
Inverse electron demand Diels-Alder pyridazine
elimination: synthetic tools for chemical immunology
Geus, M.A.R. de

Citation
Geus, M. A. R. de. (2021, October 7). Inverse electron demand Diels-Alder
pyridazine elimination: synthetic tools for chemical immunology. Retrieved
from https://hdl.handle.net/1887/3215037
 
Version: Publisher's Version

License:
Licence agreement concerning inclusion of doctoral
thesis in the Institutional Repository of the University
of Leiden

Downloaded from: https://hdl.handle.net/1887/3215037
 
Note: To cite this publication please use the final published version (if
applicable).

https://hdl.handle.net/1887/license:5
https://hdl.handle.net/1887/license:5
https://hdl.handle.net/1887/license:5
https://hdl.handle.net/1887/3215037


Inverse electron demand Diels-Alder pyridazine elimination: 

synthetic tools for chemical immunology 

Proefschrift 

 

ter verkrijging van 

de graad van doctor aan de Universiteit Leiden, 

op gezag van rector magnificus prof.dr.ir. H. Bijl, 

volgens besluit van het college voor promoties 

te verdedigen op donderdag 7 oktober 2021 

klokke 13:45 uur 

 

 

 

door 

 

 

Mark Alexander Ruben de Geus 

Geboren te Nootdorp in 1990 



Promotiecommissie 

Promotores:  Dr. S.I. van Kasteren 

    

   Prof. dr. H.S. Overkleeft 

   

Overige leden:  Prof. dr. A. Kros   (voorzitter) 

   Prof. dr. M. van der Stelt  (secretaris)   

Dr. D.V. Filippov 

   Dr. K.M. Bonger   (Radboud Universiteit Nijmegen) 

   Prof. dr. J.M. Fox  (University of Delaware, Verenigde Staten) 

    

 

 

 

 

 

 

 

 

 

Cover design by Dieuwertje van Dijk   dieuwbieus.nl    

Printed by Ridderprint B.V.    ridderprint.nl 

ISBN: 978-94-6416-782-5 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

“All we have to do is decide what to do with the time that is given to us” 

J.R.R. Tolkien 
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Bioorthogonal bond-forming and breaking 

reactions in biology 

1.1 Introduction to bioorthogonal chemistry 

Chemical strategies have enabled the elucidation of new elements of biology by exacting 

precise control over processes in cells, and even in whole organisms. The twin pillars of 

this control have been the bioorthogonal bond forming, and bond breaking reactions, 

the first of which were invented by Bertozzi at the turn of the century.[1,2] The 

overarching property of bioorthogonal chemistry is that its transformations readily and 

selectively occur under physiological conditions without interfering with native 

biochemical processes.[3–7] This allows, for instance, the selective modification of 

proteins[8,9] or the characterization of active enzymes.[10,11] Reaction components must 

display a balanced profile of aqueous solubility, chemical stability, cellular toxicity, 

reaction kinetics and selectivity,[12] where the specific application dictates which 

properties are most influential.[13] Bioorthogonal reactions are developed using 

iterative modifications of known organic transformations,[14,15] such as the adaptation 
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of the Staudinger reduction[16,17] to develop the Staudinger-Bertozzi ligation (Figure 

1A).[1,2] Similarly, 1,3-dipolar cycloadditions[18] were revisited to develop the Cu(I)-

catalyzed azide-alkyne cycloaddition (CuAAC),[19–22] a transformation which has 

become the hallmark of ‘click’ chemistry[23] due to its reliability and simplicity (Figure 

1B). Copper induced cytotoxicity, however, limited the  applicability of CuAAC in living 

systems and therefore prompted the development of the strain-promoted azide-alkyne 

cycloaddition (SPAAC; Figure 1C).[24] Other bioorthogonal ligations include strain-

promoted alkyne-nitrone cycloaddition (SPANC),[25] photoinduced tetrazole ligation,[26] 

the formation of oximes and hydrazones from aldehydes and ketones,[27] and transition 

metal catalysis under aqueous conditions.[28–31]  

1.2 Inverse electron demand Diels-Alder cycloaddition 

A recurring theme is that most bioorthogonal reactions suffer from at least one clear 

disadvantage, such as slow reaction kinetics, high cytotoxicity, insufficient stability, 

cross reactivity with other bioorthogonal moieties, undesired physicochemical 

characteristics of the reactants or improper tunability of the overall method.[13–15] 

Amidst the current scope of bioorthogonal chemistry, the inverse electron demand 

Diels-Alder (IEDDA) cycloaddition between 1,2,4,5-tetrazines and strained alkenes 

stands out as an exceptionally versatile method (Figure 2).[32,33] Initial studies by 

Carboni, Linsey[34] and Sauer[35–38] were adapted for bioorthogonal utilization by Fox[39] 

and Hilderbrand[40] using stabilized tetrazines as dienes and trans-cyclooctene (TCO) 

and norbonene as dienophiles, respectively. These were followed by numerous other 

dienophiles, including bicyclooctynes (BCN),[41,42] cyclopropenes,[43–45] vinylboronic 

acids (VBA),[46–49] and N-acyl azetines.[50] Depending on the strained alkene and 

Figure 1 Examples of bioorthogonal chemistry based on azide reactivity. A) Staudinger-Bertozzi 
ligation.[1-2] B) Cu(I)-catalyzed azide-alkyne cycloaddition (CuAAC).[19-22] C) Strain-promoted 
azide-alkyne cycloaddition (SPAAC).[24] 
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tetrazine employed, second order reaction rates (k2) range between 1 – 106 M-1s-1, 

which is superior compared to reaction rates for the Staudinger ligation (10-3 M-1s-1), 

CuAAC (10 - 100 M-1s-1), SPAAC (10-2 – 1 M-1s-1) and other commonly employed 

bioorthogonal reactions.[32] The reaction features an initial [4+2] cycloaddition between 

the tetrazine and alkene components, followed by a retro Diels-Alder reaction to give a 

4,5-dihydropyridazine and N2 as the only byproduct. Tautomerization affords 1,4- and 

2,5-dihydropyridazines, whilst oxidation results in a pyridazine adduct. A catalyst is not 

required and reaction rates are accelerated under aqueous conditions due to 

hydrophobic interactions.[39,51]   

Advanced bioorthogonal applications, such as live cell imaging[52,53] or in vivo tumor 

pre-targeting,[54,55] enforce stringent demands on reaction kinetics to ensure fast and 

complete bioconjugation at low dosage and sub micromolar concentrations. These 

requirements stimulated the choice of TCO as a dienophile for exceptionally fast 

tetrazine ligation (k2 ≥ 103 M-1s-1).[39,56–59] TCO’s properties as a dienophile can be 

rationalized by high ring strain, which elevates the highest occupied molecular orbital 

(HOMO) of the olefin, and a crown conformation, which minimizes geometric distortion 

towards an IEDDA transition state.[60] Cis ring fusion can enforce a half chair 

conformation upon TCO, which exacerbates these effects to obtain even higher 

reactivity (k2 up to 106 M-1s-1) at the expense of stability.[61,62] Conversely, it was found 

that axially substituted TCOs were tenfold more reactive than equatorially substituted 

TCOs whilst being less susceptible towards in vivo isomerization to cis-cyclooctene 

(CCO) induced by copper-bound proteins.[63]  

Figure 2 Mechanism and scope of the inverse electron demand Diels-Alder (IEDDA) 
cycloaddition between 1,2,4,5-tetrazines and strained alkenes or alkynes, including several 
classes of dienophiles. 
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Synthetic advances towards both components of the TCO-tetrazine ligation have been 

of importance to enable their versatile application. For instance, the metal-catalyzed 

one-pot synthesis of tetrazines by Devaraj[64] expanded the precursor scope from 

aromatic nitriles to include alkyl nitriles and set the stage for the sustained emergence 

of improved methodologies towards functionalized tetrazines.[65–69]  Furthermore, the 

direct, singlet sensitized photochemical transformation of functionalized CCOs to 

TCOs,[70–75] combined with selective complexation of the TCO product to Ag(I) in a flow 

based setup[76–78] has been a key method to simplify TCO synthesis. Modifications of this 

method can now synthesize TCOs in continuous flow[79] and have been applied to 

synthesize highly reactive trans-cycloheptene derivatives (k2 = 107 M-1s-1).[80] Taken 

together, these developments confirm the status of the tetrazine ligation as a ‘state of 

the art’ bioorthogonal reaction, with applications branching from chemical biology 

towards medicine and materials science.[32] 

1.3 Dissociative bioorthogonal chemistry  

The selective release of a protective moiety to expose functionality within a cellular 

system, known as bioorthogonal bond cleavage reactions[81] or dissociative 

bioorthogonal chemistry,[82] constitutes the second pillar of bioorthogonal chemistry, 

which has been of increasing interest.[15,32,81–87] The first example of such a ‘decaging’ 

reaction was reported by Meggers[88] in 2006, where a ruthenium catalyst was 

employed to intracellularly cleave an allylcarbamate. Deprotection strategies via other 

metals, such as palladium[31] and gold,[89] through organic transformations like the 

Staudinger reduction,[90,91] and by means of photochemistry[92] have steadily emerged 

ever since.   

Dissociative bioorthogonal methods based on cycloadditions have been of particular 

relevance towards in vivo applications. The IEDDA pyridazine elimination, an 

adaptation of the TCO-tetrazine ligation[39] reported by Robillard and co-workers in 

2013,[93] was the first example of what is now regarded as ‘click to release’ chemistry 

(Figure 3A). This deprotection method can be applied to induce selective release of 

cytotoxic agents, such as doxorubicin and monomethyl auristatin E (MMAE), using 

antibody-drug conjugates (ADCs),[94,95] tetrazine-modified hydrogels,[96–98] tetrazine 

carbon nanotubes,[99] or enzyme-instructed supramolecular self-assembly (EISA)[100] in 

preclinical in vivo models. The method has also been increasingly applied towards 

chemical biology, for instance to control the activity proteins,[101–104] the recognition of 

antigens,[105,106] imaging and profiling of proteomes,[107] or the purification of 

biomolecules.[108] While the first in vivo application was reported in 2014 by Chen and 

co-workers,[101] a phase I clinical trial has already surfaced as a result of the work 

described by Royzen and Oneto.[98] 
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Mechanistically, the IEDDA pyridazine elimination employs an axially positioned 

carbamate substituent, containing a ‘caged’ amine moiety, on the allylic position of TCO 

(Figure 3A, 1). Tautomerization of the 4,5-tautomer (2) obtained after tetrazine ligation 

can therefore result in elimination from the 1,4-tautomer (3) to release the free amine, 

CO2 and 4, which can aromatize to form pyridazine 5.[93] Subsequent studies by 

Weissleder[109] and Robillard[110] confirmed these observations and revealed the 2,5-

tautomer (6) can contribute to additional formation of 3 by tautomerization back to 2. 

Competing side reactions include ‘dead end’ cyclization of 2 to form 7[109] and 

aromatization of 2 and 6 to form pyridazine 8. The fast releasing 3 and the slow 

releasing 6 constitute a biphasic release profile which relies on formation of 3 and less 

Figure 3 A) Mechanistic overview of the IEDDA pyridazine elimination, a ‘click to release’ 
bioorthogonal decaging method. B) A panel of tetrazine activators selected from literature.[93, 109, 

103, 114] C) ‘head-to-head’ versus ‘head-to-tail’ click orientation affects subsequent tautomerization 
and elimination for asymmetric tetrazines. 
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on the nature of the leaving group, thereby enabling the scope of the method to be 

extended to include release of esters, carbonates, and even ethers.[110–113]  

Initial IEDDA ligation rate and subsequent tautomerization/elimination rate and yield 

are heavily affected by tetrazine substituents (Figure 3B).[93,103,109,114,115] Electron 

withdrawing groups (EWGs), such as 2-pyridine or pyrimidine substituents increase 

tetrazine ligation rates but can decrease release performance when used excessively. 

For instance, the poor release induced by 9 (12%) could be gradually increased to 46% 

(10) and 75% (11) by adding electron donating methyl substituents.[93] Chen and co-

workers subsequently reported asymmetric tetrazines which combined a pyrimidine 

substituent for rapid tetrazine ligation with methyl (12) and ethanol (13) substituents 

to induce elimination.[103] Due to the profound acceleration and augmentation of release 

at reduced pH,[109,110] tetrazines which carry intramolecular proton sources, such as 

carboxylic acids (14 and 15)[109] and amines (16 – 18),[114] were developed to render 

the IEDDA pyridazine elimination pH independent. In this regard, the orientation of the 

initial IEDDA ligation for asymmetric tetrazines directs subsequent tautomerization: 

‘head-to-head’ is desired over ‘head-to-tail’ (shown for 18 in Figure 3C). Notably, 

Mikula and co-workers[116] developed C2-symmetric TCOs carrying double payloads to 

obtain fast and complete release irrespective of click orientation.  

In addition to further developments concerning photodecaging[117–121] and metal 

induced deprotections,[122–124] various other cycloaddition-based decaging strategies 

have emerged in the wake of the IEDDA pyridazine elimination. For instance, Gamble 

and co-workers[125–127] utilized TCOs to trigger release from an azido derivatized para-

aminobenzyloxycarbonyl (PABC) system (Figure 4A), whereas Taran and co-

workers[128–134] developed a strain-promoted iminosydnone-cycloalkyne cycloaddition 

(SPICC) release strategy (Figure 4B). Furthermore, several additional tetrazine-induced 

release systems have recently surfaced. Devaraj,[135] Bernardes,[136] and Bradley[137] 

reported vinyl ether decaging (Figure 4C), which was extended towards vinylboronic 

acids by Bonger,[138] whereas Franzini reported release systems based on 

benzonorbornadienes[139,140] and isonitriles (Figure 4D).[141–145] Finally, reverse 

decaging methods, where tetrazine is the caging moiety, have been reported by 

Robillard[146] (Figure 4E) and Franzini[147] (Figure 4F) using highly reactive TCOs and 

isonitriles as triggers, respectively. 
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Figure 4 An overview of alternative dissociative bioorthogonal strategies based on cycloaddition 
chemistry A) TCO triggered release from azido derivatized para-aminobenzyloxycarbonyl 
(PABC) systems.[125-127] B) Strain-promoted iminosydnone-cycloalkyne cyloaddition (SPICC) 
release strategy.[128-134] C) Tetrazine-induced release from vinyl ethers.[135-137] D) Tetrazine 
induced release from isonitriles.[141-145] E/F) Reverse decaging methods to liberate tetrazine as 
the caging moiety using TCO[146] or isonitrile triggers.[147] 
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1.4 Outline of this Thesis 

This research described in this Thesis is aimed to develop new synthetic strategies 

centered around the IEDDA pyridazine elimination to enable its application in chemical 

biology. Chapter 2 presents an improved synthesis towards a frequently employed 

bifunctional TCO scaffold. Chapter 3 describes attempts to develop an Fmoc SPPS-

based strategy for TCO-modified peptide synthesis. Chapter 4 reports an 

unprecedented method for in vivo chemical control over T-cell activation based on 

deprotection of TCO-modified peptide antigens. Chapter 5 describes the design and 

synthesis of TCO caged glycolipid antigens to obtain chemical control over iNKT cells. 

Chapter 6 reports synthetic methodology towards allylic TCO-ethers which is 

subsequently applied to control carbohydrate-induced protein expression in E. coli. 

Chapter 7 summarizes this Thesis and provides future prospects based on the research 

conducted thus far.  
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An optimized synthesis of bifunctional 

cyclooctenes for click to release chemistry 

This Chapter was published as part of:  

M. A. R. de Geus, E. Maurits, A. J.C. Sarris, T. Hansen, M. S. Kloet, K. Kamphorst, W. ten Hoeve, M. S. Robillard, 

A. Pannwitz, S. A. Bonnet, J.D.C. Codée, D. V. Filippov, H. S. Overkleeft, S. I. van Kasteren Chem. Eur. J. 2020, 

26, 9900-9904. 

2.1 Introduction 

Bioorthogonal chemistry is broadening in scope to include bond cleavage reactions 

alongside known ligation methods,[1–4] with many new reactions continuously 

emerging in the literature.[5–12] Amongst these, the inverse electron demand Diels-Alder 

(IEDDA) pyridazine elimination[13] comprises the first example of a bioorthogonal 

reaction that is today described  as “click to release” (Figure 1 A). In the IEDDA decaging 

sequence, reaction of a tetrazine and a trans-cyclooctene (TCO) bearing a leaving group 

at the allylic position[14,15] results in a 4,5-dihydropyridazine intermediate. This adduct 

tautomerizes into 2,5- and 1,4-dihydropyridazines, the latter of which induces 

elimination of the allylic payload.[16,17] The biocompatibility of the tetrazine and TCO 
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components, combined with their selectivity and overall deprotection rate have 

culminated in various applications, in which the area of cytotoxic (pro)drug 

activation[18–22] has received increasing interest.  

While the tetrazine and TCO pair for this click reaction are inherently selective towards 

each other, the actual spatiotemporal control within biological systems is often 

achieved by employing another modality to direct localization of the reaction 

components.[18–22] Royzen and Oneto utilized tetrazine modified hydrogels in 

combination with TCO modified doxorubicin.[20–22] A phase 1 clinical trial towards the 

treatment of solid tumors is currently in progress for a tetrazine modified sodium 

hyaluronate and a TCO equipped with doxorubicin as payload and glycine to enhance 

aqueous solubility (1, Figure 1B).[22] This bifunctional TCO was initially reported by 

Robillard and co-workers to serve as cleavable linker for antibody-drug conjugates 

(ADCs), resulting in triggered release of doxorubicin in vitro and in tumor-bearing mice 

(2, Figure 1B).[18] This premise was refined with a diabody-based ADC (3, Figure 1B) to 

Figure 1 A) Overview of the inverse electron demand Diels-Alder (IEDDA) pyridazine 
elimination. B) Cytotoxic prodrugs 1-3 employed in in vivo experiments by Royzen and Oneto[22] 
and Robillard and co-workers.[18-19] 
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release monomethyl auristatin E (MMAE) from the same TCO motif, thereby 

outperforming the FDA approved, protease cleavable ADC Adcetris in two preclinical in 

vivo tumor models (LS174T and OVCAR-3, respectively).[19] 

As the bifunctional TCO scaffold fulfills a central role towards in vivo utilization of the 

IEDDA pyridazine elimination, its synthetic accessibility is of importance to enable 

novel applications. This Chapter presents a simplified synthetic procedure towards 

bifunctional TCO reagent 4 based on the initially published route[18] (Scheme 1). A novel 

bifunctional cis-cyclooctene (CCO) reagent (5), which proved difficult to directly access 

from CCO intermediates, is additionally described. TCO reagent 4 and CCO reagent 5 

were synthesized from TCOs 6 and 7, respectively. Both reagents share a common 

intermediate (8), which was synthesized from 1,5-cyclooctadiene 9 via iodolactone 10. 

2.2 Results and discussion  

Cyclooctadiene 9 was brominated in HBr/AcOH to obtain 11 in near-quantitative yield 

(Scheme 2). Nucleophilic substitution of 11 with NaCN in DMSO afforded nitrile 12 in 

56% yield, which was subsequently hydrolyzed in the presence of KOH and H2O2 to 

obtain 13 in 74% yield. Reproducibility on large scale for this procedure, as described 

by Hartley[23] for a related system and adapted for 12 by Mitchell and co-workers,[24] 

was obtained by monitoring the consumption of nitrile 12 to the intermediate amide at 

40°C, before refluxing overnight. Carboxylic acid 13 was α-methylated to obtain 14, 

thereby preventing epimerization in subsequent steps and enabling regioselective 

conjugation chemistry.[18] These initial steps (bromination, cyanide substitution, 

oxidation, basic hydrolysis and α-methylation) were carried out using crude reaction 

mixtures obtained after aqueous workup. Iodolactonization of 14 afforded 10, which 

was purified by crystallization from EtOH to result in a yield of 23% over five steps from 

Scheme 1 Retrosynthetic route for bifunctional TCO reagent 4 and bifunctional CCO reagent 5 
from a shared intermediate (8), which can be synthesized from 9 via 10. 
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9 at 500 mmol scale, without the need for the previously reported distillations.[18] 

Subsequent β-elimination in the presence of DBU afforded 15 in 92% yield. 

The transesterification procedure starting from bicyclic lactone 15 (64 hours, 48% 

yield)[18] was replaced by a one-pot, two-step procedure to improve overall conversion 

and reaction time. Saponification afforded monocyclic carboxylic acid 16, which was 

directly methylated to obtain methyl ester 8 in 77% yield over two steps. 

Photoisomerization[25] resulted in a 1 : 1.4 mixture of axial isomer 6 (axial hydroxyl, 

equatorial methyl ester) and equatorial isomer 7 (equatorial hydroxyl, axial methyl 

ester), respectively. The isomeric mixture was treated with potassium hydroxide at 4°C 

to selectively hydrolyze axial isomer 6, followed by acid-base extraction to separately 

obtain carboxylic acid 17 and ester 7. The bis-NHS functionalization of 17 into 4 (three 

days, 46% yield)[18] was accelerated using nucleophilic catalysis (DMAP). Hydrolysis of 

Scheme 2 Synthesis of cyclooctene reagents 4 and 5 from 9. Reagents/conditions:  (a) HBr, AcOH, 
0°C to rt, 99%; (b) NaCN, DMSO, 100°C, 56%; (c) H2O2, KOH, H2O, EtOH, 40 °C to reflux, 74%; (d) 
LDA, CH3I, THF, -78°C to 40°C, 98%; (e) I2, KI, NaHCO3, DCM, H2O, 0°C, 56%; (f) DBU, toluene, 
70°C, 92%; (g) KOH, dioxane, H2O, 0°C to rt; (h) CH3I, DMF, 0°C to rt, 77% over 2 steps; (i) methyl 
benzoate, hν (254 nm), Et2O/heptane, rt, 84%; (j) KOH, MeOH, H2O, 4°C, 43% (7), 42% (17); (k) 
N,N'-disuccinimidyl carbonate, DIPEA, DMAP, MeCN, rt, 72%; (l) KOH, MeOH, H2O, 50°C, 79%; 
(m) N,N'-disuccinimidyl carbonate, DIPEA, MeCN, rt, 66%; (n) hν (CFL), CDCl3, rt, 74%. 
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the product during chromatographic purification was prevented by employing 

neutralized silica gel, which resulted in a yield of 72%.  

Synthesis of bifunctional CCO reagent 5 was envisioned from carboxylic acid 16 under 

similar conditions. However, attempts to directly functionalize 16 resulted in formation 

of bicyclic lactone 15. Instead, equatorial isomer 7 was hydrolyzed (to afford 18) and 

functionalized to obtain equatorial TCO reagent 19, followed by trans to cis 

isomerization in the presence of visible light (26 W CFL bulb, Figure 2A) to obtain 

bifunctional CCO reagent 5. Absorbance of 19 was characterized at 2 – 25 mM in CHCl3 

(Figure 2B) to reveal λmax = 282 nm; absorbance at this wavelength was in agreement 

Figure 2 A) Emission spectrum of CFL lamp (Philips Tornado, 1450 lumen, 23 W, E27, ES 220-
240V, 50/60 Hz, CDL 865, 170 mA, ≤ 2.5 mg Hg, 6500 K) used for photochemical conversion of 
19 to 5. B) UV-absorption of compound 19 (2, 5, 10, 20, 25 mM in CHCl3). C) Linear fitting of the 
absorbance at 282 nm vs. the concentration of 19 yielded the extinction coefficient (ε) in L mol-1 
cm-1 from the slope of the linear fit. D) 1H NMR analyses of a white light irradiation experiment 
of 19. Compound 19 (0.1 M in CDCl3, 0.6 mL, NMR tube) was irradiated using a Xenon Arc (1000 
W) at 20 cm distance. The temperature of sample was kept at 25°C using water cooling. The 
sample was measured before starting the experiment (top entry, red line), following irradiation 
with a filter which absorbs ≤ 445-465 nm (“445-465 filter”), following irradiation with a filter 
which absorbs ≤ 400 nm (“400 filter”) at indicated times. Formation of 5 was followed by 
observing the characteristic signal marked at 5.45 ppm. 
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with Beer’s law (Figure 2C). Xenon Arc (1000 W) irradiation of 19 with wavelength 

filters indicated light with a wavelength ≤ 445 nm is necessary to induce the 

photoisomerization of 19 to 5 (Figure 2D). 

