternative to other automated
synthesizers.73 The initial setup utilized an unmodified HPLC instrument equipped with standard ternary pump. To accommodate
the resin beads, the system was supplemented with a glass Omnifit SolventPlus column equipped with an adjustable end-piece. To
assess the efficacy of this methodology we deliberately chose themost common synthetic approaches used in glycan synthesis: Lewis
acid activation of the reaction of solution-phase trichloroacetimidate donors with Tentagel resin-bound acceptors in dichloro-
methane (DCM, CH2Cl2) as the reaction solvent. Schmidt’s trichloroacetimidates are the most used glycosyl donors in general,75–77

and at the time they were considered very desirable for polymer-supported synthesis due to their excellent reactivity profile.
We chose an acceptor-bound approach because it is much less prone to side reactions that lead to chain truncation in the donor-
bound approach. We selected Tentagel amine resin, a common resin for polymer-supported oligosaccharide synthesis, because it
outperformed Merrifield resin in our preliminary study.78 For comparison, Merrifield resin is the support of choice in the Seeberger
approach.79 Fmoc was used as the temporary hydroxyl protecting group80–82 at the C-6 position of the glycosyl donor to allow for
subsequent chain elongation.

In the original Generation A set-up shown in Scheme 1, the Omnifit column was packed with pre-swelled Tentagel resin that was
preloaded with glycosyl acceptor. The column was then connected to a very basic HPLC system containing a ternary pump (VARIAN
9012 Solvent Delivery System) and a variable wavelength UV-vis range detector (VARIAN 9050) from the early 1990s. The system
was operated via an interface with a computer equipped with the standard HPLC-operating software. The column was first purged
with anhydrous DCM (Pump A), and the glycosylation was affected by delivering separate solutions containing glycosyl donor in
DCM (Pump B) and promoter TMSOTf in DCM (Pump C). The reactions were stopped after 60 min during which time about
10 equiv. of trichloroacetimidate donor has passed through the column. Reaction progress can bemonitored using a standard HPLC
detector that records changes in the UV absorbance of the solution eluting off the column. Over the course of this initial study we
also investigated performing the resin loading in situ, using the HPLC-A set up directly. Loading using a recirculating solution
containing glycosyl acceptor equipped with a suitable spacer/linker, EDC, and DMAP in DCM was much more effective than the
manual loading on the shaker that typically required 24–48 h. Since the automated loading still required 2–8 h to complete, and
could only be performed on a relatively small scale of 50–100 mg of resin, we continued performing ex situ loading on the large
scale (2–5 g) and then portions of the preloaded resin were used for subsequent HPLC-A experiments. Other preliminary
Scheme 1 HPLC-assisted automated oligosaccharide synthesis.
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experimentations included refining basic HPLC-A parameters such as flow rate, pressure build-up, reaction initiation, reaction
completion, as well as aspects of real-time reaction monitoring with the aid of UV detection system.

Having optimized model glycosylations that included a variety of glycosyl trichloroacetimidate donors of the gluco-, galacto-,
manno-, and lactose series, we undertook the assembly of pentasaccharide 3 (Scheme 1). This synthesis was conducted with
trichloroacetimidate donor 1 equipped with the temporary Fmoc protecting group and immobilized glycosyl acceptor 2. The
Omnifit column packed with the acceptor pre-loaded Tentagel resin 2 was integrated into the HPLC system and purged with DCM
for 10 min (2.0 mL/min, Pump A). After that, glycosylation was conducted by delivering a solution containing glycosyl donor in
DCM (Pump B) and promoter TMSOTf in DCM (Pump C1) in the ratio of 4/1 (v/v) at the combined flow rate of 0.3 mL/min. After
delivering 10 equiv. of donor 1 (60 min), the system was washed with DCM (2.0 mL/min, 10 min, Pump A). Since in this HPLC-A
set-up Pump C was used to manually switch between different solution bottles, a solution of TMSOTf in DCM is designated herein
as Pump C1. Subsequent deprotection of the Fmoc group in the immobilized disaccharide intermediate was carried out with
a solution of piperidine in DMF. After manually switching the intake line of Pump C, it was programmed to deliver a 20% solution
of piperidine in DMF (0.5 mL/min, Pump C2). The release of dibenzofulvene-piperidine adduct was monitored by the UV detector
set at 312 nm. Based on the real-time Fmoc deprotection curve, we were able to monitor the cleavage process with good accuracy
that allowed us to reduce the reaction time to 5 min. After that, the HPLC system was purged with DCM for 10 min (2.0 mL/min,
Pump A) to afford the immobilized disaccharide acceptor intermediate.