The research summarized below was conducted in collaboration with Dr. Elmer Maurits 

(Leiden University), Alexi J.C. Sarris (Leiden University) and Dr. Thomas Hansen (Leiden 

University). Full details can be found in the published article.[26]  

Figure 3 A) TCO 20 was projected to be synthesised from bifunctional TCO 4. B) Schematic 
representation of the TCO-quenched fluorescence assay. The bifunctional TCO-reporter-
quencher pair 20 does not display fluorescence in its native state due to fluorescence quenching 
between the EDANS fluorophore and DABCYL quencher. The EDANS fluorophore is released 
upon IEDDA pyridazine elimination, thereby disabling the fluorescence quenching and enabling 
a fluorescent readout for the elimination reaction.  C/D) Quantification of fluorescence observed 
for TCO-reporter-quencher pair 20 (10 µM) using tetrazine 21 at 100 µM (n = 3). C) Linear 
regression of fluorescence observed for EDANS in µM. D) Fluororescence observed for TCO-
reporter-quencher pair 20 (10 µM) upon treatment with tetrazine 21 (100 µM). The fluorescence 
observed was correlated to the linear regression for EDANS fluoresence, revealing an elimation 
efficiency of 80% after 60 minutes. 
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Implementation of the IEDDA pyridazine elimination in biological systems is reliant on 

the identification of suitable tetrazines in terms of reaction speed with respect to both 

initial Diels-Alder rate, rate of the ensuing retro-Diels-Alder and final elimination step. 

The nature of substituents on the two tetrazine carbons can exert drastic effects on both 

the rate and yield of the release obtained.[13,17,27,28] Fluorogenic reporters are important 

tools to characterize tetrazine release behavior, and these are often supported by 

NMR[13,16] or LC-MS[17,27,28] analyses. The profound effect of pH and buffer concentration 

on IEDDA pyridazine elimination complicates such studies.[16,17] Weissleder and co-

workers[17] reported a quenched fluorescence assay, in which the tetrazine was 

modified with a quencher moiety to suppress fluorescence until alkylamine release 

occurred. This method, however, does not allow the characterization of unmodified 

tetrazines, which lack this quencher moiety, at low concentrations. 

With these considerations in mind, bifunctional TCO 4 was used to design fluorogenic 

TCO 20, which combines an EDANS fluorophore and a DABCYL quencher on the 

bifunctional TCO scaffold (Figure 3A). Condensation of 4 with the EDANS moiety 

occurred with complete regioselectivity towards the carbonate due to the steric 

hindrance induced by the methyl group. This was followed by functionalization with 

the complementary DABCYL quencher to obtain TCO-reporter-quencher pair 20. 

Functionalization with EDANS and DABCYL occurred with the same degree of 

regioselectivity for CCO reagent 5. 

TCO 20 is fluorogenic by virtue of intramolecular fluorescence quenching until the 

EDANS fluorophore is released from the post-ligation construct, and could thus serve 

to determine overall properties of the IEDDA pyridazine elimination (Figure 3B). The 

reaction between 20 (10 µM) and 3,6-dimethyltetrazine 21 (100 µM) was 

characterized by quantifying the fluorescence emitted from the liberated EDANS 

fluorophore (Figure 3C/D). This experiment showed an EDANS release yield of 80% 

after 1 h, which corresponds with other reports.[13,16,17] Furthermore, a CCO analog of 

20 was unresponsive towards treatment with tetrazine 21, as no fluorescence was 

detected for this reaction pair.  

Fluorogenic TCO 20 was subsequently employed to evaluate a panel of tetrazines 

selected from literature.[17,27,28] Pseudo-first-order rate constants (kobs) and elimination 

yields after 4 h were determined based on a 96-well plate reader setup followed by data 

processing according to biphasic decay trend lines. Screening different concentrations 

of 20 with an excess of tetrazine enabled separation of the rate constants for the initial 

cycloaddition step and the subsequent tautomerization/elimination process, kIEDDA and 

krelease, respectively.  
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2.3 Conclusions 

In conclusion, a streamlined synthetic procedure is presented for the widely used 

bifunctional TCO reagent 4. Crystallization of iodolactone 10 enables the initial steps of 

the route to be carried out using crude reaction mixtures whilst obtaining an 

intermediate product of high purity. Transesterification of 15 was replaced by a two-

step saponification-methylation procedure, improving yield and decreasing reaction 

time. Bis-NHS functionalization of axial TCO 17 was accelerated by nucleophilic 

catalysis and the chromatographic purification of the final product 4 was optimized. A 

novel CCO reagent, 5, was synthesized by trans to cis photoisomerization of equatorial 

TCO 19. 

TCO reagent 4 was employed for the design and synthesis of fluorogenic TCO 4. This 

fluorogenic probe (4) combines the EDANS-DABCYL fluorophore-quencher pair with 

the bifunctional TCO scaffold, thereby linking the intramolecular fluorescence 

quenching to 4 and intermediates which occur after tetrazine ligation, but before 

elimination of the allylic payload. Kinetic analysis was conducted on a panel of 

tetrazines, thereby demonstrating the feasibility of this 96-well plate assay. 
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2.4 Experimental procedures  

General methods: Commercially available reagents and solvents were used as received. 

Moisture and oxygen sensitive reactions were performed under an argon or N2 atmosphere 

(balloon). MeCN, DMSO, DMF, DCM, toluene, THF, dioxane and Et2O were stored over (flame-

dried) 4 Å molecular sieves (8-12 mesh). DIPEA was stored over KOH pellets. TLC analysis was 

performed using aluminum sheets, pre-coated with silica gel (Merck, TLC Silica gel 60 F254). 

Compounds were visualized by UV absorption (λ = 254 nm), by spraying with either a solution of 

KMnO4 (20 g/L) and K2CO3 (10 g/L) in H2O, a solution of (NH4)6Mo7O24 · 4H2O (25 g/L) and 

(NH4)4Ce(SO4)4 · 2H2O (10 g/L) in 10% H2SO4, 20% H2SO4 in EtOH, or phosphomolybdic acid in 

EtOH (150 g/L), where appropriate, followed by charring at ca. 150°C. Column chromatography 

was performed on Screening Devices b.v. Silica Gel (particle size 40-63 µM, pore diameter 60 Å). 
1H, 13C APT, 1H COSY and HSQC spectra were recorded with a Bruker AV-400 (400/100 MHz) or 

AV-500 (500/125 MHz) spectrometer. Chemical shifts are reported as δ values (ppm) and were 

referenced to tetramethylsilane (δ = 0.00 ppm) or the residual solvent peak as internal standard.  

J couplings are reported in Hz. High resolution mass spectra were recorded by direct injection (2 

µL of a 1 µM solution in H2O/MeCN 1:1 and 0.1% formic acid) on a mass spectrometer (Q Exactive 

HF Hybrid Quadrupole-Orbitrap) equipped with an electrospray ion source in positive mode 

(source voltage 3.5 kV, sheath gas flow 10, capillary temperature 275°C) with resolution R = 

240,000 at m/z 400 (mass range m/z = 160-2,000) and an external lock mass. The high resolution 

mass spectrometer was calibrated prior to measurements with a calibration mixture (Thermo 

Finnigan). The synthesis of tetrazine 21 is described in Chapter 4.[29] 

Preparation of neutralized silica gel: Unmodified silica gel (500 gram) was slowly dispersed 

into a 3 L round-bottom flask containing a stirring volume of H2O (1.7 L). NH4OH (28% w/w, 100 

mL) was added and the alkaline suspension was stirred for 30 min. The suspension was filtered, 

washed with H2O and the silica gel was dried on aluminium foil overnight at rt. The silica was 

transferred into a glass container and remaining traces of H2O were removed by drying in an oven 

at 150°C overnight. 

Photoisomerization methods: General guidelines were followed as described by Royzen et 

al.[25] Photochemical isomerization of 8 was performed using a Southern New England Ultraviolet 

Company Rayonet reactor (model RPR-100) equipped with 16 bulbs (part number RPR-2537A, 

λ = 254 nm). Photolysis was performed in a 1500 mL quartz flask (Southern New England 

Ultraviolet Company; part number RQV-323). A HPLC pump (Jasco; model PU-2088 Plus) was 

used to circulate solvent through the photolysis apparatus. An empty solid load cartridge with 

screw cap, frits, O-ring and end tips (40 g, iLOK, SD.0000.040, Screening Devices b.v.) was 

manually loaded with the specified silica gel to function as the stationary phase. 

The emission spectrum of Figure 2A was recorded using an integrating sphere connected to an 

Avantes 2048L StarLine spectrometer detecting in the region of 300 – 1000 nm. The Avasoft 8.5 

software from Avantes was used for recording the spectrum. Absorption spectra of compound 19 

(Figure 2B) were recorded at room temperature with a Cary60 from Agilent and 1 cm x 1 cm 

quartz cuvettes from FireflySci.  
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(Z)-5-Bromocyclooct-1-ene (11): A 500 mL round-bottom flask charged with HBr 

(33 % w/w in AcOH, 85 mL, 490 mmol, 0.98 equiv) under N2 was cooled to 0°C 

before adding (1Z,5Z)-cycloocta-1,5-diene (9, 61.3 ml, 500 mmol, 1.0 equiv) 

dropwise over 30 minutes. The reaction mixture was stirred for 72 h and allowed to warm to 

room temperature. The reaction mixture was diluted with H2O (500 mL) and extracted with 10% 

Et2O in pentane (3 x 750 mL). The combined organic layers were washed with H2O (250 mL) and 

NaHCO3 (satd., 250 mL), dried over MgSO4, filtered and concentrated in vacuo. The crude bromide 

11 (93.8 g, 496 mmol, 99%) was obtained as an oil and used in the next step without further 

purification: Rf = 0.7 (pentane); 1H NMR (400 MHz, CDCl3) δ 5.70 – 5.54 (m, 2H), 4.40 – 4.21 (m, 

1H), 2.47 – 2.37 (m, 1H), 2.34 – 2.19 (m, 3H), 2.19 – 1.99 (m, 4H), 1.79 – 1.67 (m, 1H), 1.60 – 1.48 

(m, 1H); 13C NMR (101 MHz, CDCl3) δ 129.7, 129.3, 55.7, 39.8, 37.2, 27.1, 25.4, 25.3. Spectroscopic 

data was in agreement with literature.[30] 

(Z)-Cyclooct-4-ene-1-carbonitrile (12): A 1 L round-bottom flask was charged 

with sodium cyanide (67.4 g, 1375 mmol, 2.78 equiv) and placed under N2. 

Anhydrous DMSO (250 mL) was added, and the suspension was stirred at 100°C to 

dissolve the cyanide. The crude bromide 11 (93.7 g, 496 mmol, 1.0 equiv) was added to the 

reaction mixture over 30 minutes using a dropping funnel under N2. The reaction mixture was 

stirred for 4 h at 100°C before cooling on ice and diluting with H2O (2.5 L). The aqueous phase 

was extracted with pentane (5 x 1 L). Performing the extraction without cooling the reaction 

mixture often resulted in the formation of emulsions. The combined organic layers were dried 

over MgSO4, filtered and concentrated in vacuo. The crude nitrile 12 (37.8 g, 280 mmol, 56%) was 

obtained as an orange oil and used in the next step without further purification: Rf = 0.7 (10% 

Et2O in pentane); 1H NMR (400 MHz, CDCl3) δ 5.76 – 5.50 (m, 2H), 2.85 – 2.73 (m, 1H), 2.51 – 2.35 

(m, 1H), 2.33 – 2.19 (m, 1H), 2.19 – 2.06 (m, 2H), 2.06 – 1.92 (m, 1H), 1.92 – 1.74 (m, 4H), 1.55 – 

1.37 (m, 1H); 13C NMR (101 MHz, CDCl3) δ 130.8, 129.0, 123.4, 32.2, 29.5, 28.2, 27.1, 25.1, 23.4; 

HRMS: calculated for C9H14N1 136.11208 [M+H]+; found 136.11210. Spectroscopic data was in 

agreement with literature.[24]    

(Z)-Cyclooct-4-ene-1-carboxylic acid (13): The crude nitrile 12 (37.8 g, 280 

mmol, 1.0 equiv) was dissolved in EtOH (140 mL) in a 3 L round-bottom flask. KOH 

(30% w/w, 420 mL) was added and the reaction mixture was stirred at 40°C. H2O2 

(30% w/w, 250 mL, 2.45 mol, 8.75 equiv) was added to the reaction mixture over 2 h using a 

dropping funnel. After complete addition, the foamy reaction mixture was stirred for an 

additional 5 h at 40°C. TLC analysis (20% Et2O in pentane) confirmed complete consumption of 

nitrile 12. The temperature was gradually raised (increments of 20°C) to reflux. The reaction 

mixture was refluxed for 17 h before cooling down to room temperature. H2O (1 L) was added 

and the mixture was washed with heptane (1 L). The organic layer was extracted with H2O (2 x 

750 mL). The combined aqueous layers were acidified with HCl (37% w/w) to pH 1. Then, the 

combined acidified aqueous layers were extracted with Et2O (5 x 400 mL). The combined organic 

layers were dried over MgSO4, filtered and concentrated in vacuo. The crude carboxylic acid 13 

(31.8 g, 206 mmol, 74%) was obtained as a yellow oil and used in the next step without further 

purification: Rf = 0.5 (10% Et2O, 1% AcOH in pentane); 1H NMR (400 MHz, CDCl3) δ 10.80 (br s, 

1H), 6.09 – 5.26 (m, 2H), 2.56 – 2.45 (m, 1H), 2.45 – 2.32 (m, 1H), 2.21 – 2.02 (m, 4H), 1.97 – 1.84 
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(m, 1H), 1.79 – 1.52 (m, 3H), 1.47 – 1.33 (m, 1H); 13C NMR (101 MHz, CDCl3) δ 184.4, 130.7, 129.6, 

43.3, 31.5, 29.3, 27.9, 26.0, 24.1; HRMS: calculated for C9H15O2 155.10666 [M+H]+; found 

155.10705. Spectroscopic data was in agreement with literature.[24]    

(Z)-1-Methylcyclooct-4-ene-1-carboxylic acid (14): Diisopropylamine (109 

mL, 763 mmol, 3.7 equiv) was dissolved in anhydrous THF (250 mL) in a 2 L 

round-bottom flask under N2. The solution was cooled to -50°C. n-Butyllithium (11 

M in hexanes, 63.7 mL, 701 mmol, 3.4 eq) was added dropwise over 30 minutes 

whilst maintaining a temperature between -60°C and -40°C. The reaction mixture was stirred for 

1 h at -50°C. Crude carboxylic acid 13 (31.8 g, 206 mmol, 1.0 equiv) was dissolved in anhydrous 

THF (100 mL) under N2 and subsequently added to the reaction mixture using a double tipped 

needle under N2 pressure. The reaction mixture was stirred for 1 h and allowed to warm to -20°C. 

Subsequently, the reaction mixture was stirred for 3 h at 50°C. Afterwards, the reaction mixture 

was cooled to -50°C before slowly adding CH3I (51.6 mL, 825 mmol, 4.0 equiv) over 30 min. The 

reaction mixture was stirred for 17 h and allowed to warm to room temperature. Next, the 

reaction mixture was stirred for 3 h at 50°C. The reaction mixture was cooled on ice, quenched 

with NH4Cl (satd., 50 mL) and concentrated in vacuo. The residue was diluted with HCl (2 M, 350 

mL) and toluene (150 mL). The organic layer was washed with HCl (2 M, 100 mL). The combined 

aqueous layers were extracted with toluene (2 x 250 mL). The combined organic layers were 

dried over MgSO4, filtered and concentrated in vacuo. The crude, methylated carboxylic acid 14 

(34.15 g, 203 mmol, 98%) was obtained as a dark oil and used in the next step without further 

purification: Rf = 0.5 (10% Et2O, 1% AcOH in pentane); 1H NMR (400 MHz, CDCl3) δ 10.65 (br s, 

1H), 5.69 (dt, J = 11.1, 5.5 Hz, 1H), 5.53 – 5.42 (m, 1H), 2.42 – 2.05 (m, 5H), 1.90 – 1.82 (m, 1H), 

1.79 – 1.50 (m, 4H), 1.25 (s, 3H); 13C NMR (101 MHz, CDCl3) δ 185.0, 131.9, 126.5, 46.1, 35.2, 32.2, 

27.0, 25.9, 24.7, 24.6; HRMS: calculated for C10H17O2 169.12231 [M+H]+; found 169.12274. 

Spectroscopic data was in agreement with literature.[18]      

Bicyclic iodolactone 10: The crude, methylated carboxylic acid 14 (34.15 g, 203 

mmol, 1.0 equiv) was dissolved in a mixture of DCM (400 mL) and H2O (200 mL) in 

a 1 L round-bottom flask. NaHCO3 (51.2 g, 609 mmol, 3.0 equiv) was added and the 

reaction mixture was stirred for 30 minutes before cooling to 0°C. I2 (51.5 g, 203 

mmol, 1.0 equiv) and KI (37.1 g, 223 mmol, 1.1 equiv) were added to a 500 mL Erlenmeyer flask 

and mixed with a spatula, forming a brown mixture. The iodine mixture was added portion wise 

to the cooled reaction mixture over 1 h. After complete addition, the reaction mixture was stirred 

for 4.5 h and allowed to reach room temperature. Subsequently, the reaction mixture was cooled 

on ice and quenched with NaHSO3 (10% w/w) until discoloration was complete. Brine (200 mL) 

was added and the aqueous phase was extracted with DCM (2 x 250 mL). The combined organic 

layers were dried over MgSO4, filtered and concentrated in vacuo. The crude product was 

obtained as a dark oil which was crystallized from EtOH to obtain iodolactone 10 (33.18 g, 113 

mmol, 56%, 23% over 5 steps) as a solid: Rf = 0.35 (10% Et2O, 1% AcOH in pentane); 1H NMR 

(400 MHz, CDCl3) δ 5.04 (dt, J = 8.1, 2.7 Hz, 1H), 4.66 – 4.50 (m, 1H), 2.59 – 2.39 (m, 2H), 2.37 – 

2.24 (m, 1H), 2.22 – 1.99 (m, 2H), 1.98 – 1.75 (m, 3H), 1.71 – 1.61 (m, 1H), 1.56 – 1.42 (m, 1H), 

1.29 (s, 3H); 13C NMR (101 MHz, CDCl3) δ 176.5, 82.1, 43.8, 41.1, 37.0, 33.7, 32.5, 29.6, 26.8, 19.5; 
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HRMS: calculated for C10H16IO2 295.01895 [M+H]+; found 295.01856. Spectroscopic data was in 

agreement with literature.[18]  

Bicyclic olefin 15: Iodolactone 10 (33.18 g, 113 mmol, 1.0 equiv) was co-evaporated 

with anhydrous toluene (2 x 50 mL) in a 1 L round-bottom flask, placed under N2 and 

dissolved in anhydrous toluene (370 mL). DBU (22.1 mL, 147 mmol, 1.3 equiv) was 

added to the solution and the reaction mixture was stirred at 70°C under N2.  After 20 

h, additional DBU (22.1 mL, 147 mmol, 1.3 equiv) was added and the reaction mixture was stirred 

for 72 h at 70°C under N2. The reaction mixture was cooled to room temperature before washing 

with H2O (2x 400 mL). The combined aqueous layers were extracted with toluene (400 mL). The 

combined organic layers were dried over MgSO4, filtered and concentrated in vacuo. The crude 

bicyclic olefin 15 (17.24 g, 104 mmol, 92%) was obtained as an oil and used in the next step 

without further purification: Rf = 0.4 (20% Et2O in pentane); 1H NMR (400 MHz, CDCl3) δ 5.95 

(ddd, J = 11.9, 9.6, 5.4 Hz, 1H), 5.46 (ddd, J = 11.9, 4.8, 2.4 Hz, 1H), 5.10 (br s, 1H), 2.50 – 2.37 (m, 

1H), 2.27 – 2.08 (m, 2H), 1.99 – 1.86 (m, 1H), 1.84 – 1.66 (m, 4H), 1.32 (s, 3H); 13C NMR (101 MHz, 

CDCl3) δ 177.2, 129.2, 127.7, 79.2, 45.2, 43.0, 31.9, 29.4, 26.6, 24.0; HRMS: calculated for C10H15O2 

167.10666 [M+H]+; found 167.10643. Spectroscopic data was in agreement with literature.[18]   

Cyclooctene methyl ester 8: The crude bicyclic olefin 15 (17.24 g, 104 mmol, 

1.0 equiv) was dissolved in a mixture of dioxane (60 mL) and H2O (60 mL) in a 

1 L round-bottom flask. The mixture was cooled to 0°C before adding KOH 

(14.55 g, 259 mmol, 2.5 equiv) portion wise. The reaction mixture was stirred 

for 20 h and allowed to warm to room temperature. TLC analysis (50% EtOAc, 1% AcOH in 

pentane) confirmed conversion of the starting material into carboxylic acid intermediate 16. 

Subsequently, the reaction mixture was concentrated in vacuo and co-evaporated with 

anhydrous toluene (3 x 60 mL) and anhydrous DMF (60 mL) to obtain the potassium salt of 16 

as a crude, viscous oil: Rf = 0.5 (50% EtOAc, 1% AcOH in pentane); 1H NMR (400 MHz, CDCl3) δ 

5.67 – 5.52 (m, 1H), 5.35 (ddt, J = 11.9, 5.6, 1.7 Hz, 1H), 5.03 – 4.88 (m, 1H), 2.36 – 2.25 (m, 1H), 

2.25 – 2.13 (m, 1H), 2.13 – 2.01 (m, 3H), 1.78 – 1.65 (m, 2H), 1.65 – 1.53 (m, 1H), 1.27 (s, 3H); 13C 

NMR (101 MHz, CDCl3) δ 13C NMR (101 MHz, CDCl3) δ 184.2, 132.3, 129.6, 68.5, 45.9, 35.7, 33.7, 

30.1, 26.8, 24.8. Compound 16 was placed under N2, suspended in anhydrous DMF (175 mL) and 

cooled to 0°C. CH3I (19.46 mL, 311 mmol, 3.0 equiv) was slowly added to the reaction mixture 

before stirring for 17 h and allowing the reaction mixture to warm to room temperature. H2O (2 

L) was added and the reaction mixture was extracted with Et2O (3 x 1 L). The combined organic 

layers were washed with H2O (500 mL), dried over MgSO4, filtered and concentrated in vacuo. 

The crude product was purified by silica gel chromatography (10 → 20% EtOAc in pentane). 

Methyl ester 8 (15.78 g, 80 mmol, 77% over 2 steps) was obtained as a yellow oil: Rf = 0.4 (30% 

EtOAc in pentane); 1H NMR (400 MHz, CDCl3) δ 5.58 (dtd, J = 11.6, 5.6, 2.0 Hz, 1H), 5.41 – 5.28 (m, 

1H), 5.00 – 4.86 (m, 1H), 3.66 (s, 3H), 2.36 – 2.22 (m, 1H), 2.19 – 2.00 (m, 4H), 1.77 (d, J = 4.7 Hz, 

OH), 1.74 – 1.63 (m, 2H), 1.60 – 1.52 (m, 1H), 1.22 (s, 3H); 13C NMR (101 MHz, CDCl3) δ 178.8, 

132.4, 129.3, 68.4, 51.9, 46.0, 35.9, 33.7, 30.4, 26.7, 24.9; HRMS: calculated for C10H15O2 

167.10666 [M-MeOH+H]+; found 167.10677. Spectroscopic data was in agreement with 

literature.[18]  
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Mixture of axial TCO methyl ester 6 and 

equatorial TCO methyl ester 7: Methyl ester 8 (1.73 

g, 8.73 mmol, 1.0 equiv)  was irradiated (λ = 254 nm) 

for 24 h in the presence of methyl benzoate (3.30 mL, 

26.2 mmol, 3.0 equiv) in a quartz flask containing a 

solution of Et2O in heptane (1:3, 600 mL). During irradiation, the reaction mixture was 

continuously circulated over a silica column (40 g size, containing dry silica and 22 g of AgNO3 

impregnated silica[25] (10% wt, containing ca. 13 mmol AgNO3, 1.5 equiv)) at a flowrate of 40 

mL/min. The column was placed in the dark and shielded with aluminum foil during the 

irradiation. Absence of 8 from the reaction mixture was shown with 1H NMR and the column was 

flushed with Et2O/heptane (1:3, 500 mL) before drying over a stream of air. Next, the contents of 

the column were emptied into an Erlenmeyer flask containing NH4OH (28% w/w, 200 mL) and 

DCM (200 mL). The biphasic mixture was stirred for ~ 1 h before filtration of the silica gel. The 

organic layer was separated and the aqueous layer was extracted with DCM (200 mL). The 

combined organic layers were washed with H2O (100 mL), dried over MgSO4, filtered and 

concentrated in vacuo. The crude product was purified by silica gel chromatography (33% EtOAc 

in pentane, isocratic) to obtain the isomeric mixture of axial isomer 6 and equatorial isomer 7 

(1.46 g, 7.36 mmol, 84%, 6 : 7 in an approximate ratio of 1 : 1.4) as an oil: Rf = 0.7 (axial isomer 6, 

50% EtOAc in pentane), 0.6 (equatorial isomer 7, 50% EtOAc in pentane); 1H NMR (400 MHz, 

CDCl3) δ 6.18 – 5.96 (m, 1H, 6), 5.80 (ddd, J = 15.8, 11.6, 3.9 Hz, 1H, 7), 5.63 (dd, J = 16.6, 2.4 Hz, 

1H, 6), 5.37 (dd, J = 16.2, 9.4 Hz, 1H, 7), 4.48 (br s, 1H, 6), 4.21 (td, J = 9.8, 5.7 Hz, 1H, 7), 3.73 (s, 

3H, 7), 3.64 (s, 3H, 6), 2.72 (qd, J = 11.9, 4.6 Hz, 1H, 7), 2.38 – 2.03 (m, 3H, 6, 3H, 7), 2.01 – 1.60 

(m, 5H, 6, 2H, 7, 2OH), 1.60 – 1.46 (m, 1H, 6, 1H, 7), 1.38 – 1.24 (m, 1H, 7), 1.20 (s, 3H, 7), 1.11 (s, 

3H, 6); 13C NMR (101 MHz, CDCl3) δ 180.5, 177.4, 135.9, 135.1, 132.7, 130.5, 75.1, 69.8, 52.1, 51.4, 

47.6, 46.0, 44.9, 44.7, 40.0, 38.9, 38.3, 34.8, 31.0, 30.9, 29.7, 18.2; HRMS: calculated for C11H18O3Na 

221.11482 [M+Na]+; found 221.11471. Spectroscopic data was in agreement with literature.[18]  

Equatorial TCO methyl ester 7, axial TCO carboxylic 

acid 17: The isomeric mixture of 6 and 7 (1.46 g, 7.36 

mmol, 1.0 equiv) was placed under N2, dissolved in 

MeOH (28 mL) and cooled on ice whilst stirring. A 

solution of KOH (4.54 g, 81 mmol, 11 equiv) in H2O (14 

mL) under N2 was cooled on ice and subsequently added to the isomeric mixture. The reaction 

mixture was placed in the dark, shielded with aluminum foil and stirred for 68 h at 4°C. TLC (50% 

EtOAc in pentane) indicated complete hydrolysis of axial isomer 6, whereas equatorial isomer 7 

remained unaffected. The reaction mixture was diluted with H2O (125 mL) and extracted with 

Et2O (3 x 125 mL). The combined organic layers were washed with H2O (25 mL), dried over 

MgSO4, filtered and concentrated in vacuo to obtain equatorial TCO methyl ester 7  (663 mg, 3.19 

mmol, 43%) as a transparent oil: Rf = 0.6 (50% EtOAc in pentane); 1H NMR (400 MHz, CDCl3) δ  

5.80 (ddd, J = 15.8, 11.6, 3.9 Hz, 1H), 5.37 (dd, J = 16.2, 9.4 Hz, 1H), 4.21 (td, J = 9.8, 5.7 Hz, 1H), 

3.73 (s, 3H), 2.73 (qd, J = 11.9, 4.6 Hz, 1H), 2.30 – 2.20 (m, 1H), 2.17 – 2.05 (m, 2H), 1.93 (dddd, J 

= 14.0, 11.8, 10.2, 1.4 Hz, 1H), 1.83 – 1.71 (m, 1H + OH), 1.53 (ddd, J = 14.2, 12.6, 4.8 Hz, 1H), 1.31 

(ddd, J = 15.4, 12.2, 1.4 Hz, 1H), 1.20 (s, 3H); 13C NMR (101 MHz, CDCl3) δ 177.4, 135.9, 132.8, 

75.1, 51.5, 47.6, 46.0, 40.0, 38.9, 34.8, 31.1; HRMS: calculated for C11H19O3 199.13287 [M+H]+; 
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found 199.13290. The combined aqueous layers were acidified to pH 3 with AcOH (30 mL total), 

followed by extraction with Et2O (3 x 125 mL). The combined organic layers were washed with 

H2O (65 mL), dried over MgSO4, filtered, partially concentrated in vacuo and co-evaporated with 

distilled toluene (3 x) to obtain axial TCO carboxylic acid 17 (569 mg, 3.09 mmol, 42%) as a 

yellow oil which was used in the next step without further purification: Rf = 0.3 (50% EtOAc in 

pentane); 1H NMR (400 MHz, CDCl3) δ 6.07 (ddd, J = 16.4, 10.8, 3.4 Hz, 1H), 5.64 (dd, J = 16.6, 2.5 

Hz, 1H), 4.49 (br s, 1H), 2.39 – 2.08 (m, 3H), 2.06 – 1.77 (m, 4H), 1.65 (dd, J = 15.9, 6.1 Hz, 1H), 

1.11 (s, 3H); 13C NMR (101 MHz, CDCl3) δ 185.6, 135.1, 130.6, 69.8, 44.8, 44.5, 38.3, 30.9, 29.6, 

18.0; HRMS: calculated for C10H17O3 185.11722 [M+H]+; found 185.11728. Spectroscopic data 

was in agreement with literature.[18]  

Axial TCO reagent 4: Axial TCO carboxylic acid 17 (515 mg, 2.80 

mmol, 1.0 equiv) and N,N′-Disuccinimidyl carbonate (2.15 g, 8.39 

mmol, 3.0 equiv) were combined in a 100 mL round-bottom flask. 

The mixture was co-evaporated with distilled toluene (3 x 5 mL), 

placed under N2 and suspended in anhydrous MeCN (18 mL). 

DIPEA (1.95 mL, 11.2 mmol, 4.0 equiv) and DMAP (34 mg, 0.28 mmol, 0.1 equiv) were added and 

the resulting clear reaction mixture was placed in the dark, shielded with aluminum foil and 

stirred at room temperature for 17 h. The reaction mixture was concentrated in vacuo, co-

evaporated with distilled toluene (3 x 5 mL) and subsequently purified by silica gel 

chromatography (neutralized silica, DCM → 2% acetone in DCM) to obtain the axial 

bifunctionalized product 4 (853 mg, 2.02 mmol, 72%) as a white, foamy solid: Rf = 0.3 (2% 

acetone in DCM); 1H NMR (400 MHz, CDCl3) δ 6.19 – 5.95 (m, 1H), 5.62 (dd, J = 16.7, 2.1 Hz, 1H), 

5.28 (br s, 1H), 2.84 (2 s, 8H), 2.53 – 2.19 (m, 4H), 2.19 – 1.91 (m, 4H), 1.28 (s, 3H); 13C NMR (101 

MHz, CDCl3) δ174.2, 169.4, 168.7, 150.7, 133.1, 128.9, 78.9, 44.4, 44.4, 35.8, 30.9, 30.2, 25.8, 25.6, 

18.1; HRMS: calculated for C19H22N2O9Na 445.12175 [M+Na]+; found 445.12150. Spectroscopic 

data was in agreement with literature.[18]   

Equatorial TCO carboxylic acid 18: Equatorial TCO methyl ester 7 (350 mg, 

1.77 mmol, 1.0 equiv) was placed under N2 and dissolved in MeOH (10 mL). A 

solution of KOH (1.09 g, 19.4 mmol, 11 equiv) in H2O (5 mL) under N2 was 

cooled on ice and subsequently added to the methyl ester solution. The 

resulting reaction mixture was stirred for 6 d at 50°C, during which the reaction was kept in the 

dark and shielded with aluminium foil. The reaction mixture was diluted with H2O (50 mL) and 

washed with Et2O (2 x 100 mL). The combined organic layers were extracted with H2O (50 mL). 

The combined aqueous layers were acidified to pH 3 with citric acid, followed by extraction with 

Et2O (3 x 100 mL). The combined organic layers were dried over MgSO4, filtered and concentrated 

in vacuo to obtain equatorial TCO carboxylic acid 18 (256 mg, 1.39 mmol, 79%) as a white solid: 

Rf = 0.3 (50% EtOAc in pentane); 1H NMR (400 MHz, CDCl3) δ 5.82 (ddd, J = 15.8, 11.6, 3.9 Hz, 1H), 

5.51 (dd, J = 16.2, 9.4 Hz, 1H), 4.25 (td, J = 9.6, 6.3 Hz, 1H), 2.77 (qd, J = 12.0, 4.6 Hz, 1H), 2.31 – 

2.21 (m, 1H), 2.20 – 2.05 (m, 3H), 1.86 – 1.76 (m, 1H), 1.55 (ddd, J = 14.2, 12.6, 4.9 Hz, 1H), 1.35 

(ddd, J = 15.2, 11.0, 2.6 Hz, 1H), 1.28 (s, 3H); 13C NMR (101 MHz, CDCl3) δ 182.1, 135.8, 132.9, 

75.2, 47.3, 45.8, 39.9, 38.9, 34.9, 30.9; HRMS: calculated for C10H16O3Na 207.09917 [M+Na]+; 

found 207.09914.  
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Equatorial TCO reagent 19: Equatorial TCO carboxylic acid 18 

(250 mg, 1.36 mmol, 1.0 equiv) and N,N′-Disuccinimidyl carbonate 

(1.39 g, 5.43 mmol, 4.0 equiv) were combined in a 50 mL round-

bottom flask. The mixture was co-evaporated with distilled 

toluene (2 x 5 mL), placed under N2 and suspended in anhydrous 

MeCN (7 mL). DIPEA (1.78 mL, 10.2 mmol, 7.5 equiv) was added 

and the resulting clear reaction mixture was placed in the dark, shielded with aluminum foil and 

stirred at room temperature for 36 h. The reaction mixture was impregnated with Celite, 

concentrated in vacuo and purified by silica gel chromatography (50% EtOAc in pentane, 

isocratic) to obtain the equatorial bifunctionalized product 19 (378 mg, 0.89 mmol, 66%) as a 

foamy white solid: Rf = 0.3 (50% EtOAc in pentane); 1H NMR (400 MHz, CDCl3) δ5.95 (ddd, J = 

15.9, 11.6, 4.0 Hz, 1H), 5.75 (dd, J = 16.4, 9.6 Hz, 1H), 5.16 (td, J = 10.1, 5.8 Hz, 1H), 2.92 – 2.77 (m, 

8H), 2.73 – 2.59 (m, 1H), 2.42 (d, J = 14.2 Hz, 1H), 2.33 – 2.18 (m, 2H), 1.97 (dd, J = 15.6, 5.7 Hz, 

1H), 1.70 (ddd, J = 14.3, 12.9, 4.7 Hz, 1H), 1.46 (s, 3H); 13C NMR (101 MHz, CDCl3) δ 171.5, 169.4, 

168.9, 151.1, 135.0, 130.7, 83.5, 47.5, 45.2, 38.7, 35.1, 35.0, 30.9, 25.8, 25.6; HRMS: calculated for 

C19H22N2O9Na 445.12175 [M+Na]+; found 445.12164. 

CCO reagent 5: Equatorial bifunctionalized TCO 19 (464 mg, 

1.10 mmol, 1.0 equiv) was dissolved in CDCl3 (22 mL) in a 100 

mL round-bottom flask. The solution was purged with N2, sealed 

and stirred whilst irradiating with a CFL (23 W, 1 cm distance to 

flask, see Figure 2) for 48 h. 1H NMR analysis confirmed full 

conversion and the reaction mixture was concentrated in vacuo. The crude product was purified 

by silica gel chromatography (15% Et2O in DCM, isocratic) to obtain the bifunctionalized cis 

product 5 (343 mg, 0.812 mmol, 74%) as an foamy white solid: Rf = 0.6 (30% Et2O in DCM); 1H 

NMR (400 MHz, CDCl3) δ 6.01 – 5.86 (m, 1H), 5.82 – 5.69 (m, 1H), 5.44 (ddt, J = 12.0, 5.8, 1.6 Hz, 

1H), 2.92 – 2.76 (m, 8H), 2.47 – 2.15 (m, 5H), 2.00 – 1.79 (m, 3H), 1.46 (s, 3H); 13C NMR (101 MHz, 

CDCl3) δ 172.7, 169.2, 168.8, 151.3, 131.5, 125.7, 79.6, 45.8, 35.8, 29.6, 29.4, 26.5, 25.8, 25.6, 24.5; 

HRMS: calculated for C19H22N2O9Na 445.12175 [M+Na]+; found 445.12154. 
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Towards incorporation of trans-cyclooctene-

modified amino acids in Fmoc solid phase peptide 

synthesis  

T. Hansen and M. S. Kloet contributed to the work described in this Chapter. 

3.1 Introduction 

The inverse electron demand Diels-Alder (IEDDA) cycloaddition[1] has become an 

intrinsic component of bioorthogonal chemistry.[2–6] Tetrazine ligation, defined as 

IEDDA cycloaddition between tetrazines and strained alkenes, is of particular 

importance when trans-cyclooctenes (TCOs)[7,8] acts as dienophiles, as reaction rates 

within 103 – 106 M-1s-1 are encountered for this reaction pair.[7,9,10] Incorporation of TCO 

modified lysines via genetic code expansion has proven valuable to enable site-specific 

protein labeling with fluorogenic tetrazines (Figure 1A).[11–14] The utility of the TCO 

functionality in this regard is determined by its reaction kinetics, but also by its stability 
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and solubility in biological systems. In vivo, high concentrations of thiols[9,10,15] and 

copper-containing proteins[16] are the primary causes for TCOs to isomerize to their cis-

cyclooctene counterparts. Fox and co-workers recently demonstrated thiol-induced 

TCO isomerization to proceed through radical intermediates (Figure 1B).[17] Nikíc et 

al.[18] studied the stability of TCO modified lysines in the presence of cysteamine 

hydrochloride using 1H-NMR, revealing the allylic TCO carbamate (2-ene, 1a/b) to 

possess superior stability compared to 3-ene (2) and 4-ene (3) isomers (Figure 1C).[18] 

Within these allylic substituted TCOs, the more reactive axial isomer (1a) is also more 

resistant towards isomerization by cysteamine compared to the equatorial isomer (1b, 

Figure 1D).[19] This finding contradicts general stability trends for TCOs in which 

increased reactivity towards tetrazines is paired with reduced stability.[9,10]  

A recently discovered elimination extension of the tetrazine ligation with TCOs, IEDDA 

pyridazine elimination,[20] employs allylic substituted TCOs as temporary “cages” to 

mask the amine functionality of antibody drug conjugates (ADCs),[21,22] protein active 

sites[23] and immunogenic peptides[24] as TCO carbamates (Figure 2A). Tetrazine 

ligation is followed by a tautomerization step, leading to liberation of the amine and 

Figure 1 A) Site-specific protein labeling with fluorogenic tetrazines and TCO modified lysines.[2-

6] B) Proposed mechanism for thiol-induced TCO isomerization by Fox and co-workers.[17] C) 
Stability studies on TCO carbamate protected lysines (1-3) in the presence of cysteamine 
revealed superior stability for the allylic substituted TCO 1a/b.[18,19] D) Axial (1a) and equatorial 
(1b) isomers of the allylic substituted TCO derivative mentioned in C.  
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elimination of the pyridazine and CO2 from a 1,4-dihydropyridazine.  Synthesis of these 

caged biomolecules often hinges on chemoselectivity of amines to obtain the TCO 

modified carbamate constructs. Solid phase synthetic strategies would omit this 

necessity and therefore increase the scope of biomolecules available to this decaging 

method. However, acidic (deprotection) conditions are common to these strategies, and 

cyclooctenes are reported to react with (strong) acids.[25–27] In this respect, Robillard 

and co-workers reported full stability for a model axial TCO with allylic carbamate 

substitution (4) in 1% and 10% TFA (v/v in CHCl3, 1 hour; Figure 2B).[28] It was 

hypothesized that the stability of such TCO’s[18,19,28] would allow its incorporation in a 

growing peptide chain during Fmoc solid phase peptide synthesis (SPPS), followed by 

acidic cleavage of the peptide from the solid support (Figure 2C). This Chapter describes 

the attempted development of an SPPS-based strategy for TCO-modified peptide 

synthesis.  

  

Figure 2 A) Overview of the IEDDA pyridazine elimination reaction.[20] B) Stability data of an 
allylic substituted TCO carbamate 4 (axial isomer) in the presence of TFA by Robillard and co-
workers.[18] C) Synthetic strategy proposed in this Chapter. PG = protecting group; Xaa = 
unspecified amino acid. 
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3.2 Results and discussion  

Global acidic deprotection to liberate peptide sequences of their temporary protective 

groups and resin modalities constitutes a key step in Fmoc SPPS. Depending on the 

nature of these protective functionalities, varying concentrations of TFA and 

scavengers are employed for this reaction. In order to achieve the goal of incorporating 

TCO-modified amino acids into an SPPS-sequence, it was envisioned that the extent and 

mechanism of TFA-induced isomerization of allylic substituted TCOs would have to be 

characterized in detail. 

Model allylic TCO carbamate 5[20,29] was synthesized to measure the rate of TFA-

induced isomerization with 1H NMR (Scheme 1). Cyclooctenol 6 was obtained from cis-

cyclooctene (7) in a one-pot, two-step procedure involving formation and subsequent 

oxidation of a hydroxy selenide adduct (8).[30,31] Photochemical isomerization of 6 gave 

a mixture of axial (9) and equatorial (10) TCO diastereoisomers which were separated 

using silica gel column chromatography.[20,32] Treatment of 6 and 9 with benzyl 

isocyanate gave carbamates 11 and 5, respectively. Exposure of 5 to TFA-H (5% v/v in 

CDCl3) for 30 – 150 minutes, followed by dilution with toluene and concentration in 

vacuo resulted in a progressively isomerized mixture on 1H NMR (Figure 3). While 5 is 

still the major species after 30 and 60 minutes of incubation (64% and 48% estimated 

5 intact, respectively), the spectra of the concentrated mixtures upon prolonged 

incubation primarily possess cis-cyclooctene characteristics, without directly matching 

reference compound 11. The latter observation is in agreement with the reactivity of 

CCOs towards TFA, as described by Nordlander et al.[27]  

Based on this initial experiment, it was decided that directly monitoring the interaction 

of 5 and TFA was required to obtain meaningful data. Furthermore, it was reasoned 

that neutralizing the acidic reaction mixture (e.g. with pyridine)[33] during such an NMR 

Scheme 1 Synthesis of allylic TCO carbamate 12 and allylic CCO carbamate 11. 
Reagents/conditions: (a) i. Diphenyl diselenide, H2O2, DCM, 0°C; ii. MgSO4; iii. 7, 0°C to rt; (b) tBu-
OOH, 0°C to rt, 86% over 2 steps; (c) benzyl isocyanate, Et3N, DCM, rt, 83% (11), 77% (5); (d) 
methyl benzoate, hv (254 nm), Et2O / heptane, rt, 33% (9), 22% (10). 
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experiment would negate effects of direct concentration and could be translated to 

Fmoc SPPS procedures.[33]  

Addition of TFA-D (5% v/v in CDCl3) to 5 led to a clear perturbation of the H3-signal (δ 

= 5.8 ppm) towards an overlapping H2-3-signal (δ = 5.7 – 5.4 ppm; Figure 4A). In a 

similar fashion, peak perturbation and/or broadening was visible for C1 (δ = 74 ppm), 

C2-3 (δ = 132 ppm) and C=O (δ = 156 ppm) on 13C-APT NMR (Figure 4B). Other signals 

in the 1H and 13C NMR spectra for this cationic species showed minor shifts compared 

to 5. The overall spectral appearance did not change over the course of the experiment. 

Administration of pyridine-D5 (2 equivalents) after 90 minutes directly recovered the 

spectral appearance of the TCO model compound (5), without a significant degree of 

isomerization (94% stability based on 1H NMR estimations).  

Figure 3 Isomerization/degradation of model compound 5 after incubation (30 – 150 min) with 
TFA-H (5% v/v in CDCl3; 600 µL total volume). After the indicated incubation period, the sample 
was diluted with toluene (5 mL), concentrated in vacuo (40°C) and analyzed with 1H NMR. The 
stability of 5 was estimated by comparing the H3 signal (5.90-5.75 ppm) with the methylene 
signal (4.45-4.30 ppm). 
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Figure 4 Stacked 1H (A; δ 9.5/-0.5 ppm) and 13C-APT (B; 170/15 ppm) NMR spectra of model 
TCO carbamate 5 before and upon treatment with TFA-D (5% v/v in CDCl3). Chemical shift 
perturbation and/or peak broadening is visible in both spectra for characteristic 1H and 13C 
signals (H/C1-3, C=O). After 90 minutes, the mixture was quenched by adding pyridine-D5 (2 
equiv), recovering the signals for carbamate 5. The stability of 5 was estimated to be 94% by 
comparing the H3 signal (5.90-5.75 ppm) with the methylene signal (4.45-4.30 ppm). 
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Figure 5 Stacked 1H (A; δ 9.5/-0.5 ppm) and 13C-APT (B; 170/15 ppm) NMR spectra of model 
TCO carbamate 5 before and upon treatment with TFA-D (10% v/v in CDCl3). Chemical shift 
perturbation and/or peak broadening is visible in both spectra for characteristic 1H and 13C 
signals (H/C1-3, C=O). After 90 minutes, the mixture was quenched by adding pyridine-D5 (2 
equiv), partially recovering the signals for carbamate 5. The stability of 5 was estimated to be 
75% by comparing the H3 signal (5.90-5.75 ppm) with the methylene signal (4.45-4.30 ppm). 
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Figure 6 Stacked 1H (A; δ 9.5/-0.5 ppm) and 13C-APT (B; 170/15 ppm) NMR spectra of model 
TCO carbamate 5 before and upon treatment with TFA-D (20% v/v in CDCl3). Chemical shift 
perturbation and/or peak broadening is visible in both spectra for characteristic 1H and 13C 
signals (H/C1-3, C=O). After 90 minutes, the mixture was quenched by adding pyridine-D5 (2 
equiv) to obtain a complex, isomerized mixture. The stability of 5 could not be estimated for this 
time point due to spectral heterogenicity.  
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This initial experiment was repeated using 10% TFA-D (v/v in CDCl3; Figure 5) and 20% 

TFA-D (v/v in CDCl3; Figure 6). In both follow-up experiments, exposure to TFA-D led 

to the same species, with increasing prevalence of byproducts on 13C-APT (δ = 135-125, 

80-70, 45-20 ppm). However, upon quenching with pyridine-D5, the extent of observed 

isomerization was more pronounced. While incubation with 10% TFA-D led to an 

estimated stability of 75% 5, 20% TFA-D led to a heterogenous spectrum in which the 

stability for 5 was so low that the data was deemed non extractable. 