The synthesis was continued via sequential execution of glycosylation-deprotection steps to obtain the tri- and tetrasaccharide
intermediates. Finally, pentasaccharide was obtained by the last step glycosylation that was followed by the cleavage step. After
manually switching the intake line of Pump C, it was programmed to deliver a 0.1 M solution of NaOMe in MeOH/DCM that was
recirculated for 60 min using the same reagent bottle C3 as the recirculation chamber (0.5 mL/min, Pump C3). After subsequent
per-acetylation, pentasaccharide 3 was obtained in 7 h in 62% yield over-all.

Over the course of this initial study, HPLC-A, Generation A delivered a new automated approach that offered many advantages
in comparison with themanual approach. Beyond operational convenience, HPLC-A offered substantially faster reaction times. This
was showcased by the synthesis of a linear 1!6-linked pentasaccharide that was obtained in 8 h compared to 2 weeks required for
manual synthesis. Reaction progress was monitored using a UV detector set at 254 nm for glycosylations and cleavage, and 312 nm
for deprotections. We also showed that all steps and even short sequences could be automated using the standard HPLC-managing
computer software. However, a significant manual component still remained, most notably operator intervention was required for
the reagent bottle swap for Pump C, and the manual swap between the discharge, recirculation, and product collection modes.
Although over the course of this study we acknowledged a possibility of performing recirculation of the used donor-promoter
solution for glycosylation, we saw no significant advantage over using the standard “fresh” solution. However, UV-monitoring of
experiments wherein reagents are continuously recirculated is cumbersome. As a result, glycosylations required 10 equiv. of the
imidate donor, which is on a par with other synthetic approaches using solid phases.
2.20.3 Generation B: Implementation of a quaternary pump and an autosampler

HPLC equipment has become widely available in most laboratory settings and requires little additional investment for setting it up
as an HPLC-A synthesizer. The use of real-time UV monitoring creates a basis for reducing reaction time needed for glycosylations.
These platforms can be supported by computer software to control HPLC liquid handling equipment and programming methods
for performing all reactions by automated sequences that can be saved and reproduced. HPLC-A has increased the potential to
improve automation but it still faces many limitations that require improvements. Generation B HPLC-A discussed herein
expanded automation procedures with inclusion of an autosampler and revisions to the basic methodology.83 This new experi-
mental set-up was inspired by standard Agilent 1260 Infinity series HPLC system, equipped with the quad pump, a UV detector and
autosampler, which replaced the outdated equipment used in Generation A.

Generation A was solely based on Tentagel resin.73 To expand the knowledge of how loading, swelling, mechanical robustness,
size, and other properties of polymer supports affect the HPLC-A performance we compared Merrifield, Wang,84 and JandaJel
resins.85 All of these solid-phase resins prove to be suitable in solid-phase oligosaccharide synthesis with loading capacities up to
1.0 mmol/g. Variables such as loading capabilities, reaction time and yield of products made us select JandaJel as an optimal resin
for HPLC-A. In Generation A, a C4 spacer and succinoyl linker was used as an attachment to solid support. This method gave
acceptable results, but in the development of Generation B the method of attachment was modified. Extending the spacer was
predicted to give the acceptor more opportunities for contact with solvents and reagents, improving the reaction in many ways. After
extensive study, a C8 spacer replaced the original C4 spacer from Generation A, give a new optimal spacer to be used for polymer-
supported synthesis.

Generation A had limitations due to the methods of reagent delivery which required a dedicated line of the HPLC pump.
As further steps towards complete automation, a standard HPLC autosampler was introduced for delivering promoter for
glycosylation. Modern commercially available autosamplers are widely available and cost-effective components of HPLC systems.
Autosamplers can be easily interfaced and programmed within the standard HPLC software furthering capabilities of the automated
of solid phase synthesis. This approach allows us to liberate other pump intake lines for the delivery of solvent for reactions,
washing, and deprotection because only one line is now used for the donor delivery. The same line can be used for recirculation of
glycosylation that was already investigated in Generation A, but the advantages were unclear. Potentially, the recirculation of “used
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reaction mixture” if properly optimized should help in reducing the need for a large excess of solution-based reagents. In this study
we performed glycosylation with as little as 4.4 equiv. of the donors, however the glycan synthesis described below used 10 equiv. to
gain better yields, exclude the necessity for capping, and minimize side reactions.