Based on these data, the existence of a stabilized cationic species was hypothesized to 

enable (partial) retention of the trans olefin configuration during acidic exposure. In an 

extreme scenario, direct deuteration of 5 with TFA-D likely occurs on C2 and/or C3, after 

which the positive charge can be stabilized by anchimeric assistance of the carbamate 

moiety. These options were evaluated by computing the (anchimerically) stabilized 

structures arising from both pathways (protonation on C2 or C3) for a model axial TCO 

carbamate with N-methylation (12, Figure 7A). DFT computations reveal that 

protonation on C3, with anchimeric assistance as a five-membered ring system, is the 

most likely stabilized cationic species with a strong preference of 3 kcal mol–1. This is 

also in agreement with the NMR results presented herein (Figures 4 – 6), where a direct 

shift of the H3 signal was observed upon treatment with TFA-D and only a single product 

was initially observed. Furthermore, it is generally accepted that the formation of a five 

membered ring would occur faster than the formation of a six-membered ring. It is 

noteworthy that the computed structure for the cationic species has four carbon atoms 

in plane and four carbon atoms above that plain. This matches the most stable 

conformation of cis-cyclooctene, as reported by previous DFT studies,[34] but does not 

explain how the trans-configuration is retained or restored upon neutralization. 

Therefore, the proposed mechanism entails protonation/deuteration of 5 on C3 and 

formation of a stabilized cationic species (13) by anchimeric assistance of the 

carbamate moiety towards C2. This species retains the trans configuration and can 

rearrange into the more stable cis configuration (14) upon prolonged acidic exposure 

(Figure 7B).  

In order to translate the NMR studies presented herein towards the envisioned Fmoc 

SPPS strategy, deprotection of the peptide sequence should occur under dilute TFA 

concentrations (<10% v/v). It was reasoned that introduction of the TCO-moiety via 

selective Lys sidechain deprotections would therefore be limited to allyloxycarbonyl 

(Alloc) manipulation, as 4-methyltrityl (Mtt) groups are also cleaved under dilute 

acid.[35] Furthermore, the utilization of a TCO-modified Lys building block could 

simplify future methodology for TCO-modification of other types of amino acids (Tyr, 

Ser, Thr) as TCO-ethers.[29,36] 
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Axial TCO carbonates 15 and 16 were obtained by reacting axial TCO 9 with N,N’-

disuccinimidyl carbonate and 4-nitrophenyl chloroformate, respectively. Fmoc-

Lys(TCO)-OH (17)[18,23] was synthesized from Fmoc-Lys-OH (18) and carbonates 15 

and 16 for incorporation in Fmoc SPPS (Table 1). Conditions derived from procedures  

Figure 7 A) Proposed formation of stabilized cationic species upon exposure of TCO-carbamate 
12 to TFA. The positive charge created by protonation of C2 or C3 can be stabilized by anchimeric 
assistance of the carbamate moiety, thereby forming either a five- or six-membered ring system. 
Both structures were computed with DFT, revealing that protonation on C3 results in the most 
stable structure by a margin of 3.0 kcal mol-1. Energies are computed at PCM(CHCl3)-M06-2X/6-
311++G(d,p). B) Mechanistic rationale for the NMR studies presented in this Chapter. Deuteration 
of 5 on C3 and anchimeric stabilization on C2 leads to the  formation of a stabilized species cationic 
species (13). From this species, slow isomerization to the cis-cyclooctene conformation (14) or 
reformation of 5 (upon neutralization of the acid) can both occur. Calculations were performed 
by T. Hansen (Leiden University). 
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by Li et al.[23] (entries 1-2) and Nikíc et al.[18] (entry 3) were initially investigated using 

the previously described axial TCO succinimidyl carbonate 15.  The mediocre yield 

obtained in these entries (20 – 40%) was reduced down to 0% when attempting similar 

conditions with Fmoc-Lys-OMe (19; entries 4-5). Although Nα-Fmoc cleavage is very 

slow in the presence of tertiary amines such as DIPEA,[37,38] is has been reported that 

this reaction readily occurs via the ε-amino group of Lysine.[35] Finally, it is conceivable 

that the absence of a carboxylic acid functionality (entries 4-5) further enhanced this 

deprotection. The isolated yield of Fmoc-Lys(TCO)-OH (17) was increased up to 90% 

by switching to a dioxane/H2O (1:1 v/v) solvent system in which a mixture of sodium 

bicarbonate and sodium carbonate was employed as base (entry 7). This optimized 

procedure was also executed on mmol scale in which the reaction reached completion 

within 4 hours (entry 8). 

Table 1 Synthesis of Fmoc-Lys(TCO)-OH (17) from Fmoc-Lys-OH · HCl (18) and axial TCO 
carbonates 15 and 16. 

Entry Lys  

(eq) 

TCO  

(1 eq) 

Scale 

(mmol) 

Base  

(eq) 

Solvent 

(M) 

Time 

 (h) 

Yield 

(%)a 

1 18 (1.5) 15 

 

0.26 DIPEA (2) DMF  

(0.3) 

19 36 

2 18 (1.5) 15 

 

0.46 DIPEA (2) DMF 

(0.3) 

48 20 

3b 18 (2.0) 15 

 

0.50 DIPEA (3) DMSO 

(0.1) 

19 40 

4c 19 (1.5) 16 0.29 DIPEA (1.5) DMSO 

(0.1) 

1 0 

5 19 (1.2) 16 0.20 DIPEA (1.2) DCM 

(0.2) 

4.5 0 

6 18 (1.5) 16 0.20 NaHCO3 (3) 

Na2CO3 (1.5) 

Dioxane/H2O 1:1; 

(0.05) 

22 47 

7 18 (2.0) 16 0.20 NaHCO3 (4) 

Na2CO3 (2) 

Dioxane/H2O 1:1; 

(0.1) 

19 90 

8 18 (2.0) 16 2.0 NaHCO3 (4) 

Na2CO3 (2) 

Dioxane/H2O 1:1; 

(0.1) 

4 90 

aIsolated yield. bDropwise addition of TCO carbonate 15 over 2 hours. cDropwise addition of 
DIPEA over 4.5 hours. 
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Fmoc-Lys(TCO)-OH (17) was evaluated as a building block for Fmoc SPPS in the direct 

synthesis of TCO-modified SIINFEKL (Figure 8A). The design and application in 

chemical immunology for TCO modification of this peptide sequence is described in 

Chapter 4. C-terminal loading was accomplished using a Tentagel resin with a TFA labile 

(≥ 5% v/v in DCM) AC linker (3-methoxy-4(hydroxymethyl)phenoxyacetic acid; Rapp 

polymere). Ser and Glu were incorporated with trityl (Trt; 1 - 5% TFA in DCM, v/v )[39] 

and 2-phenylisopropyl ester (2-PhiPr; 2 – 4% TFA in DCM, v/v)[40] protective groups, 

respectively. The recently introduced 4-monomethoxytrityl (MMt) protection of Asn 

was chosen over conventional trityl (Trt; 95% TFA in DCM, v/v) protection.[41] 

After verifying successful assembly of the peptide sequence using an analytical 

deprotection with TFA/H2O/TIS (95/2.5/2.5, v/v), the resin bound peptide (20) was 

subjected to various deprotection conditions (5/10/20% TFA in DCM, 2% TIS, v/v) for 

60 minutes. Deprotection mixtures were neutralized in MeOH/pyridine (2 equivalents), 

concentrated in vacuo and treated with tetrazine 21 to enable estimation of the 

cis/trans ratio by LC/MS analysis. The results revealed that, in contrast to the complete 

deprotection of the Ser and Glu residues, the Asn residue only approached full 

deprotection at 20% TFA (v/v). Furthermore, an increasing degree of cyclooctene 

carbamate hydrolysis was observed for higher TFA concentrations. The peptides 

detected with the cyclooctene modality retained 45% (5% TFA, 2% TIS, v/v) to 9% 

(20% TFA, 2% TIS, v/v) of their trans olefin bond. 

Taken together, these results indicate the deprotection of (Lys)-TCO-modified peptides 

from solid support should preferably constitute short exposure times with low TFA 

concentrations, thereby minimizing the hydrolysis and isomerization of the TCO-

carbamate moiety. The feasibility of this approach was recently demonstrated by 

synthesizing a TLR-2 agonist with N-terminal TCO carbamate modification using Fmoc 

SPPS.[42] In this case, exposing the construct for 15 min to 5% TFA, 2.5% TIS, 2.5% H2O 

in DCM (v/v), followed by HPLC purification, led to sufficient quantity of the desired 

trans-product.[42]  

Side chain protecting groups employed for Fmoc building blocks are to be carefully 

selected for this strategy. In case of the SIINFEKL sequence, and C/N-terminally 

extended derivatives thereof, the abovementioned deprotection conditions could be 

feasible by incorporating the Asn residue without a sidechain protecting group. β-

Cyano-aniline formation, by dehydration of Fmoc-Asn-OH during carboxylic acid 

activation,[43] can be minimized by employing 1-hydroxy-1H-benzotriazole (HOBt) as 

an additive for carbodiimide procedures or by use of activated ester derivatives of 

Fmoc-Asn-OH.[44,45] For long sequences, where the reduced solubility of exposed Asn 

sidechains is more relevant, the development of a highly acid labile (≤ 5% TFA in DCM, 
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v/v) protective group for Asn, such as 4,4’-dimethoxytrityl (DMT), could be of 

importance. 

Figure 8 A) Incorportation of Fmoc-Lys(TCO)-OH (17) in Fmoc SPPS. Reagents/conditions: (a) 
Fmoc SPPS from Fmoc-Leu-S AC (tentagel resin) employing building blocks: 17, Fmoc-Glu(2-
PhiPr)-OH, Fmoc-Phe-OH, Fmoc-Asn(MMt)-OH, Fmoc-Ile-OH (x2) and Fmoc-Ser(Trt)-OH; (b) 5-
20% TFA, 2% TIS in DCM (v/v), 1 h; (c) pyridine (2 equiv) in MeOH. B) Summary of LC/MS 
analyses of the deprotection mixtures. Analytical samples were treated with tetrazine 21 prior 
to LC/MS analysis to allow discrepancy between cis and trans-cyclooctene moieties. Relative 
signals of the total ion count (TIC) were calculated for the fragment groups displayed.  
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3.3 Conclusions 

In conclusion, approaches towards an Fmoc SPPS-based strategy for TCO-modified 

peptide synthesis is described. TFA induced isomerization of a model axial allylic 

substituted TCO carbamate was studied using 1H and 13C NMR. The results confirmed 

that global deprotection of a peptide sequence should occur under dilute TFA 

concentrations (< 10% v/v). Preferential protonation on C3 and anchimeric assistance 

of the carbamate moiety towards C2 was hypothesized to account for the stability of the 

cationic species formed under these acidic conditions. Optimized synthesis of an Fmoc-

Lys(TCO)-OH building block was followed by its incorporation in the SIINFEKL peptide 

sequence on solid support. Global deprotection of this sequence under dilute TFA 

concentrations (5% v/v, 60 minutes) led to substantial TCO isomerization and 

carbamate hydrolysis, indicating that further optimization of this deprotection step is 

required. An alternative synthetic strategy, featuring solution phase coupling of the TCO 

moiety to peptide sequences after Fmoc SPPS, was explored in Chapter 4 as a 

consequence of the results described in this Chapter. 
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3.4 Experimental procedures  

General methods: Commercially available reagents and solvents were used as received. 

Moisture and oxygen sensitive reactions were performed under N2 atmosphere (balloon). DCM, 

toluene, dioxane and Et2O were stored over (flame-dried) 4 Å molecular sieves (8-12 mesh). 

MeOH was stored over (flame-dried) 3 Å molecular sieves. DIPEA and Et3N were stored over KOH 

pellets. TLC analysis was performed using aluminum sheets, pre-coated with silica gel (Merck, 

TLC Silica gel 60 F254). Compounds were visualized by UV absorption (λ = 254 nm), by spraying 

with either a solution of KMnO4 (20 g/L) and K2CO3 (10 g/L) in H2O, a solution of (NH4)6Mo7O24 · 

4H2O (25 g/L) and (NH4)4Ce(SO4)4 · 2H2O (10 g/L) in 10% H2SO4, 20% H2SO4 in EtOH, or 

phosphomolybdic acid in EtOH (150 g/L), where appropriate, followed by charring at ca. 150°C. 

Column chromatography was performed on Screening Devices b.v. Silica Gel (particle size 40-63 

µm, pore diameter 60 Å). Celite Hyflo Supercel (Merck) was used to impregnate the reaction 

mixture prior to silica gel chromatography when indicated. 1H, 13C APT, 1H COSY, HSQC and HMBC 

spectra were recorded with a Bruker AV-400 (400/100 MHz) or AV-500 (500/125 MHz) 

spectrometer. Chemical shifts are reported as δ values (ppm) and were referenced to 

tetramethylsilane (δ = 0.00 ppm) or the residual solvent peak as internal standard.  J couplings 

are reported in Hz. LC-MS analysis was performed on a Finnigan Surveyor HPLC system 

(detection at 200-600 nm) with an analytical C18 column (Gemini, 50 x 4.6 mm, 3 µm particle size, 

Phenomenex) coupled to a Finnigan LCQ Advantage MAX ion-trap mass spectrometer (ESI+). The 

applied buffers were H2O, MeCN and 1.0% TFA in H2O (0.1% TFA end concentration). The method 

used was: 10% → 90% MeCN, 13.5 min (0→0.5 min: 10% MeCN; 0.5→8.5 min: gradient time; 

8.5→10.5 min: 90% MeCN; 10.5→13.5 min: 90% → 10% MeCN). The synthesis of tetrazine 21 is 

described in Chapter 4 and a recent publication.[24] 

Photoisomerization methods: General guidelines were followed as described by Royzen et 

al.[32] Photochemical isomerization was performed using a Southern New England Ultraviolet 

Company Rayonet reactor (model RPR-100) equipped with 16 bulbs (part number RPR-2537A, 

λ = 254 nm). Photolysis was performed in a 1500 mL quartz flask (Southern New England 

Ultraviolet Company; part number RQV-323). A HPLC pump (Jasco; model PU-2088 Plus) was 

used to circulate solvent through the photolysis apparatus at the indicated flow rate. An empty 

solid load cartridge with screw cap, frits, O-ring and end tips (40 g; SD.0000.040; iLOKTM, 

Screening Devices b.v.) was manually loaded with the specified silica gel to function as the 

stationary phase. 

Computational methods: The density functional theory (DFT) computations were performed 

using Gaussian 09 rev D.01. For all computation the hybrid functional B3LYP‒D3(BJ) and M06‒

2X were used for geometry optimization and energy calculation respectively. In terms of the basis 

set, 6‒31+G(d) was used for geometry optimization and 6‒311++G(d,p) was used for energy 

calculation. The internally defined super-fine grid size was used (SCF=tight, Int=veryfinegrid), 

which is a pruned 175,974 grid for first-row atoms and a 250,974 grid for all other atoms. 

Geometries were optimized without symmetry constraints. All calculated stationary points have 

been verified by performing a vibrational analysis, to be energy minima (no imaginary 

frequencies). Solvation in chloroform was taken into account in the computations using the PCM 

implicit solvation model. Solvent effects were explicitly used in the solving of the SCF equations 
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and during the optimization of the geometry and the vibrational analysis. The ring dihedral angles 

were constrained for all conformations. The optimized structures were illustrated using CYLview. 

The denoted free Gibbs energy was calculated using Equation S1, in which ΔEgas  is the gas-phase 

energy (electronic energy), ΔGgas,QH
T  (T = 293.15 K, p = 1 atm., C = 1 M) is the sum of corrections 

from the electronic energy to the free Gibbs energy in the quasi-harmonic oscillator 

approximation, including zero-point-vibrational energy, and ΔGsolv is their corresponding free 

solvation Gibbs energy. The ΔGgas,QH
T  was computed using the quasi-harmonic approximation in 

the gas phase according to the work of Truhlar.[46] The quasi-harmonic approximation is the same 

as the harmonic oscillator approximation except that vibrational frequencies lower than 100 cm-

1 were raised to 100 cm-1 as a way to correct for the breakdown of the harmonic oscillator model 

for the free energies of low-frequency vibrational modes.[46] 

    ΔGH2O
T = ΔEgas+ ΔGgas,QH

T  + ΔGsolv                                        (Eq. S1) 

     = ΔGgas
T + ΔGsolv 
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Cyclooctenol 6: Synthesis was performed according to literature references.[30,31] 

A solution of diphenyl diselenide (10.0 g, 32.0 mmol, 1.5 equiv) in DCM (100 mL) 

was cooled to 0°C (ice bath) under an argon atmosphere before adding hydrogen 

peroxide solution (35% w/w, 2.85 mL, 32.6 mmol, 1.5 equiv) dropwise. The reaction mixture was 

stirred for 75 min before adding magnesium sulfate hydrate (11 g). The resulting suspension was 

stirred for 60 min before removing the ice bath and adding (Z)-cyclooctene (7, 2.80 mL, 21.46 

mmol, 1.0 equiv). The reaction mixture was stirred for 22 h at room temperature, after which 

conversion to the intermediate hydroxyl selenide adduct (8) was shown using TLC (Rf = 0.4 

(pentane)). The reaction mixture was cooled to 0°C (ice bath) before adding tert-butyl 

hydroperoxide (~5.5 M in decane, 20.73 mL, 114 mmol, 5.3 equiv) dropwise. The ice bath was 

removed and the reaction mixture was stirred for > 20 h at room temperature under an argon 

atmosphere, resulting in an orange solution with a colorless precipitate. The reaction mixture 

was filtered, the residue was washed with Et2O and the orange filtrate was concentrated in vacuo. 

The crude oil was redissolved in Et2O (~150 mL) and washed with Na2CO3 (5% w/w, 2 x 100 mL), 

H2O (100 mL), Fe2SO4 (10% w/w, 2 x 100 mL), H2O (100 mL), NaHCO3 (sat., 100 mL), H2O (100 

mL) and brine (100 mL). The organic layer was then dried over MgSO4, filtered and concentrated 

in vacuo. The crude product was purified by silica gel chromatography (15% → 20% Et2O in 

pentane). Cyclooctenol 6 (2.34 g, 18.54 mmol, 86%) was collected as a yellow oil: Rf = 0.3 (20% 

Et2O in pentane);  1H NMR (400 MHz, CDCl3) δ 5.60 (dddd, J = 10.3, 8.5, 7.0, 1.4 Hz, 1H), 5.52 (ddd, 

J = 10.8, 6.6, 1.0 Hz, 1H), 4.69 – 4.61 (m, 1H), 2.22 – 2.02 (m, 2H), 1.95 – 1.86 (m, 1H), 1.81 (s, 1H), 

1.69 – 1.32 (m, 7H); 13C NMR (101 MHz, CDCl3) δ 135.1, 128.7, 69.6, 38.7, 29.2, 26.4, 26.0, 23.8. 

Spectroscopic data was in agreement with literature.[31] 

Trans-cyclooctenol; axial diastereoisomer (9) 

and equatorial diastereoisomer (10): Synthesis was 

performed according to literature references.[20,32] 

Cyclooctenol 6 (1.00 g, 7.92 mmol, 1.0 equiv) was irradiated (λ = 254 nm) for 20 h in the presence 

of methyl benzoate (2.60 ml, 20.60 mmol, 2.6 equiv) in a quartz flask containing a solution of Et2O 

in heptane (10% v/v, 500 mL). During irradiation, the reaction mixture was continuously 

circulated over a column (40 g size, containing dry silica and 17 g of AgNO3 impregnated silica[32] 

(10% w/w, containing ca. 10 mmol AgNO3, 1.26 equiv)) at a flowrate of 40 mL/min. The column 

was placed in the dark and shielded with aluminum foil during the irradiation. Absence of 6 from 

the reaction mixture was shown with 1H NMR and the column was flushed with Et2O in heptane 

(10% v/v, 600 mL) before drying over a stream of air. Next, the contents of the column were 

emptied into an Erlenmeyer flask containing NH4OH (sat., 200 mL) and DCM (200 mL). The 

biphasic mixture was stirred for ~ 1 h before filtration of the silica gel. The organic layer was 

separated and the aqueous layer was extracted with DCM (200 mL). The combined organic layers 

were washed with H2O (100 mL), dried over MgSO4, filtered and concentrated in vacuo. The crude 

isomeric mixture was separated and purified by silica gel chromatography (15% Et2O in pentane; 

isocratic). The axial product (9, 328 mg, 2.60 mmol, 33%) was obtained as an oil: Rf = 0.4 (20% 

Et2O in pentane); 1H NMR (400 MHz, CDCl3) δ 5.96 (ddd, J = 15.5, 11.0, 3.5 Hz, 1H), 5.58 (dd, J = 

16.5, 2.2 Hz, 1H), 4.61 (br s, 1H), 2.52 – 2.45 (m, 1H), 2.08 – 2.00 (m, 1H), 1.99 – 1.92 (m, 2H), 1.90 

– 1.80 (m, 1H), 1.72 – 1.46 (m, 4H), 1.17 – 1.06 (m, 1H), 0.82 – 0.71 (m, 1H); 13C NMR (101 MHz, 

CDCl3) δ 135.3, 130.7, 71.4, 43.3, 36.2, 36.0, 29.3, 23.3. The equatorial product (10, 217 mg, 1.72 
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mmol, 22%) was obtained as an oil: Rf = 0.2 (20% Et2O in pentane); 1H NMR (400 MHz, CDCl3) δ 

5.71 – 5.61 (m, 1H), 5.54 (dd, J = 16.2, 9.1 Hz, 1H), 4.26 (td, J = 9.5, 5.6 Hz, 1H), 2.43 – 2.36 (m, 1H), 

2.19 – 2.11 (m, 1H), 2.02 – 1.72 (m, 5H), 1.54 – 1.34 (m, 2H), 0.94 – 0.84 (m, 1H), 0.81 – 0.70 (m, 

1H). 13C NMR (101 MHz, CDCl3) δ 135.8, 131.8, 76.8, 44.3, 35.9, 35.4, 29.1, 27.7. Spectroscopic 

data was in agreement with literature.[20]  

CCO carbamate 11: Cyclooctenol 6 (379 mg, 3.0 mmol, 1.0 equiv) was 

dissolved in anhydrous DCM (20 mL) under N2. Benzyl isocyanate (1.16 

ml, 9.36 mmol, 3.12 equiv) and Et3N (150 µl, 1.07 mmol, 0.36 equiv) 

were subsequently added. The reaction mixture was stirred at room 

temperature for 72 h, impregnated with Celite and concentrated in vacuo. The impregnated crude 

product was purified by silica gel chromatography (10% Et2O in pentane) to obtain CCO 

carbamate 11 (643 mg, 2.48 mmol, 83 %) as white solid: 1H NMR (400 MHz, CDCl3) δ 7.39 – 7.24 

(m, 5H), 5.70 – 5.62 (m, 1H), 5.63 – 5.56 (m, 1H), 5.48 (ddd, J = 10.8, 7.0, 1.3 Hz, 1H), 4.96 (br s, 

1NH), 4.36 (d, J = 5.9 Hz, 2H), 2.35 – 2.22 (m, 1H), 2.16 – 2.05 (m, 1H), 2.00 – 1.90 (m, 1H), 1.73 – 

1.63 (m, 1H), 1.62 – 1.45 (m, 5H), 1.44 – 1.32 (m, 1H); 13C NMR (101 MHz, CDCl3) δ 156.3, 138.8, 

131.2, 129.6, 128.7 (x2), 127.7, 127.5 (x2), 73.1, 45.1, 35.5, 28.9, 26.4, 26.0, 23.5. 