The outline of the Generation B HPLC-A set-up is depicted in Scheme 2. After careful refinement of the reaction conditions
including screening of other classes of leaving groups including thioglycosides and thioimidates, exemplified herein is the synthesis
of pentasaccharide 6. JandaJel resin (50 mg) functionalized with glycosyl acceptor 5 (0.022 mmol) was loaded into Omnifit glass
chromatography column. The column was connected to Agilent Infinity 1260 HPLC system which was programmed to conduct the
following automated sequences. Pump D was programmed to deliver DCM for swelling the resin by using a solvent flow rate of
1.0 mL/min for 30 min. This can be performed using either the recirculation or discharge mode. Pump C was then programmed to
deliver a solution of glycosyl donor 1 (10 equiv.) in DCM (2.0 mL) at 0.5 mL/min, and the system was left to recirculate for 10 min
(Bottle C1). Donor 1 is equipped with the Fmoc protecting group at C-6, which can be chemoselectively removed at a later stage to
allow for the chain elongation. The autosampler was programmed to inject a solution of promoter TMSOTf in DCM (three
injections of 100 mL) at 10, 12, and 14 min to ensure efficient activation of the injected donor. Recirculation was then preformed
for 60–90 min as the reaction was monitored by the UV detector set at 254 nm. When the detector signal reached the plateau the
HPLC-A was switched to Pump D to deliver DCM (1.0 mL/min) to wash away excess reagents leaving behind desired structures
attached to the solid support. To ensure complete elution of reagents the UV detector was used to monitor the washing step until
there is a base line signal corresponding to pure DCM. This was typically accomplished in �10 min.
Scheme 2 Implementation of a new resin, a longer spacer, a quaternary pump, and an autosampler as a mode for promoter delivery.
The immobilized disaccharide was then converted into the glycosyl acceptor of the second generation by means of chemose-
lective deprotection of the Fmoc group at C-6. A solution of triethylamine (TEA) in DCM (1/1, 1.0 mL/min) was passed through the
HPLC-A system by Pump A. Previously, in Generation A we used piperidine/DMF for this purpose, but herein we wanted to
investigate using TEA/DCM would provide any advantage. While monitoring the progress of reaction by UV detection was possible
by detecting the release of dibenzofulvene-TEA adduct at 312 nm, no particular advantage of using TEA over piperidine was noted.
Upon reaching the base line indicating that dibenzofulvene-TEA is no longer produced (20 min vs. 5 min for deprotection with
piperidine/DMF), DCM was passed through the system by Pump D to affect the washing step. This process revealed a new
disaccharide acceptor that was used in subsequent glycosylation with donor 1 following the same programming sequence as the
first reaction cycle. For this purpose, a new Bottle C1 containing a solution of glycosyl donor 1 was added by a manual swap. Upon
completion of the glycosylation-deprotection cycle, a trisaccharide acceptor was obtained.

The last glycosylation step was performed by programming HPLC-A to deliver a solution of lactose derivative 4 (10 equiv.) in
DCM (2.0 mL) via Pump C. This also required manually switching the intake line to Bottle C2. As in previous cycles, the
autosampler was programmed to inject TMSOTf in DCM (three injections of 100 mL each) at 10, 12, and 14 min after the initial
delivery of glycosyl donor 4. The system underwent recirculation for 60–90 min while monitored by UV detector. After the
subsequent washing step affected with Pump D, Pump B was programmed to deliver a solution of NaOMe/DCM/MeOH
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(0.04/1/1, 1.0 mL/min) for 10 min to cleave off the resulting pentasaccharide. The eluate was collected in bottle C3, and Pump
C performed recirculation for an additional 10 min. The resulting product was manually redirected to the collection flask, and the
crude material was purified and acetylated using Ac2O in pyridine to afford glycan 6 in 67% yield over-all.

Having achieved the synthesis of a linear pentasaccharide, the synthesis of core N-glycan pentasaccharide was also investigated
using Generation B HPLC-A.86 This challenging branched target was of particular interest to investigate whether this new technology
could be efficiently applied to the synthesis of a branched oligosaccharide sequence. Not totally unexpected, the direct stereo-
selective formation of the challenging b-mannosidic linkage on solid phase was unsuccessful. Hence, we explored an alternative
approach according to which disaccharide 7 bearing the challenging Manb1–4GlcNAc linkage was engaged as glycosyl donor.
Synthesis of the N-glycan core pentasaccharide 10 was attempted using Generation B HPLC-A set-up as depicted in Scheme 3. Key
building blocks used in this synthesis were solution phase glycosyl donors 7 and 8 and immobilized glycosyl acceptor 9.
Scheme 3 Application of Generation B HPLC-A synthesizer to the synthesis of core N-glycan pentasaccharide 10.
This automated set-up mirrored the standard Generation B method with typical cycles of glycosylation and deprotection steps
with the interim washing the excess reagents. JandaJel resin bound to glycosyl acceptor 9 (50 mg, 0.011 mmol) was loaded into
Omnifit glass chromatography column, which was then connected within the HPLC reaction path. Aminobutyl-based spacer was
used in this application to match our manual synthesis approach.86 The Agilent Infinity 1260 HPLC system equipped with a quad-
pump and an autosampler, was programmed as follows. Pump D was set to deliver pure DCM at 0.5 mL/min into the HPLC-A
system for 35 min to swell the resin. This step can be performed with recirculation after discarding the first 5 mL of DCM into the
waste. Donor 7 (10 equiv.) in DCM (2 mL, 0.5 mL/min, Bottle C1), was then delivered into the HPLC-A by Pump C and the system
was recirculated for 10 min. The autosampler delivered a solution of TMSOTf in DCM (three injections) at 10, 12, and 14 min and
the system was recirculated for 60–90 min while monitored with the UV detector (lmax ¼ 254 nm). When completed, no further
change in absorbance as shown by the detector, the system was washed with DCM for 10 min (1.0 mL/min, Pump D), sending all
eluate to the waste container. Selective deprotection of the picoloyl (Pico) protecting groups at positions C-300 and C-600 was
performed by passing a solution of copper(II) acetate in MeOH/DCM with Pump A at 1.0 mL/min. UV detection (lmax ¼ 254 nm)
was used to monitor deprotection of the Pico groups and once completed (20 min) washing was performed using DCM, and the
washings were was directed to the waste.

The final branching of pentasaccharide 10 was performed with mannosyl phosphate donor 8 (10 equiv.) in DCM that was
delivered with Pump C (2.0 mL total at 0.5 mL/min) using Bottle C2, which was manually integrated into the system. The resulting
solution was recirculated for 10 min, the autosampler delivered a solution of TMSOTf in DCM (three injections) at 10, 12, and
14 min and the reaction mixture was then recirculated for 60–90 min until the UV-monitoring detected no further changes in
absorbance. After that, DCM was used to rinse the system for 10 min (1.0 mL/min, Pump D), and the resulting material was
collected in waste. This monitored glycosylation-washing sequence was repeated one more time by delivering a solution of donor 8
(10 equiv., Pump D) to ensure compete glycosylation of both hydroxyl groups of the immobilized glycosyl acceptor. Desired
pentasaccharide 10was isolated bymeans of cleavage from the solid support using amixture containing a 0.1 M solution of NaOMe
in DCM and MeOH using Pump B for 10 min at 1.0 mL/min. The crude material within the eluate was collected after subsequent
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recirculation with Pump C via Bottle C3 for additional 10 min at 1.0 mL/min. The eluate was then collected in the collection flask,
followed by purification and acetylation using Ac2O in pyridine to afford pentasaccharide 10 in 31% yield overall.
2.20.4 Generation C: Implementation of the two-way switch valve as a mode for complete automation

The underpinning idea for the HPLC-A technology was to utilize readily available lab equipment for oligosaccharide synthesis by
means of automation that can be programmed within standard HPLC software. To advance the original Generation A HPLC-A
design developed in 2012, Generation B introduced in 2016 implemented JandaJel resin as an optimal solid support for automated
synthesis. Also the incorporation of an HPLC autosampler introduced a reproducible and automated route for injecting promotor
TMSOTf into the HPLC-A system. Even with these improvements, the system was yet to become truly automated as the process still
required an operator for switching between the recirculation and discharge/collection modes. To broaden our automation
capabilities, we developed an improved Generation C HPLC-A platform that is described herein.87 Generation C was developed
to utilize the preparative autosampler for injection of all building blocks and all reagents for HPLC-A synthesis. Also implemented
into this Generation C set-up is a standard two-way split valve, adaptable to our HPLC-A system and capable of programming using
the same software. With the use of a two-way switch valve the ability to interchange between discharge and the product collection
modes was now available.

This approach uses similar sequencing of glycosylation followed by the Fmoc group deprotection and oligosaccharide isolation
performed by off-resin cleavage used in our previous generations of HPLC-A. Formation of regular 1,6- and 1,4-linked glucans and
a glycan with alternating 1,4−/1,6-glycosidic linkages was showcased in this model expanding synthetic capabilities. This HPLC-A
gave rise to a completely automated system capable of glycan synthesis in only 12 h in the “press of the button” mode. This
automated system allows to minimize potential operator errors by preforming all reaction processes fully autonomically. The
synthesis of glycosyl acceptor 5 followed by binding to solid support resin is done prior to the automation steps. The immobilized
glycosyl acceptor (typical scale 50 mg of resin, typical loading 0.02 mmol) in then loaded into the Omnifit HPLC column, which
was then integrated into HPLC-A. The autosampler tray was loaded with vials containing solutions of glycosyl donors, promoter
TMSOTf, and other reagents, such as piperidine for Fmoc removal and NaOMe for off-resin cleavage (Scheme 4). The “push of the
button” mode was then engaged giving access to a preprogrammed automated oligosaccharide synthesis.
Scheme 4 Entirely automated synthesis of glycan 11.
Processes subsequently began by swelling resin beads using DCM followed by lowering the system flow rate to prepare for the
donor injection. The autosampler was programmed to draw up solutions of the donor and the promoter from the sample tray and
premix the components in the “needle seat”. This area is a capillary connecting the needle to the valve of the autosampler. Pre-
activated donor was then injected into the system followed by rinsing of the capillary with fresh solvent residing in the autosampler
tray. Additional portions of preactivated donors were subsequently added to the system until the UV detector showed slowing
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consumption of the donor. In Generation C, recirculation used in previous generations was substituted by multiple injections. The
number of injections, and the amount of the donor utilized can differ between different oligosaccharide targets. For example,
7.5 equiv. of donor 1were required for the formation of 1,6-linked pentasaccharide 11, whereas 10 equiv. of respective donors were
required to obtain 1,4-linkages in other targets. The remaining steps, Fmoc group removal, and the global cleavage were performed
as a part of the entire preprogrammed sequence.