Axial TCO carbamate 5: Procedure was modified from existing 

literature.[20] Axial TCO-OH 9 (252 mg, 2.0 mmol, 1.0 equiv) was 

dissolved in anhydrous DCM (14 mL) under N2. Benzyl isocyanate (771 

µl, 6.24 mmol, 3.12 equiv) and Et3N (100 µl, 0.72 mmol, 0.36 equiv) were added before shielding 

the reaction mixture with aluminum foil. The reaction mixture was stirred at room temperature 

for 72 h, impregnated with Celite and concentrated in vacuo. The impregnated crude product was 

purified by silica gel chromatography (5% Et2O in pentane → 20% Et2O in pentane) to obtain 

axial TCO carbamate 5 (401 mg, 1.55 mmol, 77 %) as white solid: 1H NMR (400 MHz, CDCl3) δ 

7.43 – 7.19 (m, 5H), 5.92 – 5.73 (m, 1H), 5.54 (d, J = 16.5 Hz, 1H), 5.37 (s, 1H), 5.06 (br s, 1NH), 

4.38 (d, J = 6.0 Hz, 2H), 2.55 – 2.29 (m, 1H), 2.13 – 1.91 (m, 3H), 1.91 – 1.77 (m, 1H), 1.75 – 1.56 

(m, 2H), 1.54 – 1.39 (m, 1H), 1.13 – 0.98 (m, 1H), 0.92 – 0.70 (m, 1H); 13C NMR (101 MHz, CDCl3) 

δ 156.0, 138.7, 131.9, 131.6, 128.8 (x2), 127.8, 127.6 (x2), 74.2, 45.2, 40.9, 36.1, 36.0, 29.2, 24.2. 

Spectroscopic data was in agreement with literature.[20] 

5% v/v TFA in DCM, incubation experiment (30 – 150 min) with axial TCO carbamate (5): 

Axial TCO carbamate 5 (105 mg, 0.40 mmol, 1.0 equiv) was dissolved in anhydrous DCM (3.8 mL) 

under N2. The flask was tightly wrapped with parafilm, shielded with aluminum foil and placed 

in the dark. Subsequently, TFA-H (200 μL, 2.60 mmol, 6.5 equiv) was added, obtaining a 0.1 M 

solution of 5 in 5% TFA-H (v/v in DCM). The solution was stirred at room temperature for 2.5 h 

during which a sample (600 µL) was taken every 30 min. Samples were diluted with toluene (5 

ml), concentrated in vacuo (40°C) and analyzed by 1H NMR. 
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Stability NMR experiment with axial TCO carbamate 5 - 5-20% v/v TFA-D in DCM - 

incubation 90 min - quenching with pyridine D5: Axial TCO-carbamate 5 (15.5 mg, 60 μmol, 

1.0 equiv) was dissolved in CDCl3 (570/540/480 μL) in an NMR tube. After measuring a reference 

spectrum (1H NMR), TFA-D (30μL, 0.39 mmol, 6.5 equiv; 60μL, 0.78 mmol, 13 equiv; 120μL, 1.56 

mmol, 26 equiv) was added to obtain a 0.1 M solution of 5 in 5/10/20% TFA-D (v/v in CDCl3). 

The mixture was vortexed for 1 min, and subsequently characterized with NMR (1H, 13C, COSY, 

HSQC). After 90 min, the mixture was neutralized by adding pyridine-D5 (63 μL, 0.78 mmol, 13 

equiv; 126μL, 1.56 mmol, 26 equiv; 252μL, 3.12 mmol, 52 equiv), vortexed for 1 min and 

characterized with NMR (1H, 13C, COSY, HSQC). 

Axial TCO carbonate 15: Axial TCO-OH 9 (380 mg, 2.98 mmol, 1.0 equiv) 

was dissolved in anhydrous MeCN (15 mL) under N2. N,N’-disuccinimidyl 

carbonate (1.53 g, 5.96 mmol, 2.0 equiv) and DIPEA (1.04 mL, 5.96 mmol, 

2.0 equiv) were added and the reaction mixture, the reaction mixture was 

shielded with aluminium foil and stirred at room temperature for 120 h. The reaction mixture 

was concentrated in vacuo and the crude product was purified by silica gel chromatography (20% 

EtOAc in pentane; isocratic) to obtain axial TCO carbonate 15 (710 mg, 2.66 mg, 89%) as a 

crystalline solid: Rf = 0.2 (20% EtOAc in pentane); 1H NMR (400 MHz, CDCl3) δ 5.97 (ddd, J = 15.6, 

11.0, 3.6 Hz, 1H), 5.50 (dd, J = 16.5, 2.1 Hz, 1H), 5.40 (br s, 1H), 2.84 (s, 4H), 2.57 – 2.48 (m, 1H), 

2.27 – 2.17 (m, 2H), 2.10 – 1.95 (m, 2H), 1.95 – 1.84 (m, 1H), 1.82 – 1.65 (m, 2H), 1.61 – 1.47 (m, 

1H), 1.20 – 1.08 (m, 1H), 0.88 – 0.75 (m, 1H); 13C NMR (101 MHz, CDCl3) δ 168.8 (x2), 150.8, 

133.6, 128.4, 81.2, 40.5, 36.2, 35.9, 29.0, 25.6 (x2), 23.9. 

Axial TCO carbonate 16: Axial TCO-OH 9 (330 mg, 2.63 mmol, 1.0 

equiv) was dissolved in anhydrous DCM (12 mL) under N2. 

Anhydrous pyridine (0.64 mL, 7.89 mmol, 3.0 equiv) was added 

before cooling the reaction mixture to 0°C (ice-bath). 4-Nitrophenyl 

chloroformate (1.27 g, 6.32 mmol, 2.4 equiv) was added, the reaction mixture was shielded with 

aluminium foil, stirred for 60 h and allowed to warm to room temperature. The reaction mixture 

was diluted with H2O (15 mL) and the aqueous layer was extracted with Et2O (3 x 30 mL). The 

combined organic layers were washed with HCl (1 M, 2 x 20 mL), NaHCO3 (satd., 2 x 30 mL) and 

brine (60 mL), dried over MgSO4, filtered and concentrated in vacuo. The crude product was 

purified by silica gel chromatography (5% Et2O in pentane, isocratic) to obtain axial TCO 

carbonate 16 (710 mg, 2.44 mmol, 93%) as a crystalline solid: Rf = 0.2 (5% Et2O in pentane); 1H 

NMR (400 MHz, CDCl3) δ 8.30 – 8.24 (m, 2H), 7.43 – 7.36 (m, 2H), 5.97 (ddd, J = 15.7, 11.2, 3.6 Hz, 

1H), 5.57 (dd, J = 16.5, 2.2 Hz, 1H), 5.43 (s, 1H), 2.56 – 2.48 (m, 1H), 2.26 – 2.18 (m, 1H), 2.12 – 

1.97 (m, 2H), 1.97 – 1.86 (m, 1H), 1.85 – 1.67 (m, 2H), 1.59 – 1.48 (m, 1H), 1.22 – 1.11 (m, 1H), 

0.88 – 0.78 (m, 1H); 13C NMR (101 MHz, CDCl3) δ 155.7, 151.8, 145.4, 133.2, 129.5, 125.4 (x2), 
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121.9 (x2), 78.9, 40.6, 36.1, 36.0, 29.0, 24.1. Spectroscopic data was in agreement with 

literature.[20] 

Fmoc-Lys-OMe · HCl (19): Fmoc-Lys-OH • HCl (18, 2.02 g, 5.0 

mmol, 1.0 equiv) was dissolved in anhydrous MeOH (15 mL) under 

N2. The solution was cooled to 0°C (ice-bath) before dropwise 

addition of SOCl2 (766 µL, 10.5 mmol, 2.1 equiv) over 15 min. The 

reaction mixture was stirred for 20 min at 0°C and was 

subsequently stirred for 2 h at 50°C (oil-bath). The reaction mixture 

was concentrated in vacuo and co-evaporated with MeOH (3 x 10 

mL) to obtain methyl ester 19 (1.83 g, 4.37 mmol, 87%) as an 

orange, foamy solid: Rf = 0.4 (20% MeOH in DCM); 1H NMR (400 MHz, DMSO-d6) δ 7.93 (br s, 

3NH), 7.90 (d, J = 7.5 Hz, 2H), 7.80 (d, J = 7.7 Hz, 1NH), 7.72 (dd, J = 7.5, 4.5 Hz, 2H), 7.42 (t, J = 7.4 

Hz, 2H), 7.33 (t, J = 7.3 Hz, 2H), 4.37 – 4.26 (m, 2H), 4.26 – 4.18 (m, 1H), 4.06 – 3.95 (m, 1H), 3.63 

(s, 3H), 2.82 – 2.62 (m, 2H), 1.75 – 1.58 (m, 2H), 1.59 – 1.45 (m, 2H), 1.43 – 1.26 (m, 2H); 13C NMR 

(101 MHz, DMSO-d6) δ 172.9, 156.2, 143.7 (x2), 140.7 (x2), 127.7 (x2), 127.1 (x2), 125.2, 125.2, 

120.2 (x2), 65.6, 53.7, 52.0, 46.6, 38.4, 30.0, 26.4, 22.4. Spectroscopic data was in agreement with 

literature.[47] 

Fmoc-Lys(TCO)-OH (17): Fmoc-Lys-OH • HCl (18, 162 mg, 0.40 

mmol, 2.0 equiv) was dissolved in H2O (0.5 mL) before adding a 

solution of NaHCO3 (67 mg, 0.80 mmol, 4.0 equiv) and Na2CO3 (42 

mg, 0.40 mmol, 2.0 equiv) in H2O (0.5 mL). The mixture was briefly 

cooled towards 0°C (ice-bath) before adding a solution of axial TCO 

carbonate 16 (58 mg, 0.2 mmol, 1.0 equiv) in dioxane (1 mL). The 

yellow reaction mixture was shielded with aluminium foil, stirred 

for 19 h and allowed to warm to room temperature. The reaction 

mixture was cooled (ice-bath), quenched with HCl (2% w/w, 4 mL) 

and partially concentrated in vacuo (40°C, 100 mbar). The aqueous layer was extracted with 

EtOAc (3 x 5 mL); the combined organic layers were dried over MgSO4, filtered, impregnated with 

Celite and concentrated in vacuo. The crude, impregnated product was purified by silica gel 

chromatography (20% Et2O in pentane → DCM → 0.5% MeOH, 1% AcOH in DCM) to obtain the 

diastereomeric mixture Fmoc-Lys(TCO)-OH (17A + 17B, 94 mg, 0.18 mmol, 90%) as a solid: Rf = 

0.15 (2% MeOH, 1% AcOH in DCM); 1H NMR (400 MHz, MeOD/CDCl3; 9:1) δ 7.74 (d, J = 7.5 Hz, 

2H), 7.63 (t, J = 7.1 Hz, 2H), 7.36 (t, J = 7.4 Hz, 2H), 7.28 (td, J = 7.4, 1.0 Hz, 2H), 5.81 (ddd, J = 15.7, 

11.0, 3.6 Hz, 1H), 5.49 (d, J = 16.5 Hz, 1H), 5.22 (br s, 1H), 4.42 – 4.28 (m, 2H), 4.23 – 4.12 (m, 2H), 

3.10 (t, J = 6.8 Hz, 2H), 2.48 – 2.35 (m, 1H), 2.08 – 1.76 (m, 5H), 1.76 – 1.39 (m, 8H), 1.16 – 1.03 

(m, 1H), 0.87 – 0.72 (m, 1H); 13C NMR (101 MHz, MeOD/CDCl3; 9:1) δ 175.7, 158.2, 158.1, 144.9, 

144.7, 142.2 (x2), 132.5, 132.3, 128.5 (x2), 127.9 (x2), 126.0, 126.0, 120.7 (x2), 74.7, 67.7, 54.9, 

48.1, 41.4, 41.1, 36.7, 36.6, 32.1, 30.1, 29.8, 24.9, 23.8; LC-MS (linear gradient 10 → 90% MeCN, 

0.1% TFA, 11 min): Rt (min): 8.70 (ESI-MS (m/z): 521.13 (M+H+)). Spectroscopic data was in 

agreement with literature.[18,23] The procedure was repeated on 2.0 mmol scale to obtain Fmoc-

Lys(TCO)-OH (17, 942 mg, 1.81 mmol, 90%). The product was redissolved in dioxane and 

lyophilized to obtain a white powder for Fmoc SPPS.  
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Note: no chemical shift differences were encountered on 1H and 13C NMR for the two 

diastereoisomers of compound 17. The signals were therefore reported as a single compound. 

Ser(Trt)-Ile-Ile-Asn(MMt)-Phe-Glu(2-PhiPr)-Lys(TCO)-Leu-Tentagel S AC (20): Fmoc-Leu-

Tentagel S AC resin (218 mg, 50 µmol, 

Rapp polymere) was swelled in DMF (2 

mL; 30 min) and manually elongated using 

a repetitive cycle of: i. 20% piperidine in 

DMF (2 mL, 3 x 3 min; Fmoc deprotection); 

ii. DMF wash (4 x 2 mL); iii. Coupling (30 

min; 60 min for 17) with Fmoc-protected 

amino acid (250 µL, 1 M in DMF, 5 equiv), 

HCTU (250 µL, 1 M in DMF, 5 equiv) and DIPEA (500 µL, 1 M in DMF, 10 equiv); iv. DMF wash (4 

x 2 mL); v. Ac2O capping (5% v/v in DMF with 0.1 M DIPEA; 2 mL, 10 min); vi. DMF wash (4 x 2 

mL). After Fmoc deprotection of the N-terminus, the resin was washed with DCM (3 x 2 mL) and 

Et2O (3 x 2 mL) and subsequently dried over air to obtain 20 (254 mg) which was divided in 

portions for deprotection experiments. 

Deprotection of 20 to 

obtain peptide 

fragments: Procedures 

were based on existing 

literature.[33] Ser(Trt)-Ile-

Ile-Asn(MMt)-Phe-Glu(2-

PhiPr)-Lys(TCO)-Leu-

Tentagel S AC (20, 40 mg crude resin) was shaken in DCM (1 mL, 7 x 2 min). The resin was treated 

with a solution of TFA (5 / 10 / 20% v/v; 0.66 equiv) and TIS (2% v/v) in DCM (410 µL) for 1 hour 

before draining the reaction mixture in a 10 mL round-bottom flask containing MeOH (41 µL) 

and pyridine (64 / 128 / 258 µL; 2 equiv). The resin was washed with a solution of TFA (5 / 10 / 

20% v/v; 0.33 equiv) and TIS (2% v/v) in DCM (200 µL). The neutralized mixture was stirred for 

10 min, concentrated in vacuo and redissolved in MeCN/H2O/t-BuOH (1:1:1, 100 µL). The 

resulting solution was sonicated (10 min), 10 x diluted with MeCN/H2O/t-BuOH (1:1:1) and 

analyzed by LC-MS (20 µL injection). After the first measurement, tetrazine 21 (10 mM in DMSO, 

10 µL) was added and the sample was analyzed once more by LC-MS (20 µL injection).   
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4 

Chemical control over T-cell activation in vivo: 

design and synthesis of trans-cyclooctene-

modified MHC-I epitopes 

Parts of this chapter were published as:  

A. M. F. van der Gracht, M. A. R. de Geus, M. G. M. Camps, T. J. Ruckwardt, A. J. C. Sarris, J. Bremmers, E. 

Maurits, J. B. Pawlak, M. M. Posthoorn, K. M. Bonger, D. V Filippov, H. S. Overkleeft, M. S. Robillard, F. 

Ossendorp, S. I. van Kasteren, ACS Chem. Biol. 2018, 13, 1569–1576. 

 

4.1 Introduction 

Cell-to-cell contact is one of the essential means of information transfer in metazoans. 

Few examples of such cell-cell contacts result in more drastic phenotypic changes than 

those between cytotoxic T-lymphocytes (CTLs) and antigen presenting cells (APCs).[1] 

Naïve T-cells leave the thymus as small, featureless cells with minimal metabolism, but 

with a strong lymph node homing capacity, reliant on L-selectin (CD62L) and various 

integrins.[2] Each cell has a specific T-cell receptor (TCR) capable of recognizing a 
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peptide presented by an APC on a major histocompatibility type-1 complex (MHC-I).[1] 

Upon recognition of its cognate peptide-MHC-I (pMHC), in combination with co-

stimulatory signals co-presented by the APC, massive and rapid phenotypic changes 

will transform the naïve CTL into a cell capable of killing any non-APCs displaying this 

cognate peptide on their MHC-I.[3] This is one of the major mechanisms by which tumors 

and virus-infected cells are routinely cleared from the body and harnessing these traits 

underpins many of the cancer immunotherapies targeted to tumor neo-epitopes.[4] 

Antigen presentation is an important prerequisite for T-cell activation. Nucleated cells 

proteolytically degrade endogenous proteins into small peptides, which can enter the 

endoplasmic reticulum (ER) via the transporter associated with antigen processing 

(TAP), followed by loading on MHC-I, passage to the cell surface via the Golgi system 

and presentation to CD8+ T-cells (CTLs).[3,5] Exogenously derived polypeptides are 

normally presented on MHC-II complexes to CD4+ T-cells (helper T-cells) via a different 

pathway by professional APCs (dendritic cells (DCs), macrophages and B-cells). Here, 

the MHC class II compartment (MIIC) facilitates deconstruction of the invariant chain 

(Ii) of MHC-II and ultimately allows binding of a peptide degraded in endosomes.[5] 

However, antigen cross-presentation[6] allows DCs to process exogenous polypeptides 

towards MHC-I presentation. It is not clear for this process whether and to which extent 

antigen processing occurs in the cytosol via proteasomes (cytosolic pathway) or in 

endocytic compartments via cathepsins (vacuolar pathway).[6] 

The binding of the TCR is sensitive. As few as one copy of a cognate peptide can instigate 

the signaling cascade in vitro.[7,8] It is also selective, as this recognition takes place in the 

context of 10,000s of copies of non-cognate peptides on the same APC.[9,10] Even single 

amino acid substitutions are capable of curtailing,[11] or even abolishing T-cell 

activation.[12–14] A factor that complicates T-cell activation studies further is that there 

is no correlation between the binding strength in vitro and the strength of TCR-signaling 

that follows activation.[15] Less is known about the in vivo activation of T-cells.[16] The 

contacts between T-cells and APCs are, for example, more transient and dynamic in 

nature compared to those found in vitro.[17–20] The lack of a defined starting point to 

these contacts complicates the study of T-cell activation kinetics, and methods allowing 

the study of early T-cell activation events with real-time control over activation in vivo 

are needed to study these processes.[16] 

Control over T-cell activation using protecting group strategies to achieve temporal 

control in vitro is an emerging field. Two approaches have been reported in which the 

ε-amines of lysine residues within either a helper T-cell epitope[21,22] or a cytotoxic T-

cell epitope[14] are blocked with a protecting group (Figure 1). These caged epitopes are 
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accessible either by directly incorporating modified Fmoc-lysine building blocks[14,21] 

or by utilizing selective sidechain modifications[22] during solid phase peptide synthesis 

(SPPS). Addition of a deprotection reagent, such as UV-light to remove NVOC (6-

nitroveratryloxycarbonyl) or NPE (1-ortho-nitrophenyl-ethyl urethane) groups,[21,22] 

or water-soluble phosphines to reduce azides to amines,[14,23] provided this temporal 

control in the petri dish.  

Arguably, the use of (UV) light as a trigger to activate T-cell epitopes has intrinsic 

limitations: poor tissue penetration even at higher wavelengths essentially prohibits 

systemic application of photocaged T-cell epitopes. On paper, bioorthogonal chemistry 

Figure 1 Previously reported in vitro approaches to achieve temporal control over T-cell 
activation, including SPPS strategies to obtain the caged antigens. A) Photodecaging strategy to 
gain control over helper T-cell (CD4+) activation. MHC II epitope MCC88-103 (moth cytochrome 
c) was protected on Lys99 using NVOC (6-nitroveratryloxycarbonyl) or NPE (1-ortho-
nitrophenyl-ethyl urethane) photocages by DeMond et al.[21] and Huse et al.,[22] respectively. B) 
Chemodecaging strategy to study antigen cross-presentation and subsequent cytotoxic T-cell 
(CD8+) activation reported by Pawlak et al.[14] MHC I epitope OVA257-264 (ovalbumin) was 
protected on Lys263 using an azide which could be deprotected in vitro by Staudinger reduction. 
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has no such tissue-penetrating limits, however the chemistry needs to be effective 

(more so than the previously reported Staudinger reduction)[14] and all reagents able 

to penetrate all tissues. In this respect, the most versatile bioorthogonal chemistry 

developed to date for in vivo applications in terms of yield, speed and side reactions 

comprises the inverse electron demand Diels-Alder reaction (IEDDA).[24] This [4+2] 

cycloaddition reaction occurs between an electron-poor diene (normally an s-tetrazine) 

and an electron-rich dienophile (most often a strained alkene). The tetrazine ligation 

between a tetrazine and a trans-cyclooctene, was initially reported as an ultra-fast 

bioorthogonal ligation reaction by the Fox group.[25] 

Recently, the IEDDA reaction was redesigned to serve as a bioorthogonal deprotection 

reaction.[26] In this variant of the IEDDA, the 4,5-dihydropyridazine, resulting from 

[4+2] cycloaddition of a tetrazine and a trans-cyclooctene (TCO) bearing a carbamate 

at the allylic position, tautomerizes to 1,4- and 2,5-dihydropyridazines. The 1,4-

tautomer can then undergo elimination of a carbamate-linked biomolecule at the allylic 

position, resulting in the liberated biomolecule and CO2 (Figure 2). Mechanistic 

investigations concerning this IEDDA pyridazine elimination reaction are currently a 

field of interest,[27–29] and in vivo applications have frequently been reported.[30–36] 

This Chapter presents the design and synthesis of TCO modified MHC-I epitopes, 

resulting in a new method based on the IEDDA pyridazine elimination to provide 

chemical control over the activation of T-cells (Figure 2). The TCO protecting group was 

optimized for solubility and on-cell deprotection yield. This novel approach is generic 

based on the effectiveness for two separate epitopes and works with different T-cells in 

vitro, as well as in vivo. 

Figure 2 Design of caged peptides for in vivo control over T-cell activation. Inverse electron-
demand Diels Alder (IEDDA) pyridazine elimination between a silent trans-cyclooctene-modified 
epitope and a tetrazine liberates antigenicity of the peptide. Initial [4+2] cycloaddition, 
tautomerization and elimination results in the free lysine ε-amine upon which a T-cell can 
recognize the epitope again and become activated. 
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4.2 Results and discussion  

To determine whether IEDDA pyridazine elimination was amenable for in vivo T-cell 

activation and to compare its efficacy with that of the previously reported strategy 

based on Staudinger reduction,[14] OVA257-264 (OT-I, SIINFEKL) was selected as model 

epitope. The crucial lysine ε-amino group within this epitope is amenable for chemical 

modification, thereby disabling T-cell activation without disrupting MHC-I binding 

affinity.[14,37] It was therefore envisioned that TCO carbamate modification of this 

position would result in silenced MHC-I epitopes. Modification of the minimal epitope 

results in a probe for direct, extracellular loading on MHC-I complexes, whereas 

modification of an extended peptide sequence results in a silenced epitope which is 

initially subjected to antigen cross-presentation (Figure 3). 