Scheme 4 exemplifies Generation C programming of the synthesis of pentasaccharide 11. The autosampler tray was loaded with
designated sets of vials containing solutions and reagents for each step. These included solutions of donor 1 in DCM for each step;
a set of vials contained promoter TMSOTf in DCM; vials containing piperidine in DMF for the Fmoc group deprotection; off-resin
cleaving reagents, MeONa in MeOH and DCM; and vials containing pure DCM for injecting blanks and for rinsing the autosampler
needle. JandaJel (50 mg) functionalized with acceptor 5 (0.02 mmol) was loaded into the Omnifit glass column that was integrated
in the HPLC path between the autosampler and the UV detector (Scheme 4). Resin was washed and swelled using HPLC grade DCM
(2.0 mL/min, Pump A) for 10 min. The system has the capability of programming the flow rate following a particular schedule. The
autosampler uses a programmable arm to bring vials to the needle and mix the donor and the promoter in the “needle seat” of the
autosampler. This mixture is then injected and pumped into the system with DCM at a flowrate of 0.5 mL/min (Pump A). The
system was programmed to inject additional portions of activated donor until the glycosylation is complete, for which UV detection
at 254 nm was used for monitoring. A regular glycosylation cycle was programmed to perform 10 overall injections of the activated
donor. Five injections are executed over a period of 45 min, which is followed by a wash with DCM for 10 min at 1.0 mL/min with
Pump A. Then the second set of five injections of glycosyl donor and promoter was performed. The system was then washed with
DCM (1.0 mL/min, Pump A) and DMF (0.5 mL/min, Pump C).

To affect the removal of the Fmoc protecting group in the resulting disaccharide intermediate a 40% solution of piperidine in
DMF was injected five times with the autosampler and pumped into the system with a 1/1 mixture of DCM and DMF at
a combined flowrate of 1.0 mL/min using Pumps A and C, respectively. The Fmoc cleavage was followed using the UV detector set
at 301 nm. Upon completion, the resin was washed with fresh DCM (1.0 mL/min, Pump A) and then with a mixture of DCM and
DMF (1/1, combined flow 1.0 mL/min, Pumps A and C). The resin was then acidified with an injection of the TMSOTf solution
(500 mL) that was delivered with DCM (1.0 mL/min, Pump A). The glycosylation and deprotection steps were reiterated until the
formation of a pentasaccharide. After the last glycosylation step, the off-resin cleavage is affected by multiple injections of
a solution of NaOMe in MeOH/DCM that was delivered with DCM and methanol (0.5 mL/min combined flow rates, Pumps
A and B, respectively). During this cleavage step the 2-way split valve is programmed to divert the flow from waste to the
collection flask. The collected product then underwent post-automation acetylation and purification operations to afford the
target oligosaccharide 11 in 33% yield.
2.20.5 Development of dedicated solid supports

Previous sections described how the general idea for developing the HPLC-A evolved into the fully automated synthesis that could
be executed with the “press of a button.” However, solid-phase synthesis of glycans suffers from certain inherent weaknesses. “The
chemistry and biology of carbohydrates has been a Cinderella field,”88 and the area of solid-phase synthesis wherein everything has
been “borrowed” from other fields illustrates this problem very clearly. For example, instead of developing dedicated supports,
commercial resins designed specifically for peptide or nucleotide solid-phase synthesis89–91 are meticulously evaluated to deter-
mine their possible suitability for glycan synthesis, which often demands different characteristics.79 While HPLC-A and other
automated approaches have a potential to revolutionize the way glycan synthesis is conducted, all current platforms suffer from
inherent weakness of solid-phase synthesis as applied to glycans, among which is poor compatibility of existing commercial resins.
Reviewed herein are the first attempts to tackle key weaknesses of the solid-phase synthesis, both automated and manual.
2.20.5.1 STICS: Surface-tethered iterative carbohydrate synthesis

Manufacturing solid supports for solid phase peptide synthesis has gained a notable interest. Merrifield developed a polystyrene
resin that was crosslinked with 1% divinylbenzene. These resins grew popular in solid-phase synthesis chemistry and Merrifield
resin became of interest in facilitating solid-phase oligosaccharide synthesis. Polystyrene resins were developed to permit relatively
high loading and remain stable in a variety of reaction conditions. Nevertheless, polystyrene resins and the entire field of the
polymer-supported synthesis face many limitations due to requiring large reagent excess, large volumes of waste solvent produced,
and limited use of molecular sieves. In some cases, degradation and poisoning of resin, reagent deactivation and trapping could
accompany the polymer-supported synthesis.

These limitations led to the development of alternative solid supports. Of particular relevance to the topic of this chapter is the
development of Surface-Tethered Iterative Carbohydrate Synthesis (STICS)92 This approach utilizes a new solid support for
synthesis, nanoporous gold (NPG). NPG surface or “stick” offers both high surface area material and chemical inertness. The
“stick” material has been prepared in the form of free-standing NPG plates that were covered with thiol or disulfide anchored
glycosyl acceptors in a form of self-assembled monolayers (SAM).93 The NPG plates have been prepared by dealloying standard
10 carat white gold (42% Au, 5% Ag, 30%–35% Cu, 8%–9% Zn, and 15%–20% Ni) with nitric acid. The resulting NPG plates were
characterized by a variety of physicochemical techniques.94–97
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In the first application of STICS, manual glycosylation using acceptor anchored NPG plates was executed as follows. NPG plates,
functionalized by attachment to glycosyl acceptors via a thiolate linker, were placed inside of a Teflon-shelved reactor (stick).
Glycosyl donor, promoter and molecular sieves were plated inside of the reaction vessel to undergo glycosylation. Once finished,
the stick bearing the functionalized disaccharide product attached to the NPG plate was moved to a vessel with washing solvent to
remove excess material. This was followed by a transfer of the stick to another reaction vessel to undergo chemoselective
deprotection to reveal a new hydroxyl group to be used as an acceptor for the subsequent step. The stick was then dried within
a thick-wall container that was attached to vacuum. This glycosylation-washing- deprotection and drying sequence was repeated to
obtain the desired trisaccharide. The latter was then cleaved off from the NPG plate and purified.

Compared to past methods, the STICS approach deemed beneficial due to the simplicity of preparation of the NPG and
a relatively low cost. These traits were attractive for HPLC-A synthesis of glycans. To execute this approach, NPG chips were
functionalized by mixed monolayers containing glycosyl acceptors 12a–c and methyl ester of lipoic acid additive in a ratio of 2/3.
Application of mixed monolayers creates more accessible reaction sites for the glycosyl donors. The functionalized NPG chips were
used in a simplified Generation A HPLC-A set-up as depicted in Scheme 5.73 The functionalized chips were loaded into a Omnifit
chromatography glass column along with 3 Å molecular sieves and chips which were separated by a pad of cotton. Molecular sieves
were introduced into this procedure due to the drastic increase in yield of glycosylation in anhydrous conditions when using SAM-
modified nanoporous gold chips. The column was incorporated into the HPLC-A system and glycosyl donor 13 in DCM was
circulated using Pump A for 30 min (flow rate 1.0 mL/min). After that, the promoter TMSOTf was introduced into the system by
injection to Bottle A and recirculation was performed for 2 h using Pump A. Once complete, the washing step was performed by
passing DCM (flow rate 2.0 mL/min for 10 min) throughout the system using Pump B. This step removed excess reagents and
prepared the NPG chips containing disaccharide for next step. The NPG chips were removed from the column and the cleavage of
the disaccharide was manually performed using a 1 M solution of NaOMe in MeOH for 16 h. The disaccharide was further purified
and acetylated to give the respective products 14a–c in 60%–90% yield. Disaccharide 14c from the immobilized acceptor contain-
ing the longest C8-O-C8 spacer gave the best result (90%) in the synthesis.
Scheme 5 HPLC-assisted surface-tethered synthesis of disaccharide 9.
2.20.5.2 PanzaGel resin for glycan synthesis

Polystyrene beads crosslinked with 1% divinylbenzene found broad acceptance across many fields of study since the introduction of
Merrifield resin (Fig. 1A). High loading capacity and the compatibility with many reaction conditions are important characteristics
of polystyrene-based resins in the context of automated synthesis. Seeberger automation platform relies on the Merrifield resin.
Exploring different resins with varying swelling characteristics has been vastly studied. Grafting polystyrene resins with different
lengths of polyethylene glycol (PEG) chains led to the development of Tentagel (Fig. 1B), Hypogel and Argogel resins. These resins
are capable of swelling efficiently in polar and non-polar solvents and have high loading capacity. Our original HPLC-A set-up
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(Generation A) was based on Tentagel, a polystyrene grafted with PEG chains.73 Later on, we identified JandaJel polystyrene resin
crosslinked with tetrahydrofuran-derived chains as a more suitable support for HPLC-A (Generations B and C).83 JandaJel relies on
modified cross-linker by employing a tetrahydrofuran-derived bridge (Fig. 1C).98 While these resins differ in functionalization and
crosslinking, none were designed for solid-phase oligosaccharide synthesis.