A direct Fmoc SPPS based synthetic strategy, featuring a lysine building block with TCO 

carbamate modification, was explored in Chapter 3 without adequate results. 

Therefore, a synthetic strategy was devised where the TCO carbamate moiety could be 

installed under solution phase conditions. Cyclooctene N-hydroxysuccinimide (NHS) 

Figure 3 Rationale for TCO carbamate modification of minimal epitopes and extended peptide 
sequences. Minimal epitopes enable direct, extracellular loading on MHC-I, whereas an extended 
peptide sequence containing the epitope is initially endocytosed by DCs, followed by antigen 
cross-presentation via the cytosolic and/or vacuolar pathway. 
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carbonates 1 – 2 (Chapter 3) and bifunctional cyclooctene NHS carbonates 3 – 4 

(Chapter 2) were selected as appropriate reagents for chemoselective introduction of 

cyclooctenes on peptide scaffolds containing a lysine ε-amino group (Scheme 1). An 

important requisite for these reagents was the absence of other reactive amine groups 

during the conjugation reaction.  

The peptide sequence OVA257-264 (SIINFEKL) was synthesized using standard Fmoc 

SPPS conditions followed by N-terminal protection with the 

methylsulfonylethyloxycarbonyl (MSc) group[38] to improve the solubility of the 

liberated peptide after acidic cleavage (TFA/H2O/TIPS; 95:2.5:2.5 v/v) from the resin 

and to enable selective modification of the lysine ε-amine in the subsequent step 

(Scheme 2). From the HPLC-purified intermediate (MSc-SIINFEKL, 5) CCO- and (axial) 

TCO carbamate derivatives of SIINFEKL were synthesized by reaction with NHS 

carbonates 1 and 2 followed by deprotection under basic conditions of the MSc group 

to provide the cis- and trans-cyclooctene protected SIINFEKL-derivatives 6 and 7. 

Peptide 5 was also reacted with the NHS-carbonates of reagents 3 and 4 in the presence 

of their sterically hindered NHS-esters. Next, the latter were reacted with ethanolamine 

to install an extra polar moiety on the ring systems. This resulted in the more water-

soluble caged SIINFEKL derivatives 8 and 9 after MSc deprotection. The first two steps 

of this sequence, selective NHS carbonate coupling followed by NHS ester reaction, 

were compatible in a one-pot procedure guided by LC-MS monitoring. Caged peptides 

6 – 9 were obtained in 10 – 20% yield over 3 steps after HPLC purification. 

An N-terminally extended peptide sequence, OVA247-264 (DEVSGLEQLESIINFEKL), was 

synthesized with bifunctional TCO modification (Scheme 3A). This extended peptide 

sequence still contains only one lysine residue and no other competing sidechains (e.g. 

cysteine). Therefore, the MSc-protected peptide 10 could be selectively modified with 

Scheme 1 CCO and TCO NHS-carbonates 1 – 4 employed in this Chapter for regioselective 
installation of cyclooctene carbamate moieties on lysine ε-amino groups. 
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the TCO moiety using the established methodology after switching from DMF to DMSO 

as solvent for the NHS-coupling reactions. Peptide 11 was obtained in 41% yield over 

3 steps after HPLC purification. 

To assess whether the uncaging approach could be used for other key lysine residues 

as well as other MHC-I haplotype ligands, a second epitope in which T-cell recognition 

is dependent on a critical lysine was selected, namely the DbM187-195 peptide 

(NAITNAKII) from respiratory syncytial virus (RSV).[39–41] This nonamer sequence 

binds MHC-I haplotype Db and the recognition by T-cells is critically dependent on Lys-  

Scheme 2 Synthesis of caged peptides 6 – 9. Reagents/conditions: (a) Fmoc SPPS from Fmoc-
Leu-Wang; (b) MSc-OSu (23), DIPEA, NMP, rt; (c) TFA / H2O / TIPS (95:2.5:2.5), rt, 23%; (d) NHS-
CCO (1), NHS-TCO (2), NHS-bCCO (3) or NHS-bTCO (4), DIPEA, DMF, rt; (e) ethanolamine, DMF, 
rt; (f) dioxane/MeOH/4 M NaOH (7.5:2.25:0.25), rt, 16% (6), 20% (7), 19% (8), 14% (9) over 
three steps. 
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Scheme 3 Synthesis of caged peptides 11 and 12. Reagents/conditions: (a) Fmoc SPPS from 
Fmoc-Leu-Wang (A) and Fmoc-Ile-Wang (B); (b) MSc-OSu (23), DIPEA, NMP, rt; (c) TFA / H2O / 
TIPS (95:2.5:2.5), rt, 14% (10), 16% (13); (d) NHS-bTCO (4), DIPEA, DMSO, rt; (e) ethanolamine, 
DMSO, rt; (f) dioxane/MeOH/4 M NaOH (7.5:2.25:0.25), rt, 41% over three steps; (g) NHS-bTCO 
(4), DIPEA, DMF, rt; (h) ethanolamine, DMF, rt; (i) dioxane/MeOH/4 M NaOH (7.5:2.25:0.25), rt, 
13% over three steps. 
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193 recognition,[42] which has previously been subjected to caging.[14] The synthesis of 

a bifunctional TCO caged variant of this peptide (12) was accomplished from the MSc-

protected intermediate (13) using the previously described method (Scheme 3B).  

A panel of tetrazines (14 – 17) was synthesized to serve as deprotection agents for the 

caged peptides (Scheme 4). Cyclization of acetamidine hydrochloride (18) and 

hydrazine monohydrate under aqueous conditions was followed by direct oxidation 

with NO2 (g), which was generated externally by adding HNO3 to Cu, to afford 3,6-

dimethyltetrazine (14)[26] in 18% yield. Condensation of 19, MeCN and hydrazine 

hydrate in the presence of Zn(OTf)2 afforded 15[27] after oxidation with NO2 (g) in 31% 

yield. While the initial cyclization step worked similarly for the synthesis of 16[27], the 

oxidation step with NO2 (g) primarily led to decomposition of the product. Instead, 

oxidation was achieved by slowly acidifying the crude reaction mixture with HCl after 

adding NaNO2. Chromatographic purification was followed by recrystallization in 

EtOAc to obtain 16.[27] Dihydrotetrazine 20 was isolated by extraction after cyclization 

of 19 and hydrazine hydrate under reflux conditions. Oxidation of 20 with NO2 (g) in 

DMF led to the formation of a purple precipitate, which was filtered and recrystallized 

in CHCl3 to obtain 17.[43] 

  

Scheme 4 Synthesis of tetrazines 14 - 17. Reagents/conditions: (a) i. hydrazine hydrate, H2O, rt; 
ii. HNO3/H2O, Cu, 0°C, 18% over two steps; (b) i. MeCN, Zn(OTf)2, hydrazine hydrate, 60°C; ii. 
HNO3/H2O, Cu, 0°C, 31% over two steps; (c) i. 3-hydroxypropanenitrile, Zn(OTf)2, hydrazine 
hydrate, 60°C; ii. NaNO2, HCl, rt, 3% over two steps; (d) THF, HCl, hydrazine hydrate, reflux; (e) 
DMF, HNO3/H2O, Cu, rt, 14% over two steps. 
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Immunological experiments summarized in this Chapter were performed by A.M.F. van 

der Gracht (Leiden University), N.A.M. Ligthart (Leiden University), M.G.M. Camps (Leiden 

University Medical Center) and T.J. Ruckwardt (NIH, USA). Full details can be found in the 

recently published article[44] and PhD thesis (A.M.F. van der Gracht).  

The binding of peptides 6 – 9 to MHC-I (H2-Kb) was examined using TAP deficient RMA-

S cells.[45,46] TCO modification of the SIINFEKL epitope on the Lys ε-amine did not impair 

MHC-I binding.  The T-cell hybridoma B3Z,[47]  which is specific for OVA257-264 

(SIINFEKL), was also not activated by 6 - 9 when presented on dendritic cells.  

Caged epitopes 6 - 9 were loaded on dendritic cells (DC2.4 cells)[48] and incubated with 

50 µM of 3,6-dimethyl-tetrazine (14) for 30 minutes. T-cell proliferation was measured 

after 17 hours as beta-galactosidase-directed CPRG (chlorophenol red-β-D-

galactopyranoside) hydrolysis, which is in direct correlation with IL-2 promotor 

activity, due to its inclusion under the NFAT-promotor in the B3Z T-cell line.[47] No T-

cell response was observed for the tetrazine-unreactive peptides 6 and 8. However, 

tetrazine-reactive peptides 7 and 9 gave 42% ± 4.2% and 82% ± 4.4% of the response 

observed for the wild type epitope, respectively. The stability of the TCO-moiety for 

peptides 7 and 9 was determined in full medium and FCS (fetal calf serum), revealing 

poor solubility for 7 and stability up to 4 hours in FCS for 9 (Figure S1).  Caged epitope 

9 was selected for further experiments due to superior uncaging yield, ease of 

purification and enhanced solubility. 

The speed of uncaging of peptide 9 was investigated using the recently reported 

asymmetric tetrazines by Fan et al.,[27] which were shown to have improved kinetics 

due to the combination of an electron withdrawing group (EWG) and a small, electron 

donating group (EDG) as substituents on the tetrazine ring (Figure 4A). 3-Methyl-6-

pyrimidinyl-tetrazine (15) and 3-hydroxyethyl-6-pyrimidinyl-tetrazine (16) indeed 

showed improved uncaging rates and efficacy (Figure 4B-C) compared to 14 (two 

EDGs), with maximal T-cell activation already observed at the first (1 min) time point, 

while for 14 the maximal T-cell activation is reached at 30 min incubation. Conversely, 

3,6-dipyrimidinyl-tetrazine (17) (two EWGs) showed no detectable elimination. 

Qualitative LC-MS confirmed these findings, including the formation of a stable IEDDA 

ligation product for 17. These results are also in agreement with the hypothesis that 

EWGs accelerate the [4+2] cycloaddition step and suppress subsequent elimination, 

whereas small, EDGs are essential for the elimination reaction.[27] Tetrazine 17 

therefore broadens the scope of the method presented in this Chapter: the substituents 

of the tetrazine employed dictate whether T-cell activation is switched on (Figure 2) or 

remains off (Figure 4D). The previously reported dextran-functionalized tetrazine (21), 

which has reduced yield and uncaging speed compared to 14 in vitro, but performs 
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better in vivo due to reduced clearance,[30,49] was also evaluated in the in vitro assay 

(Figure 4A-C). Tetrazine 21 showed similar concentration dependent behavior as 14, 

but slower uncaging speed although linear in time. 

Stability, clearance and toxicity are other important criteria for the selection of 

tetrazines towards in vivo experiments. Stability in FCS was determined for tetrazines 

14 – 17; 17 is very unstable in serum while 14 showed no degradation. After 24 hours, 

25% of 15 and 40% of 16 were still intact (Figure S2). Tetrazine 14 has been reported 

to be nontoxic in vivo up to 140 mg/kg (1.25 mmol/kg) in mice.[32] Tetrazines 14, 16 

Figure 4 In-vitro kinetics of uncaging of peptide 9 using different tetrazines. A) Structures of 
tetrazines 14 – 17 and 21. B/C) Deprotection of 100 nM 9 using DC2.4 cells as APCs and B3Z cells 
as T-cells. T-cell activation was compared to wild-type response (SIINFEKL; set at 1.0 normalized 
T-cell response) by measuring absorption (AU) of beta-galactosidase-directed CPRG hydrolysis 
after 17 hours. All experiments have been done twice in triplicate, error bars represent the 
standard deviation. Experiments were performed by A.M.F. van der Gracht (Leiden University). 
Tetrazine 21 was provided by Tagworks Pharmaceuticals. B) Uncaging of 9 with tetrazines 14 – 
17 and 21 for 30 minutes at the indicated concentrations. C) Deprotection reaction of 9 with 
tetrazines 14 – 17 and 21 at 10 µM of tetrazine at increasing incubation times. Tetrazine 17 
blocks T-cell activation and tetrazine 15 and 16 show improved uncaging speed compared to 
tetrazine 14. Tetrazine 21 shows reduced uncaging speed and increases linear. Relative T-cell 
response is normalized between SIINFEKL 100 nM response as 1.0 and no peptide background 
signal 0.0. D) Tetrazine 17 broadens the scope of the method presented in this Chapter: the 
substituents of the tetrazine employed dictate whether T-cell activation is switched on (Figure 2) 
or remains off.  
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and 21 were selected for further experiments, which also showed negligible toxicity on 

APCs. 

OT-I-mice, which have a homogeneous T-cell population selective for the SIINFEKL-

epitope,[50] were used for in vivo experiments. Carboxyfluorescein succinimidyl ester 

(CFSE)-labeled OT-I T-cells[50] were adoptively transferred in recipient C57BL/6 mice 

on day -1. On day 0 the mice were either injected with peptide 9 or SIINFEKL in the tail 

base. After 3 days, the amount of T-cell proliferation was assessed by flow cytometry 

through CFSE-dilution.[51] Under these conditions, compound 9 induced very low levels 

of proliferation of OT-I CTLs and upon injection with tetrazine 14, CTL proliferation 

was induced similarly compared to SIINFEKL (3.1% ± 0.11% vs 4.4 % ± 0.05 % divided 

OT-I of total lymphocytes).  

Decaging of 12 with 14 (50 µM) in a mixed splenocyte assay, using (CFSE)-labeled T-

cells with a specific TCR for NAITNAKII, showed the same level of control over T-cell 

activation as seen for SIINFEKL/OT-I, suggesting application to lysine-cognate TCRs in 

general. 

Antigen cross-presentation of peptide 11 was studied using D1 dendritic cells and B3Z 

T-cells. Current results indicate 11 is cross-presented at a lower rate compared to the 

native peptide sequence. Furthermore, TCO-modification may alter cross presentation 

pathways, as the effects of inhibitors for the cytosolic and vacuolar pathways were also 

different. One difficulty with these studies is the persistence of presentation by D1 cells 

after tetrazine treatment. Additionally, if the tetrazine has adequate membrane 

permeability to enter D1 cells, intracellular decaging would lead to an overestimation 

of cross-presentation. Fixation of APCs improved reliability of current results and the 

development of tetrazines with intra- or extracellular targeting moieties are of 

importance for further experiments.   
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4.3 Conclusions 

A new method, based on the IEDDA pyridazine elimination,[26] that allows chemical 

control over T-cell activation in vitro and in vivo is reported. MHC-I epitopes were 

synthesized using Fmoc SPPS, followed by N-terminal protection with the base-labile 

MSc-protecting group[38] and acidic cleavage from the resin. The desired lysine ε-amino 

group could then be regioselectively protected as a TCO carbamate in solution, followed 

by MSc deprotection under basic conditions and HPLC purification of the TCO-modified 

peptide. In the absence of a tetrazine, the lysine-caged epitopes show no T-cell receptor 

activation while MHC-I binding was not affected.  Upon deprotection, T-cell receptor 

activation was restored. The lysine cage was implemented in two different epitopes, 

suggesting a generic application to lysine-sensitive TCRs. 

In vivo results showed very similar T-cell proliferation potency upon decaging epitope 

9 compared to the natural epitope, whereas the caged epitope showed no proliferation 

by itself. By combining this uncaging technique with injectable tetrazine-hydrogels[33] 

or antibody-epitope conjugates,[30] the activation of T-cells could even be controlled 

more precisely in future experiments. This can provide new angles to the study of CTL-

activation in vivo, analogous to that which has been achieved in vitro using photo-[21,22,52] 

and chemo[14]-deprotection.  

The caged epitope approach was also applied to study antigen cross-presentation. 

Preliminary experiments suggest that TCO-modification may alter cross-presentation 

pathways. One major difficulty in these experiments is to separate intra- and 

extracellular decaging. Current efforts are aimed towards this challenge. 
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4.4 Supporting figures 

Figure S1 TCO stability in complete medium and serum. Stability of TCO constructs were 
determined by incubation in the desired solvent (PBS, Full Medium or Fetal Calf Serum) at 37°C 
over a time period of 24 h. After incubation the compounds were co-incubated with Bodipy-Tz 
(22) and fluorescence intensity was measured directly. The bar charts represent the fluorescent 
intensity of the samples after 50 min incubation with 22, from which the % intact TCO was 
determined compared to 0 h incubation in solvent. Formula after baseline correction: time point 
x (t = 50 fluorescence) / time point 0 (t = 50 fluorescence) * 100% = % TCO intact. Peptide 8 was 
insoluble in these reactions and gave therefore no fluorescent intensity above background signal. 
Peptide 9 and 12 were both stable in serum up to 4 h and in complete medium gave ±25% 
response after 26 hours. 

 

Figure S2 Tetrazine stability in serum. Stability of tetrazines were determined by incubation in 
Fetal Calf Serum (FCS) at room temperature, after which the characteristic absorption of 
tetrazines at 515 nm was quantified. At indicated times the absorption was measured and the 
tetrazine stability was determined with the following formula: time point x (absorption) / time 
point 0 (absorption) * 100% = % tetrazine intact. Tetrazine 17 is very unstable in serum while 
tetrazine 14 is very stable. After 24 hours 25% of 15 and 40% of 16 were still intact. 
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4.5 Experimental procedures  

General methods: The synthesis of TCO carbonate 2 and bifunctional CCO/TCO carbonates 3 

and 4 are described in Chapter 3 and 2, respectively. Dextran-modified tetrazine 21 was provided 

by Tagworks Pharmaceuticals.[30] Bodipy-tetrazine (22) was purchased from lumiprobe.com. 

Commercially available reagents and solvents were used as received. Moisture and oxygen 

sensitive reactions were performed under N2 atmosphere (balloon). DCM, toluene, THF, dioxane 

and Et2O were stored over (flame-dried) 4 Å molecular sieves (8-12 mesh). DIPEA and Et3N were 

stored over KOH pellets. TLC analysis was performed using aluminum sheets, pre-coated with 

silica gel (Merck, TLC Silica gel 60 F254). Compounds were visualized by UV absorption (λ = 254 

nm), by spraying with either a solution of KMnO4 (20 g/L) and K2CO3 (10 g/L) in H2O, a solution 

of (NH4)6Mo7O24 · 4H2O (25 g/L) and (NH4)4Ce(SO4)4 · 2H2O (10 g/L) in 10% H2SO4, 20% H2SO4 

in EtOH, or phosphomolybdic acid in EtOH (150 g/L), where appropriate, followed by charring at 

ca. 150°C. Column chromatography was performed on Screening Devices b.v. Silica Gel (particle 

size 40-63 µm, pore diameter 60 Å). 1H, 13C APT, 1H COSY, and HSQC spectra were recorded with 

a Bruker AV-400 (400/100 MHz) or AV-500 (500/125 MHz) spectrometer. Chemical shifts are 

reported as δ values (ppm) and were referenced to tetramethylsilane (δ = 0.00 ppm) or the 

residual solvent peak as internal standard.  J couplings are reported in Hz.  

LC-MS analysis was performed on a Finnigan Surveyor HPLC system (detection at 200-600 nm) 

with an analytical C18 column (Gemini, 50 x 4.6 mm, 3 µm particle size, Phenomenex) coupled to 

a Finnigan LCQ Advantage MAX ion-trap mass spectrometer (ESI+). This system will be denoted 

“Setup A”. Alternatively, LC-MS analysis was performed on an Agilent 1260 Infinity HPLC system 

(detection at 214 and 254 nm) with an analytical C18 column (Gemini, 50 x 4.6 mm, 3 µm particle 

size, Phenomenex) coupled to an Agilent 6120 quadrupole mass spectrometer (ESI+). This system 

will be denoted “Setup B”. In rare cases, this system was used with an analytical C4 column 

(Gemini, 50 x 4.6 mm, 3 µm particle size, Phenomenex). For both LC-MS systems, the applied 

buffers were H2O, MeCN and either 100 mM NH4OAc in H2O (10 mM NH4OAc end concentration) 

or 1.0% TFA in H2O (0.1% TFA end concentration). Methods used are: 10% → 90% MeCN, 13.5 

min (0→0.5 min: 10% MeCN; 0.5→8.5 min: gradient time; 8.5→10.5 min: 90% MeCN; 10.5→13.5 

min: 90% → 10% MeCN); 10% → 50% MeCN, 13.5 min (0→0.5 min: 10% MeCN; 0.5→8.5 min: 

gradient time; 8.5→10.5 min: 90% MeCN; 10.5→13.5 min: 90% → 10% MeCN); 0% → 50% MeCN, 

13.5 min (0→0.5 min: 0% MeCN; 0.5→8.5 min: gradient time; 8.5→10.5 min: 50% MeCN; 

10.5→13.5 min: 50% → 0% MeCN). HPLC purification was performed on a Gilson HPLC system 

(detection at 214 nm) coupled to a semi-preparative C18 column (Gemini, 250 x 10 mm, 5 µm 

particle size, Phenomenex). The applied buffers were H2O, MeCN and either 100 mM NH4OAc in 

H2O (10 mM NH4OAc end concentration) or 1.0% TFA in H2O (0.1% TFA end concentration). High 

resolution mass spectra were recorded by direct injection (2 µL of a 2 µM solution in H2O/MeCN 

1:1 and 0.1% formic acid) on a mass spectrometer (Thermo Finnigan LTQ Orbitrap) equipped 

with an electrospray ion source in positive mode (source voltage 3.5 kV, sheath gas flow 10, 

capillary temperature 250°C) with resolution R = 60,000 at m/z 400 (mass range m/z = 150-

2,000) and dioctylphthalate (m/z = 391.28428) as a “lock mass”. The high resolution mass 

spectrometer was calibrated prior to measurements with a calibration mixture (Thermo 

Finnigan). 
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Photoisomerization methods: General guidelines were followed as described by Royzen et 

al.[53] Photochemical isomerization was performed using a Southern New England Ultraviolet 

Company Rayonet reactor (model RPR-100) equipped with 16 bulbs (part number RPR-2537A, 

λ = 254 nm). Photolysis was performed in a 1500 mL quartz flask (Southern New England 

Ultraviolet Company; part number RQV-323). A HPLC pump (Jasco; model PU-2088 Plus) was 

used to circulate solvent through the photolysis apparatus at the indicated flow rate. An empty 

solid load cartridge with screw cap, frits, O-ring and end tips (40 g; SD.0000.040; iLOKTM, 

Screening Devices b.v.) was manually loaded with the specified silica gel to function as the 

stationary phase.  

Peptide Synthesis.  Peptide sequences were synthesized using Fmoc Solid Support Chemistry. 

The C-terminal amino acid was supported using a Wang resin. Elongation of the peptide sequence 

was accomplished using an automated and repetitive cycle of: i. 20% piperidine in NMP (Fmoc 

deprotection); ii. NMP wash; iii. Fmoc-protected amino acid (4 equiv), HCTU (4 equiv), DIPEA (8 

equiv), NMP; iv. NMP wash; v. Ac2O, DIPEA, NMP (capping); vi. NMP wash; vii. DCM wash. After 

completing the sequence, the N-terminal amino acid was also deprotected using 20% piperidine 

in NMP. An analytical amount of crude product was cleaved from the solid support (95% TFA, 

2.5% H2O, 2.5% TIS, > 1.5 h) and precipitated in cold, anhydrous Et2O (TFA/Et2O ≈ 1:10 v/v, wash 

resin once with TFA). The Et2O solution was centrifuged, Et2O was decanted and the pellet was 

dissolved in DMSO/MeCN/H2O/t-BuOH (3:1:1:1 v/v) for LC-MS analysis. 