Cross-linked polystyrenes are mechanically stable and can be obtained on a large scale from broadly available and inexpensive
precursors. However, phenol-based cross-linking used in JandaJel (Fig. 1C) may potentially have marginal stability under strongly
(Lewis) acidic conditions, such as large amounts of trimethylsilyl trifluoromethanesulfonate (TMSOTf )98 commonly employed in
the solid-phase synthesis of glycans. Although this degradation was not thought to significantly hinder the process, we came to the
realization that beads designed for peptides do not have the necessary properties suitable for glycan solid-phase synthesis.
To address this potential weakness, we investigated benzyl alcohol-derived ethylene glycol chain cross-linking (Fig. 1D) due to
the anticipated greater stability of such structures under (strongly) acidic reaction conditions.99,100 We named this resin
PanzaGel.101

A polymer of this composition was first synthesized by Itsuno et al.,100 but its application in solid-phase synthesis is unknown.
Interestingly, benzylic attachments have been considered by Janda and co-workers,102,103 but were deemed inferior due to their
marginal stability towards strongly basic reagents. To increase the swelling properties in polar protic solvents, we chose to replace
the tetrahydrofuran chain used by Janda with a diethylene glycol derived structure. Ethylene-glycol,104 its homologs, and other
similar molecules103 have been previously investigated as crosslinkers, but the application of such resins in solid-phase synthesis is
unknown.100

Crosslinked monomer was synthesized using para-vinylbenzyl chloride and diethylene glycol and then used in the synthesis of
a 2% cross-linked polymer following a procedure previously described by Janda.98 The desired polymer was then purified and the
chlorobenzyl group was further functionalized following Gabriel’s synthesis protocol, wherein the chloride was displaced with
phthalimide. The resulting phthaloyl group was then removed with hydrazine hydrate to produce PanzaGel equipped with the
primary amine functional groups (Fig. 1D) with a nominal loading capacity of 1.0 mmol/g. The swelling properties of the polymer
were investigated. We determined that PanzaGel has much better swelling properties when compared to the Merrifield resin, both in
polar and non-polar solvents. In addition, it showed similar swelling volumes to those reported for JandaJel.98 Notably, PanzaGel
exhibits better swelling in MeOH than that of both Merrifield’s resin and JandaJel.

A set of experiments was then conducted to determine physical properties of the resin. Thermal degradation properties of
PanzaGel were assessed by thermogravimetric analysis (TGA). PanzaGel was found thermally stable up to 360 �C, but about 97%
weight loss occurs by 460 �C. To assess the chemical stability of PanzaGel, the polymer was treated with trimethylsilyl trifluor-
omethanesulfonate, as this Lewis acid was found to degrade JandaJel.98 Upon treatment of 100 mg of resin with 100 mL of TMSOTf
in 1.0 mL of methylene chloride for 1 h, which exceeds the typical conditions employed in chemical glycosylations using polymer
supports, no decomposition was observed. The thermal decomposition temperature and the SEM images of the polymer showed no
significant difference before and after the treatment with TMSOTf. The prepared polymer was also investigated by scanning electron
microscopy, which showed polymer in a shape of monospheres with an average size of 158 mm. Nitrogen adsorption/desorption
isotherm plots have been used to evaluate the pore volume and the surface area of the synthesized material. The total pore volume
was calculated as 0.0033 mL/g. The BET surface area was found to be 0.84 m2/g.
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To evaluate synthetic applications of the novel resin, we moved on to synthesize pentasaccharide 11 as depicted in Scheme 6.
Generation CHPLC-A achieved a full automation of the synthesis of oligosaccharides using a two-way spilt valve.87 Differently from
our previous Generation C experimental set up involving reagent delivery with a preparative autosampler,83,86,87 herein we
investigated an HPLC system equipped with an analytical autosampler instead. This module is more common on HPLC systems,
which would allow to broaden the scope of HPLC-A even further. To accommodate this adjustment, a higher concentration of
donor 1 (7.2 equiv.) in DCM was prepared, and the donor solution was split into two vials, containing 1.6 and 1.1 mL of solution,
respectively. The autosampler was programmed to draw 500 mL (0.024 mmol) of donor 1 solution per injection and also to draw
100 mL (0.025 mmol) of TMSOTf solution in DCM per injection. Donor and promoter were automatically mixed in the needle seat
and injected towards the HPLC column, loaded with 50 mg of acceptor-bound PanzaGel resin 15 (0.0165 mmol). The activated
donor was allowed to saturate the column for 1.0 min at a flow rate of 1.0 mL/min. After that, the flow rate was lowered to 0.05 mL/
min to maximize the time of exposure of the resin-bound glycosyl acceptor to the glycosyl donor. The flow rate was kept at the
minimum level (0.05 mL/min) for 10 min, then increased back to 1.0 mL/min, using fresh DCM to wash the column from the
unreacted and hydrolyzed donor. This washing step is needed to prepare the resin for new injections of donor 1 and TMSOTf
solutions. The same operation was repeated four times and the glycosylation sequence was completed by alternating washings with
methylene chloride and DMF.
Scheme 6 Entirely automated synthesis of glycan 11 using novel PanzaGel polymer support.
The temporary Fmoc protecting group was then removed using a 40% solution of piperidine in DMF. Three injections of the
piperidine solution were performed, and the reaction was followed using the variable wavelength detector set at 301 nm. The
sequence was completed by washings alternating DCM and DMF. Last, the polystyrene resin was reacidified through injecting
100 mL of the TMSOTf solution previously used for glycosylation. The glycosylation-deprotection sequence was repeated as needed
to afford the target glycan 11. As previously described, the two-way split valve diverts the flow to a collection flask. The compounds
are then cleaved using a 1 M solution of NaOMe in MeOH/MeOH/DCM (1.5/1/1, v/v). Through a series a post-automation steps
the target glycan 11 was isolated in 30% yield. Noticeably, this synthesis was conducted at room temperature and without utilizing
strictly anhydrous reaction conditions or inert atmosphere.
2.20.6 Conclusions and outlook