CCO carbonate 1: (Z)-Cyclooct-2-en-1-ol (Chapter 2 and 6; 276 mg, 2.19 

mmol, 1.0 equiv) was placed under an argon atmosphere before dissolving 

in anhydrous MeCN (10 mL). N,N’-disuccinimidyl carbonate (672 mg, 2.62 

mmol, 1.2 equiv) and DIPEA (0.46 ml, 2.62 mmol, 1.2 equiv) were added 

and the reaction mixture was stirred overnight at room temperature. TLC analysis indicated that 

the reaction was not complete; additional N,N’-disuccinimidyl carbonate (112 mg, 0.44 mmol, 0.2 

equiv) and DIPEA (76 µL, 0.44 mmol, 0.2 equiv ) were added and the reaction mixture was stirred 

overnight at room temperature. The reaction mixture was concentrated in vacuo and the crude 

product was purified by silica gel chromatography (20% → 30% EtOAc in pentane). The HOSu 

carbonate 1 (365 mg, 1.37 mmol, 62%) was obtained as a crystalline solid: Rf = 0.2 (20% EtOAc 

in pentane); 1H NMR (400 MHz, CDCl3) δ 5.81 – 5.70 (m, 1H), 5.64 – 5.54 (m, 2H), 2.82 (s, 4H), 

2.22 – 2.12 (m, 2H), 2.12 – 2.01 (m, 1H), 1.73 – 1.34 (m, 7H); 13C NMR (101 MHz, CDCl3) δ 168.9 

(x2), 151.2, 131.3, 128.6, 81.0, 34.8, 28.8, 26.5, 25.8, 25.6 (x2), 23.2. 

MSc-OSu (23): Synthesis was performed according to a modified 

procedure.[38] 2-(Methylsulfonyl)ethan-1-ol (2.03 g, 16.35 mmol, 1.0 

equiv) was dissolved in anhydrous THF (40 mL) under N2. The solution 

was cooled to 0°C (ice bath) before adding phosgene (20% w/w in 

toluene; 14 mL, 30.6 mmol, 1.9 equiv). After stirring for 30 min the reaction mixture was 

gradually warmed to room temperature and was stirred for an additional 4.5 h. The reaction 

mixture was concentrated in vacuo and the residual oil was cooled to -30°C under a N2 

atmosphere, resulting in crystallization of the acid chloride intermediate (2-

(methylsulfonyl)ethyl carbonochloridate, 24) which was used without further purification. N-
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hydroxysuccinimide (1.88 g, 16.35 mmol, 1.0 equiv) was dissolved in anhydrous MeCN (16.35 

mL) under a N2 atmosphere. Et3N (2.28 mL, 16.35 mmol, 1.0 equiv) was added and the solution 

was cooled to 0°C. A solution of the crude acid chloride (24) in MeCN (16 mL) was added 

dropwise to the reaction mixture. After 30 min, a precipitate (Et3N · HCl) was filtered off and the 

filtrate was concentrated in vacuo. A crystalline solid was precipitated from the crude product in 

warm isopropanol (~40°C). After filtration, the solid residue was recrystallized from MeCN to 

obtain MSc-OSu (23, 3.03 g, 11.44 mmol, 70%) as a white solid: 1H NMR (400 MHz, CD3CN) δ 4.68 

(t, J = 5.5 Hz, 2H), 3.46 (t, J = 5.4 Hz, 2H), 2.94 (s, 3H), 2.75 (s, 4H); 13C NMR (101 MHz, CD3CN) δ 

170.6 (x2), 152.1, 65.3, 53.5, 42.6, 26.2 (x2). 

MSc-SIINFEKL (5): After SPPS, using 250 

µmol Fmoc-Leu-Wang resin (1.0 equiv, 

based on theoretical resin loading), resin-

bound SIINFEKL was washed with DCM (3 

x 10 mL) and NMP (3 x 10 mL) before 

adding a solution of MSc-OSu (23, 331 mg, 1.25 mmol, 5.0 equiv) in NMP (6.0 mL). DIPEA (250 

µL, 1 M in NMP, 1.0 equiv) was added and the resin suspension was shaken at room temperature 

for 3 h. The reaction mixture was drained and the resin-bound peptide was washed with NMP (3 

x 10 mL) and DCM (3 x 10 mL). The crude product was cleaved from the solid support (95% TFA, 

2.5% H2O, 2.5% TIS, ~ 8 mL, > 1.5 h) and precipitated in cold, anhydrous Et2O (TFA/Et2O ≈ 1:10 

v/v, wash resin once with TFA). The Et2O suspension was centrifuged, Et2O was decanted and an 

analytical amount of precipitated product was dissolved in DMSO/MeCN/H2O/t-BuOH (3:1:1:1 

v/v) for LC-MS analysis. The crude product was then purified with HPLC (30 → 45% MeCN in H2O 

with 0.1% TFA) to obtain 5 (64.35 mg, 57.8 µmol, 23%) as a solid after lyophilization: LC-MS 

(setup B; linear gradient 10 → 90% MeCN, 0.1% TFA, 11 min): Rt (min): 4.74 (ESI-MS (m/z): 

1113.6 (M+H+)); HRMS: calculated for C49H81N10O17S 1113.54964 [M+H]+; found 1113.55101. 

MSc-SIINFEK(CCO)L (25): MSc-SIINFEKL 

(5, 13.23 mg, 11.9 µmol, 1.0 equiv) and 

NHS-CCO (1, 4.13 mg, 15.5 µmol, 1.3 equiv) 

were combined in an Eppendorf tube (15 

mL) and dissolved in anhydrous DMF (1.5 

mL). Anhydrous DIPEA (8.30 µL, 48 µmol, 

4 equiv) was added, the tube was briefly 

sonicated and flushed with N2 before shaking the reaction mixture at room temperature. After 21 

h, the reaction mixture was added to cold, anhydrous Et2O (10 mL) to precipitate the product. 

The Et2O suspension was centrifuged, Et2O was decanted and the crude product 25 was dried 

over a stream of N2 before using it in the next step without further purification: LC-MS (setup B; 

linear gradient 10 → 90% MeCN, 0.1% TFA, 11 min): Rt (min): 6.54 (ESI-MS (m/z): 1287.6 

(M+Na+), 1265.6 (M+H+), 1113.6 (5+H+)).  
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SIINFEK(CCO)L (6): The crude MSc-

SIINFEK(CCO)L (25) previously described was 

dissolved in dioxane/MeOH/4 M NaOH 

(7.5:2.25:0.25 v/v, 12 mL). The reaction mixture 

was sonicated and occasionally shaken for 15 min. 

The reaction mixture was neutralized by adding 

acetic acid (68 µL, 1.2 mmol) before precipitating 

the product in cold, anhydrous Et2O (~ 30 mL). The Et2O suspension was centrifuged, Et2O was 

decanted and the crude product 6 was dried over a stream of N2. The crude product was then 

purified with HPLC (20 → 50% MeCN in H2O with 10 mM NH4OAc) to obtain 6 (2.15 mg, 1.93 

µmol, 16% over two steps) as a solid after lyophilization: LC-MS (setup A; linear gradient 10 → 

90% MeCN, 0.1% TFA, 12.5 min): Rt (min): 6.20 (ESI-MS (m/z): 1115.73 (M+H+)). LC-MS (setup 

B; linear gradient 10 → 90% MeCN, 0.1% TFA, 11 min): Rt (min): 5.76 (diastereoisomer A, ESI-

MS (m/z): 1115.6 (M+H+), 963.5 (SIINFEKL+H+)), 5.81 (diastereoisomer B, ESI-MS (m/z): 1115.6 

(M+H+), 963.5 (SIINFEKL+H+)); HRMS: calculated for C54H87N10O15 1115.63469 [M+H]+; found 

1115.63531. 

MSc-SIINFEK(NHS-bCCO)L (26):  

MSc-SIINFEKL (5, 40.4 mg, 36.3 µmol, 1.0 

equiv) and NHS-bCCO (3, 21 mg, 50.0 µmol, 

1.37 equiv) were combined in an 

Eppendorf tube (15 mL) and dissolved in 

anhydrous DMF (4.0 mL). Anhydrous 

DIPEA (25 µL, 145 µmol, 4.0 equiv) was 

added, the tube was briefly sonicated and flushed with N2 before shaking the reaction mixture at 

room temperature. After 24 h, LC-MS indicated the desired product (26) to be the main reaction 

product. The reaction was continued without workup or purification: LC-MS (setup A; linear 

gradient 10 → 90% MeCN, 0.1% TFA, 12.5 min): Rt (min): 6.42 (ESI-MS (m/z): 1420.20 (M+H+)). 

MSc-SIINFEK(mbCCO)L  (27): 

Ethanolamine (8.78 µL, 145 µmol, 4.0 

equiv) was added to the reaction mixture 

described for 26. The reaction was shaken 

at room temperature. After 22 h, LC-MS 

indicated the desired product (27) to be 

the main reaction product. The reaction 

mixture was added to cold, anhydrous Et2O (45 mL) to precipitate the product. The Et2O 

suspension was centrifuged, Et2O was decanted and the crude product 27 was dried over a 

stream of N2 before using it in the next step without further purification: LC-MS (setup A; linear 

gradient 10 → 90% MeCN, 0.1% TFA, 12.5 min): Rt (min): 5.64 (ESI-MS (m/z): 1366.27 (M+H+)). 
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SIINFEK(mbCCO)L  (7): The crude MSc-

SIINFEK(mbCCO)L (27) previously described was 

dissolved in dioxane/MeOH/4 M NaOH 

(7.5:2.25:0.25 v/v, 35 mL). The reaction mixture 

was sonicated and occasionally shaken for 15 min. 

The reaction mixture was neutralized by adding 

acetic acid (206 µL, 3.6 mmol) before precipitating 

the product in cold, anhydrous Et2O (~ 40 mL). The Et2O suspension was centrifuged, Et2O was 

decanted and the crude product 7 was dried over a stream of N2. The crude product was then 

purified with HPLC (MeCN in H2O with 10 mM NH4OAc) to obtain 7 (8.3 mg, 6.82 µmol, 19% over 

three steps) as a solid after lyophilization: LC-MS (setup A; linear gradient 10 → 90% MeCN, 0.1% 

TFA, 12.5 min): Rt (min): 5.20 (ESI-MS (m/z): 1216.53 (M+H+)); HRMS: calculated for 

C58H94N11O17 1216.68237 [M+H]+; found 1216.68220. 

MSc-SIINFEK(TCO)L (28): MSc-SIINFEKL 

(5, 13.08 mg, 11.7 µmol, 1.0 equiv) and 

NHS-TCO (2, 4.24 mg, 15.9 µmol, 1.35 

equiv) were combined in an Eppendorf 

tube (15 mL) and dissolved in anhydrous 

DMF (1.5 mL). Anhydrous DIPEA (8.21 µL, 

47 µmol, 4 equiv) was added, the tube was 

briefly sonicated and flushed with N2 

before shaking the reaction mixture at room temperature. The Eppendorf tube was shielded with 

aluminum foil during the reaction. After 21 h, the reaction mixture was added to cold, anhydrous 

Et2O (10 mL) to precipitate the product. The Et2O suspension was centrifuged, Et2O was decanted 

and the crude product 28 was dried over a stream of N2 before using it in the next step without 

further purification: LC-MS (setup B; linear gradient 10 → 90% MeCN, 0.1% TFA, 11 min): Rt 

(min): 6.41 (ESI-MS (m/z): 1287.5 (M+Na+), 1113.6 (5+H+)).  

SIINFEK(TCO)L (8): The crude MSc-

SIINFEK(TCO)L (28) previously described was 

dissolved in dioxane/MeOH/4 M NaOH 

(7.5:2.25:0.25 v/v, 12 mL). The reaction mixture 

was sonicated and occasionally shaken for 15 min. 

The reaction mixture was neutralized by adding 

acetic acid (67 µL, 1.2 mmol) before precipitating 

the product in cold, anhydrous Et2O (~ 30 mL). The Et2O suspension was centrifuged, Et2O was 

decanted and the crude product 8 was dried over a stream of N2. The crude product was then 

purified with HPLC (20 → 50% MeCN in H2O with 10 mM NH4OAc) to obtain 8 (2.61 mg, 2.34 

µmol, 20% over two steps) as a solid after lyophilization: LC-MS (setup A; linear gradient 10 → 

90% MeCN, 0.1% TFA, 12.5 min): Rt (min): 6.06 (ESI-MS (m/z): 1115.80 (M+H+), 1137.80 

(M+Na+)). LC-MS (setup B; linear gradient 10 → 90% MeCN, 0.1% TFA, 11 min): Rt (min): 5.66 

(ESI-MS (m/z): 1115.6 (M+H+), 963.6 (SIINFEKL+H+)); HRMS: calculated for C54H87N10O15 

1115.63469 [M+H]+; found 1115.63502. 
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MSc-SIINFEK(NHS-bTCO)L (29): MSc-

SIINFEKL (5, 12.15 mg, 10.91 µmol, 1.0 

equiv) and NHS-bTCO (4, 5.53 mg, 13.09 

µmol, 1.2 equiv) were combined in an 

Eppendorf tube (15 mL) and dissolved in 

anhydrous DMF (1.5 mL). Anhydrous 

DIPEA (7.62 µL, 43.64 µmol, 4.0 equiv) was 

added, the tube was briefly sonicated and flushed with N2 before shaking the reaction mixture at 

room temperature. The Eppendorf tube was shielded with aluminum foil during the reaction. 

After 20 h, the reaction mixture was added to cold, anhydrous Et2O (10 mL) to precipitate the 

product. The Et2O suspension was centrifuged, Et2O was decanted and the crude product 29 was 

dried over a stream of N2 before using it in the next step without further purification: LC-MS 

(setup A; linear gradient 10 → 90% MeCN, 0.1% TFA, 12.5 min): Rt (min): 6.52 (ESI-MS (m/z): 

1420.13 (M+H+)). 

MSc-SIINFEK(mbTCO)L (30): The crude 

MSc-SIINFEK(NHS-bTCO)L (29) 

previously described was dissolved in 

anhydrous DMF (1.5 mL).  Ethanolamine 

(2.63 µL, 43.71 µmol, 4.0 equiv) was added, 

the tube was briefly sonicated and flushed 

with N2 before shaking the reaction 

mixture at room temperature. The Eppendorf tube was shielded with aluminum foil during the 

reaction. After 22 h, the reaction mixture was added to cold, anhydrous Et2O (10 mL) to 

precipitate the product. The Et2O suspension was centrifuged, Et2O was decanted and the crude 

product 30 was dried over a stream of N2 before using it in the next step without further 

purification: LC-MS (setup B with C4 column; linear gradient 10 → 90% MeCN, 0.1% TFA, 11 min): 

Rt (min): 4.93 (ESI-MS (m/z): 1366.6 (M+H+), 1113.5 (5+H+).  

*Note: synthesis of 30 from 5 could also be performed without work-up after LC-MS analysis 

indicated the first step was complete. 

SIINFEK(mbTCO)L (9): The crude MSc-

SIINFEK(mbTCO)L (30) previously described was 

dissolved in dioxane/MeOH/4 M NaOH 

(7.5:2.25:0.25 v/v, 10.9 mL). The reaction mixture 

was sonicated and occasionally shaken for 15 min. 

The reaction mixture was neutralized by adding 

acetic acid (62 µL, 1.09 mmol) before precipitating 

the product in cold, anhydrous Et2O (~ 30 mL). The Et2O suspension was centrifuged, Et2O was 

decanted and the crude product 9 was dried over a stream of N2. The crude product was then 

purified with HPLC (20 → 55% MeCN in H2O with 10 mM NH4OAc) to obtain 9 (1.81 mg, 1.49 

µmol, 14% over three steps) as a solid after lyophilization: LC-MS (setup A; linear gradient 10 → 
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90% MeCN, 0.1% TFA, 12.5 min): Rt (min): 5.23 (ESI-MS (m/z): 1216.40 (M+H+)); HRMS: 

calculated for C58H94N11O17 1216.68237 [M+H]+; found 1216.68391. 

 

MSc- DEVSGLEQLESIINFEKL (10):  After SPPS, using 250 μmol Fmoc-Leu-Wang resin (1.0 equiv, 

based on theoretical resin loading), resin bound DEVSGLEQLESIINFEKL was washed with DCM 

(3 x 10 mL) and NMP (3 x 10 mL) before adding a solution of MSc-OSu (23, 332 mg, 1.25 mmol, 

5.0 equiv) in NMP (6 mL). DIPEA (250 μL, 1 M in NMP, 1.0 equiv) was added and the resin 

suspension was shaken at room temperature for 4 h. The reaction mixture was drained, MSc-OSu 

(23, 332 mg, 1.25 mmol, 5.0 equiv) in NMP (6 mL) and DIPEA (250 μL, 1 M in NMP, 1.0 equiv) 

were added and the resin suspension was shaken for an additional 2 h. The reaction mixture was 

drained and the resin-bound peptide was washed with NMP (3 x 10 ml) and DCM (3 x 10 ml). The 

crude product was cleaved from the solid support (95% TFA, 2.5% H2O and 2.5% TIS, ~ 6 mL, > 

1.5 h) and precipitated in cold, anhydrous Et2O (TFA/Et2O ≈ 1:10 v/v, wash resin once with TFA). 

The Et2O suspension was centrifuged, Et2O was decanted and an analytical amount of 

precipitated product was dissolved in DMSO/MeCN/H2O/t-BuOH (3:1:1:1 v/v) for LC-MS 

analysis. The crude product was purified with HPLC (25 → 50% MeCN in H2O with 0,1% TFA) to 

obtain 10 (80 mg, 36 μmol, 14%) as a solid after lyophilization: LC-MS (setup A; linear gradient 

10 → 90% MeCN, 0.1% TFA, 11 min): Rt (min): 5.66 (ESI-MS (m/z): 1107.47 (M+2H+)).  

 

MSc-DEVSGLEQLESIINFEK(NHS-bTCO)L  (31): MSc-DEVSGLEQLESIINFEKL (10, 20 mg, 9.04 

μmol, 1.0 equiv) and NHS-bTCO(4, 8.7 mg, 21 μmol, 2.3 equiv) were combined in an Eppendorf 

tube (15 mL) and dissolved in DMSO (1.5 mL). Anhydrous DIPEA (15 μL, 86 μmol, 9.5 equiv) was 

added, the tube was briefly sonicated and flushed with N2 before shaking the reaction mixture at 

room temperature. The Eppendorf tube was shielded with aluminum foil during the reaction. 

After 20 h, the reaction mixture was added to cold, anhydrous Et2O (45 ml) to precipitate the 

product. The Et2O suspension was briefly centrifuged, Et2O was decanted and the crude product 

31 was dried over a stream of N2 before using it in the next step without further purification: LC-

MS (setup A; linear gradient 10 → 90% MeCN, 0.1% TFA, 11 min): Rt (min): 6.56 (ESI-MS (m/z): 

1260.67 (M+2H+)). 
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MSc-DEVSGLEQLESIINFEK(mbTCO)L  (32): The crude MSc-DEVSGLEQLESIINFEK(NHS-

bTCO)L (31) preciously described was dissolved in DMSO (1.5 mL). Ethanolamine (5.0 μL, 83 

μmol, 9.2 equiv) was added, the tube was briefly sonicated and flushed with N2 before shaking 

the reaction mixture at room temperature. The Eppendorf tube was shielded with aluminum foil 

during the reaction. After 20 h, the reaction mixture was added to cold, anhydrous Et2O (45 ml) 

to precipitate the product. The Et2O suspension was briefly centrifuged, Et2O was decanted and 

the crude product 32 was dried over a stream of N2 before using it in the next step without further 

purification:  LC-MS (setup A; linear gradient 10 → 90% MeCN, 0.1% TFA, 11 min): Rt (min): 6.07 

(ESI-MS (m/z): 1233.87 (M+2H+)).   

*Note: synthesis of 32 from 10 could also be performed without work-up after LC-MS analysis 

indicated the first step was complete.  

 

DEVSGLEQLESIINFEK(mbTCO)L (11): The crude MSc-DEVSGLEQLESIINFEK(mbTCO)L (32) 

preciously described was dissolved in dioxane/MeOH/4 M NaOH (7.5:2.25:0.25 v/v, 10 mL). The 

reaction mixture was sonicated and occasionally shaken for 15 min. The reaction mixture was 

neutralized by adding acetic acid (54 μL, 0.94 mmol) before precipitating the product in cold, 

anhydrous Et2O (~ 40 mL). The Et2O suspension was centrifuged, Et2O was decanted and the 

crude product 11 was dried over a stream of N2. The crude product was then purified with HPLC 

(25 → 50% MeCN in H2O with 10 mM NH4OAc) to obtain 11 (8.6 mg, 3.71 μmol, 41% over three 

steps) as a solid after lyophilization: LC-MS (setup A; linear gradient 10 → 90% MeCN, 0.1% TFA, 

11 min): Rt (min): 5.53 (ESI-MS (m/z): 1158.73 (M+2H+)); HRMS: calculated for C104H168N22O37 

1158.59649 [M+2H]2+; found 1158.59632. 

*Note: during HPLC purification of 11, addition of NH4OAc can increase the quantities of crude 

product injected per run. 
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MSc-NAITNAKII (13): After SPPS, 

using 250 µmol Fmoc-Ile-Wang resin 

(1.0 equiv, based on theoretical resin 

loading), resin-bound NAITNAKII was 

washed with DCM (3 x 10 mL) and 

NMP (3 x 10 mL) before adding a solution of MSc-OSu (23, 331 mg, 1.25 mmol, 5.0 equiv) in NMP 

(6.0 mL). DIPEA (250 µL, 1 M in NMP, 1.0 equiv) was added and the reaction mixture was stirred 

at room temperature for 3 h. The reaction mixture was drained and the resin-bound peptide was 

washed with NMP (3 x 10 mL) and DCM (3 x 10 mL). The crude product was cleaved from the 

solid support (95% TFA, 2.5% H2O, 2.5% TIS, ~ 8 mL, > 1.5 h) and precipitated in cold, anhydrous 

Et2O (TFA/Et2O ≈ 1:10 v/v, wash resin once with TFA). The Et2O suspension was centrifuged, Et2O 

was decanted and an analytical amount of precipitated product was dissolved in 

DMSO/MeCN/H2O/t-BuOH (3:1:1:1 v/v) for LC-MS analysis. The crude product was then purified 

with HPLC (30 → 45% MeCN in H2O with 0.1% TFA) to obtain 13 (43.5 mg, 39.3 µmol, 16%) as a 

solid after lyophilisation. The purified product still contained a capped byproduct of the SPPS. LC-

MS (setup B; linear gradient 10 → 90% MeCN, 0.1% TFA, 11 min): Rt (min): 3.91 (ESI-MS (m/z): 

885.5 (Acetyl-AITNAKII+H+)), 4.05 (ESI-MS (m/z): 1107.5 (M+H+)); HRMS: calculated for 

C46H83N12O17S 1107.57144 [M+H]+; found 1107.57213.  

MSc-NAITNAK(NHS-bTCO)II (33): 

MSc-NAITNAKII (13, 11.15 mg, 10.07 

µmol, 1.0 equiv) and NHS-bTCO (4, 

5.57 mg, 13.19 µmol, 1.3 equiv) were 

combined in an Eppendorf tube (15 

mL) and dissolved in anhydrous DMF 

(1.5 mL). Anhydrous DIPEA (7.03 µL, 

40.31 µmol, 4 equiv) was added, the 

tube was briefly sonicated and flushed with N2 before shaking the reaction mixture at room 

temperature. The Eppendorf tube was shielded with aluminum foil during the reaction. After 23 

h, the reaction mixture was added to cold, anhydrous Et2O (12 mL) to precipitate the product. 