The development of all areas of glycoscience has increased the demand for making oligosaccharides more accessible to the chemical,
biomedical and pharmaceutical researchers. Creating an automation method utilizing HPLC-A can broaden access to oligosaccha-
rides and their conjugates. This system provides an inexpensive and transferable approach to the automated synthesis of
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oligosaccharide targets while using common HPLC software. Broadening capabilities of the automated synthesis can create endless
possibilities to studying these biomedically relevant compounds while addressing the key bottleneck effects of manual synthesis.
The idea underpinning HPLC-A is to use standard lab equipment that will allow recording a successful synthetic sequence
as a computer program. While HPLC-A has potential to revolutionize the way glycan synthesis is conducted, our early platforms
remained semi-manual due to operator intervention required during the delivery and collection steps.

To advance our original Generation AHPLC-A set-up based on Tentagel,73 we identified JandaJel resin as amore suitable support
for glycan synthesis.83 However, regardless of the resin used, we have occasionally noticed degradation of beads. Although this
degradation did not significantly hinder our progress, we came to the realization that beads designed for peptides don’t have the
necessary properties suitable for glycan SPS. We then implemented the standard HPLC autosampler for delivering TMSOTf, the
promoter for glycosylation.83 Even with the addition of the autosampler into Generation B, the manual component of HPLC-A
remained because switching between the reaction and discharge modes required operator intervention. With our recent efforts to
obtain non-regular glycans from different building blocks, such as N-glycan core,86 we realized that the building block intake/
delivery also remained semi-manual because the bottle swap required the operator. It became very clear that our approach needs to
be fully automated to inspire others to adopt HPLC-A for creating glycan structures for their own studies.

To address this, we recently introduced Generation C HPLC-A where we investigated a standard HPLC 2-way split valve.87 This
allowed us to synthesize 1,6 and 1,4-linked glucans by programming HPLC-A to perform the entire sequence of reactions consisting
of four glycosylations with Fmoc deprotections in between, followed by the off-resin cleavage, and collection of the final product, all
in 12 h with the “press of a button.” The latest generation allowed for delivering standard HPLC-grade ACS-spec solvents. However,
by doing the synthesis in the automated mode we lost the ability to recirculate.

Fundamental new developments will be required both in the generalization of the automation technologies and in the
optimization of chemical methods needed for reliable implementation in automation. We are developing a comprehensive strategic
plan to tackle the remaining key weaknesses in our automation efforts (Generations A-C). Arguably, the ability to recirculate is a very
beneficial feature of HPLC-A, especially for the glycosylation step. Unfortunately, the 2-way valve would only allow recirculation by
sacrificing the total automation mode, which represents a notable weakness of the current set-up (Generation C). This was in part
addressed by replacing recirculation with multiple injections of the preactivated glycosyl donor.

To further enhance our HPLC-A capabilities, we envisage developing dedicated monolithic supports with enhanced properties
for solid phase synthesis of glycans. Very recently, we have accessorized our system with the 4-way split valve and added a mass-
spectrometer. These modifications will allow us to regain recirculation, enhance its efficiency, further improve reproducibility of
glycosylations, reduce the need for excess building blocks, enhance monitoring capabilities, while retaining complete automation of
all steps of the synthesis. We will then apply these strategic adjustments to the production of many synthetic glycans in a completely
automated, “press of a button” mode. In our parallel endeavors, we will investigate solution phase HPLC-A. Machine-assisted
synthesis ensures rigorous experimental design to obtain robust results, to eliminate variability, and to accurately reproduce
experiments multiple times by different users. This will enhance transparency and simplify the implementation of our protocols
in other labs.
See Also: 2.18 Automated Oligosaccharide Synthesis: The Past, Present, and Future
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