The Et2O suspension was centrifuged, Et2O was decanted and the crude product 33 was dried 

over a stream of N2 before using it in the next step without further purification: LC-MS (setup A; 

linear gradient 10 → 90% MeCN, 0.1% TFA, 12.5 min): Rt (min): 6.01 (ESI-MS (m/z): 1414.60 

(M+H+)). 

MSc-NAITNAK(mbTCO)II (34): The 

crude MSc-NAITNAK(NHS-bTCO)II 

(33) previously described was 

dissolved in anhydrous DMF (1.4 mL).  

Ethanolamine (2.44 µL, 40.27 µmol, 4 

equiv) was added, the tube was briefly 

sonicated and flushed with N2 before 

shaking the reaction mixture at room temperature. The Eppendorf tube was shielded with 

aluminum foil during the reaction. After 24 h, the reaction mixture was added to cold, anhydrous 
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Et2O (12 mL) to precipitate the product. The Et2O suspension was centrifuged, Et2O was decanted 

and the crude product 34 was dried over a stream of N2 before using it in the next step without 

further purification: LC-MS (Setup A; linear gradient 10 → 90% MeCN, 0.1% TFA, 11 min): Rt 

(min): 5.23 (ESI-MS (m/z): 1360.67 (M+H+)).   

NAITNAK(mbTCO)II (12): The crude 

MSc-NAITNAK(mbTCO)II (34) 

previously described was dissolved in 

dioxane/MeOH/4 M NaOH 

(7.5:2.25:0.25 v/v, 10 mL). The 

reaction mixture was sonicated and 

occasionally shaken for 15 min. The 

reaction mixture was neutralized by 

adding acetic acid (58 µL, 1.01 mmol) before precipitating the product in cold, anhydrous Et2O 

(~ 30 mL). The Et2O suspension was centrifuged, Et2O was decanted and the crude product 12 

was dried over a stream of N2. The crude product was then purified with HPLC (10 → 30% MeCN 

in H2O with 10 mM NH4OAc) to obtain 12 (1.56 mg, 1.29 µmol, 13% over three steps) as a solid 

after lyophilization: LC-MS (setup A; linear gradient 10 → 50% MeCN, 0.1% TFA, 12.5 min): Rt 

(min): 6.15 (diastereoisomer A, ESI-MS (m/z): 1210.80 (M+H+), 6.60 (diastereoisomer B, ESI-MS 

(m/z): 1210.80 (M+H+)); HRMS: calculated for C55H96N13O17 1210.70416 [M+H]+; found 

1210.70437. 

General procedure for oxidizing dihydrotetrazines with NO2 gas: A solution of HNO3 (70% 

w/w) in H2O (1:1 v/v, 20 mL) was added dropwise to a copper coin (3.65 g, 57.4 mmol) in H2O (5 

mL). The NO2 gas formed was led through a cannula into the tetrazine reaction mixture. After the 

formation of NO2 was visible, the reaction mixture was cooled to 0°C (for tetrazine 14, this also 

serves to reduce evaporation of product from the reaction mixture) and the flow of NO2 was 

stimulated with an argon/N2 balloon. The process was continued until the copper was completely 

dissolved and all nitrous gasses were led through the reaction mixture. In case the copper 

oxidation does not go to completion, additional HNO3 (70% w/w) can be added dropwise to the 

flask containing the copper. 

General procedure for HRMS analysis of tetrazines: A solution of tetrazine (10 µL, 14, 15, 16 

or 17, 10 mM in DMSO) was added to a solution of axial 4-TCO-OH[53,54] (1 µL, 100 mM in DMSO). 

The reaction mixture was diluted with MeCN/H2O/t-BuOH (1:1:1 v/v; 90 µL) and subjected to 

HRMS analysis of the corresponding IEDDA adduct.   

3,6-dimethyl-1,2,4,5-tetrazine (14): Acetamidine hydrochloride (18, 3.97 g, 42 mmol, 

1.0 equiv) was dissolved in H2O (20 mL). Hydrazine hydrate (4.12 mL, 84 mmol, 2.0 

equiv) was added and the solution was stirred at room temperature. After stirring for 

3.5 h, the reaction mixture was oxidized with NO2 gas. When the formation of NO2 gas 

stopped, the deep-red reaction mixture (pH ~ 10) was acidified with HCl (1 M, 100 mL) and 

extracted with DCM (3 x 75 mL). The combined organic layers were washed with HCl (1 M, 100 

mL), dried over MgSO4, filtered and concentrated in vacuo to yield 3,6-dimethyl-1,2,4,5-tetrazine 

(14, 425 mg, 3.86 mmol, 18%) as deep-purple crystals: 1H NMR (400 MHz, CDCl3) δ 3.04 (s, 6H); 
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13C NMR (101 MHz, CDCl3) δ 167.3 (x2), 21.1 (x2); HRMS (IEDDA adduct with axial 4-TCO-OH): 

calculated for C12H21N2O 209.16484 [M+H]+; found 209.16469. A trace of the intermediate 

product, 3,6-dimethyl-1,4-dihydro-1,2,4,5-tetrazine, was visible on 1H and 13C NMR. 

Spectroscopic data was in agreement with literature.[26]  

3-methyl-6-(pyrimidin-2-yl)-1,2,4,5-tetrazine (15): Synthesis was performed 

according to a modified procedure.[27] Pyrimidine-2-carbonitrile (19, 2.10 g, 20 mmol, 

1.0 equiv) and zinc trifluoromethanesulfonate (1.82 g, 5.0 mmol, 0.25 equiv) were 

combined in a point-bottom flask before adding MeCN (5.22 mL, 100 mmol, 5.0 equiv) 

and hydrazine monohydrate (4.85 mL, 100 mmol, 5.0 equiv). The reaction mixture was 

stirred at 60°C (oil bath) under a positive N2 gas stream. After 7 h, additional MeCN (2.5 

mL, 47.9 mmol, 2.4 equiv) was added. After 24 h, the crude reaction mixture was dissolved in HCl 

(0.5 M, 40 mL) before oxidation with NO2 gas. When the formation of NO2 gas stopped, HCl (1 M, 

100 mL) was added and the reaction mixture was extracted with DCM (3 x 75 mL). The combined 

organic layers were washed with HCl (1 M, 150 mL), dried over MgSO4, filtered and concentrated 

in vacuo. The crude product was purified by silica gel chromatography (0% → 2% → 3% MeOH 

in DCM) to obtain 3-methyl-6-(pyrimidin-2-yl)-1,2,4,5-tetrazine (15, 1.09 g, 6.26 mmol, 31%) as 

deep-purple crystals: Rf = 0.2 (2% MeOH in DCM); 1H NMR (400 MHz, CDCl3) δ 9.14 (d, J = 4.9 Hz, 

2H), 7.62 (t, J = 4.9 Hz, 1H), 3.24 (s, 3H); 13C NMR (101 MHz, CDCl3) δ 168.8, 163.3, 159.5, 158.5, 

122.6, 21.6; HRMS (IEDDA adduct with axial 4-TCO-OH): calculated for C15H21N4O 273.17099 

[M+H]+; found 273.17078. Spectroscopic data was in agreement with literature.[27] 

2-(6-(pyrimidin-2-yl)-1,2,4,5-tetrazin-3-yl)ethan-1-ol (16): Synthesis was 

performed according to literature reference.[27] Pyrimidine-2-carbonitrile (19, 2.10 g, 

20 mmol, 1.0 equiv) and zinc trifluoromethanesulfonate (1.82 g, 5.0 mmol, 0.25 equiv) 

were combined in a point-bottom flask before adding 3-hydroxypropanenitrile (6.84 

mL, 100 mmol, 5.0 equiv) and hydrazine monohydrate (4.85 mL, 100 mmol, 5.0 equiv). 

The reaction mixture was stirred at 60°C (oil bath) under a positive N2 gas stream. 

After 24 h, the reaction mixture was dissolved into a solution of sodium nitrite (1 M, 

200 mL). The resulting mixture was acidified to pH ~ 3 by slowly adding HCl (1 M). The mixture 

was extracted with DCM (3 x 150 mL) and the combined organic layers were washed with brine 

(~ 250 mL), dried over MgSO4, filtered and concentrated in vacuo. The crude product was purified 

by silica gel chromatography (0% → 3% MeOH in DCM) and subsequent crystallization from 

EtOAc to obtain 2-(6-(pyrimidin-2-yl)-1,2,4,5-tetrazin-3-yl)ethan-1-ol (16, 142 mg, 0.70 mmol, 

3%) as pink crystals: Rf = 0.2 (3% MeOH in DCM); 1H NMR (400 MHz, CDCl3) δ 9.13 (d, J = 4.8 Hz, 

2H), 7.61 (t, J = 4.8 Hz, 1H), 4.37 (t, J = 5.8 Hz, 2H), 3.76 (t, J = 5.8 Hz, 2H), 2.80 (s, 1H); 13C NMR 

(101 MHz, CDCl3) δ 169.9, 163.6, 159.4, 158.6 (x2), 122.8, 60.1, 38.0; HRMS (IEDDA adduct with 

axial 4-TCO-OH): calculated for C16H23N4O2 303.18155 [M+H]+; found 303.18141. Spectroscopic 

data was in agreement with literature.[27] 
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3,6-di(pyrimidin-2-yl)-1,2,4,5-tetrazine (17): Synthesis was performed according to 

literature reference.[43] Pyrimidine-2-carbonitrile (19, 3.00 g, 28.5 mmol, 1.0 equiv) and 

HCl (37% w/w, 4.5 mL, 56.3 mmol, 2.0 equiv) were dissolved in THF (40 mL). Hydrazine 

hydrate (8.0 mL, 165 mmol, 5.8 equiv) was added dropwise and the resulting mixture 

was stirred under reflux overnight. Conversion of 19 into the dihydrotetrazine 

intermediate (3,6-di(pyrimidin-2-yl)-1,4-dihydro-1,2,4,5-tetrazine, 20, Rf = 0.5 (5% 

MeOH in DCM)) was shown using TLC. H2O (40 mL) was added and THF was evaporated 

in vacuo (up to ~ 150 mbar, 40°C) before extracting the reaction mixture with DCM (~ 2 – 3 L 

total). The combined organic layers were concentrated in vacuo to yield the orange 

dihydrotetrazine intermediate (20) as an orange solid. The intermediate product was dissolved 

in DMF (100 mL) before oxidation with NO2 gas. During oxidation, a purple precipitate was 

formed which was filtrated after ~ 45 min and washed twice with ice cold H2O. The purple 

precipitate (2.38 g) was recrystallized from CHCl3 to obtain 3,6-di(pyrimidin-2-yl)-1,2,4,5-

tetrazine (17, 0.95 g, 3.99 mmol, 14%) as a purple solid: 1H NMR (400 MHz, CDCl3) δ 9.19 (d, J = 

4.9 Hz, 4H), 7.64 (t, J = 4.9 Hz, 2H); 13C NMR (126 MHz, CDCl3) δ 163.9 (x2), 159.5 (x2), 158.7 (x4), 

122.9 (x2); HRMS (IEDDA adduct with axial 4-TCO-OH): calculated for C18H21N6O 337.17714 

[M+H]+; found 337.17707. Spectroscopic data was in agreement with literature.[43] 

Stability of TCO constructs (Figure S1): Stability of TCO constructs were determined by 

incubation in the desired solvent (Full Medium or Fetal Calf Serum) at 37°C over a time period of 

24 h. 30 µl of a 200 µM solution of TCO-construct (6, 8, 9, 12) in DMSO was dissolved in 2970 µl 

solvent. The resulting 2 µM solution was incubated at 37°C. At time points 0, 1, 2, 3, 4 and 24 h 

three times 100 µl was transferred to separate wells in a Greiner flat black 96 well plate and each 

was diluted with 100 µl of a freshly prepared solution of Bodipy-Tz 22 (10 µM), resulting in three 

200 µl solutions (1 µM TCO-construct, 5 µM Bodipy-Tz 22). Solution fluorescence was measured 

using a Tecan Infinite M1000 Pro (λex = 491 nm, λem = 525 nm) for 60 minutes at 1 min intervals 

and TCO stability was determined as a relative percentage to time point 0 (for each compound 

individually). Control samples containing 100 µl solvent (1% DMSO) were diluted with 100 µl 

Bodipy-Tz (22, 10 µM) and measured at all time points to establish a baseline.  

Formula after baseline correction: 

Time point x (t = 50 fluorescence) / time point 0 (t = 50 fluorescence) * 100% = % TCO intact. 
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Stability of tetrazines (Figure S2): Stability of tetrazines were determined by incubation in 

Fetal Calf Serum (FCS) at room temperature. 10 µl of a 100 mM solution of tetrazine (14 – 17) in 

DMSO was dissolved in 990 µl FCS. Intact tetrazine present in the resulting 1 mM solution was 

quantified by the intensity of its characteristic absorption at 515 nm. After initial mixing of the 

sample, 500 µl was measured at time points 0, 1, 5, 10 and 60 min, and the remaining 500 µl was 

measured after 24 h. A control solvent sample (1% DMSO) was measured initially at 0 min and 

24 h to establish a 0% value. Formula after 0% correction: 

Time point x (absorption) / time point 0 (absorption) * 100% = % tetrazine intact. 
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5 

Chemical activation of iNKT-cells: design and 

synthesis of caged α-galactosylceramide 

derivatives 

M.M.E. Isendoorn contributed to the work described in this Chapter. 

5.1 Introduction 

Natural killer T (NKT) cells act as immunomodulators upon recognition of endogenous 

and foreign (glyco)lipid antigens presented by major histocompatibility complex type-

1 (MHC-I)-like CD1d proteins.[1] These T-cells combine properties of natural killer (NK) 

cells with CD1d-restricted αβ T-cell receptors (TCRs),[2] and whilst they constitute less 

than 1% of total T-cells present in blood,[3,4] their activation triggers rapid release of 

cytokines without relying on clonal expansion, making them key mediators in many 

branches of the immune response.[5,6]  
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Invariant NKT (iNKT) cells, or type I NKT cells, account for 80% of NKT cells[3] and 

express a highly conserved TCR α-chain in conjunction with a limited scope of β-

chains.[2–5] Isolation of agelasphins, α-linked galactosylceramides with antitumor 

properties, from the marine sponge Agelas mauritianus[7] and subsequent structure-

activity relationship (SAR) studies[8] identified αGalCer (KRN7000, 1, Figure 1A)[8] as a 

potent model antigen for iNKT cells.[2,9]  Rigid binding of the acyl- and phytosphingosine 

lipid tails of 1 in the respective A’- and F’-pockets of CD1d enables surface exposure of 

the α-galactosyl moiety for recognition by type I NKT TCRs.[1,10] Presentation of 1 by 

dendritic cells (DCs) and subsequent activation of iNKT cells triggers secretion of both 

Figure 1 A) Synthetic glycolipid-peptide conjugates (2, 5, 7) developed as vaccines by Painter, 
Hermans and co-workers.[32, 36-40] The glycolipid portion of these vaccines are based on (a 
rearranged structure of ) αGalCer (1). B) Mode of action of glycolipid vaccine 2.[32] Upon uptake 
by a DC, esterases cleave the acyloxymethyl carbamate linker to give 3 and peptide fragment 4. 
Intramolecular rearrangement of 3 provides 1 and proteolytic cleavage of 4, which is accelerated 
by the N-terminal FFRK sequence,[34] affords the MHC-I epitope SIINFEKL. The combined MHC-I 
and CD1d activation triggers DC priming and results in a potent CD8+ T-cell response.   
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pro-inflammatory TH1 (for instance IFN-γ, TNF and IL-2) and immunomodulatory TH2 

(for instance IL-4, IL-10 and IL-13) cytokines,[6] thereby stimulating DC maturation. 

This iNKT-DC interaction, which operates via IL-12 signaling, subsequently triggers NK 

cell transactivation,[11] resulting in high levels of IFN-γ release, and stimulates both 

antigen cross presentation and T-cell activation.[4,12,13] Additionally, iNKT cells promote 

B-cell, macrophage and neutrophil activity.[4,12] 

Following its discovery, compound 1 was initially considered as a stand-alone drug in 

cancer immunotherapy.[8] However, the majority of clinical trials conducted in this 

context have shown that compound 1 falls short in this;[14–16] predominantly because 

the effect of IFN-γ, as induced by compound 1, is limited due to a mixed TH1/TH2 

response. The induction of iNKT cell anergy[17,18] and hepatotoxicity[19] further limits its 

use. Ongoing studies to identify and develop novel αGalCer derivatives which elicit 

skewed TH1 or TH2 responses[20,21] are supported by novel approaches, such as the 

discovery of CD1d ligands which display covalent binding.[22]  

Co-administration of 1 with peptide vaccines to enhance CD8+ and CD4+ T-cell 

responses has previously been established.[23–27] It was shown that this stimulatory 

effect requires presentation of both the specific peptide antigen and 1 by the same 

DC,[26,28] which emphasizes the targeted delivery of both components in vivo. In this 

regard, a particularly promising development is the employment of 1 as a covalent 

adjuvant[29] to stimulate the effectiveness of synthetic carbohydrate[30,31] and peptide[32] 

vaccines. Notably, Painter, Hermans and co-workers[32] reported a self-adjuvanting 

strategy, where an inactive pro-adjuvant (2) rearranges into 1 upon esterase activity: 

cleavage of the acyloxymethyl carbamate moiety[33] enables intramolecular oxygen-to-

nitrogen acyl transfer from 3 to afford 1 (Figure 1B).[32] Additionally, proteolytic 

cleavage of the N-terminal FFRK sequence[34] afforded the MHC-I antigen SIINFEKL 

(OVA257-264; OT-I)[35] from the aminooxy linked peptide fragment (4, Figure 1B).[32] 

Vaccine conjugate 2 was able to elicit a potent and specific CD8+ T-cell response: 

effective release of IFN-γ was observed, owing to transactivation of NK cells, whilst 

reduced levels of IL-4 were detected and fewer NKT cells were activated compared to 

co-administration of 1 and the peptide construct.[32] 

An additional advantage to these conjugate glycolipid-peptide vaccines, which induce 

iNKT-assisted priming of DCs to obtain potent CD8+ T-cell responses, is their cost-

effective synthesis: advanced intermediates can be stored and subsequently conjugated 

to the desired epitope regions in a single step. Consequently, the versatility of the self-

adjuvanting approach[32] was explored for in vivo treatment of tumors,[36–38] 

influenza,[39] and malaria.[40] These studies also introduced protease-sensitive valine-

citrulline-para-amino-benzyl (VC-PAB) linkers[41] for enhanced in vivo stability and 
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both copper(I)-catalyzed alkyne-azide cycloaddition (CuAAC) and strain-promoted 

alkyne-azide cycloaddition (SPAAC) as alternative conjugation strategies (see for 

example Figure 1A, 5).[36,39] The identification and application of α-

galactosylphytosphingosine (αGalPhs, Figure 1A, 6)[38] as partial agonist towards iNKTs 

enables further fine-tuning of the conjugate vaccines, for instance to reduce in vivo 

hepatotoxicity.[38] Another development is the use of synthetic long peptides (SLPs), 

containing both CD4+ and CD8+ T-cell epitopes, to encompass large immunogenic 

regions of target proteins (see for example, Figure 1A, 7).[37–40]  

It was hypothesized that a chemical trigger to activate covalent glycolipid-peptide 

vaccines would provide enhanced control over the priming of DCs, whilst retaining the 

favorable delivery observed for these conjugates.[32,36–38,40] In this regard, Trauner and 

co-workers recently demonstrated photochemical control over cytokine secretion with 

azobenzene-functionalized αGalCer derivatives.[42] The inverse electron demand Diels-

Alder (IEDDA) pyridazine elimination,[43] a dissociative bioorthogonal reaction,[44–46] 

constitutes another attractive option for this approach. This “click-to-release” 

technique has demonstrated particular promise towards the (tetrazine mediated) 

activation of antibody-drug-conjugates (ADCs, Chapter 2), as shown by Robillard[47,48] 

as well as Royzen and Oneto,[49] MHC-I antigens (Chapter 4),[50] TLR ligands,[51] and even 

protein active sites.[52] It was therefore reasoned that protection of the amine 

Figure 2 Design of TCO caged αGalCer 7, which is unable to elicit iNKT activation via CD1d 
recognition. Upon ligation to a tetrazine, the 4,5-dihydropyridazine (9) can tautomerize to form 
the 2,5- and 1,4-tautomers (10 and 11, respectively). Elimination of CO2 and the pyridazine 
adduct from 11 affords 3, which can then undergo intramolecular acyl transfer to afford 1, which 
induces iNKT activation. 
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functionality of pro-adjuvant 3 with an allylic, substituted trans-cyclooctene (TCO) 

modality would render rearrangement of the resulting caged α-GalCer (8) under 

tetrazine control (Figure 2). In this scenario, tetrazine ligation of 8 with 3,6-

dimethyltetrazine results in 4,5-dihydropyridazine 9. Compound 9 tautomerizes to 

form 2,5-dihydropyridazine 10 and 1,4-dihydropyridazine 11, the latter of which is 

able to eliminate 3 for subsequent acyl transfer to obtain 1. 

 5.2 Results and discussion  

With the aim to evaluate chemical control over CD1d-mediated glycolipid recognition 

by means of click-to-release IEDDA chemistry, this Chapter describes the synthesis of 

caged lipids 8 and 12, based on (pro)αGalCer (3) and αGalPhs (6), respectively (Scheme 

1). Both compounds were synthesized from TCO-protected intermediate 13, which in 

turn was obtained from the α-galactosylated intermediate 14 and axial TCO carbonate 

15 (Chapter 3) in three steps. Late-stage (global) deprotection of (para-methoxy) 

benzyl protecting groups by means of hydrogenolysis or acid, as is often the case for 

αGalCer (1) syntheses reported in literature,[20] was ruled out with regard to 

preservation of the TCO moiety. Formation of 14 was envisaged by combining 4,6-di-

tert-butylsilylene (DTBS)-directed α-galactosylation[53–55] with an azide protected 

phytosphingosine acceptor, as reported by Veerapen et al.[56] However, instead of 

protecting the remaining alcohol functionalities as benzoyl esters, 2,3-TBS-4,6-DTBS 

Scheme 1 Retrosynthetic design for caged αGalCer 8 and caged αGalPhs 12 from a shared 
intermediate (13), which can be synthesized from glycosylation partners 16 and 17. 
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protected donor 16 and 2-azido-3,4-cyclic carbonate acceptor 17 were selected, as 

reported by Gold et al.[57] and Panza et al.[58], respectively. This approach would enable 

selective deprotection of the cyclic carbonate moiety after glycosylation, in addition to 

a mild desilylation as the final deprotection step. Additionally, if required, the reactivity 

of donor could be enhanced by transforming 16 into a more reactive imidate donor.[57] 

Therefore, donor 16 was synthesized from D-galactose (18) and acceptor 17 was 

synthesized from D-ribo-phytosphingosine (19). 

Peracetylation of 18 by refluxing in a mixture Ac2O and NaOAc afforded 20 after 

crystallization in 52% yield. Anchimerically assisted installation of the anomeric 

thiophenol modality was achieved in the presence of BF3 · OEt2 to obtain 21, which gave 

22 after Zemplén deacetylation. The 4,6-DTBS protecting group[59] was installed by 

treating 22 with DTBS(OTf)2, and subsequent treatment with pyridine, to obtain 23 in 

85% isolated yield after chromatographic purification. Finally, the 2-OH and 3-OH 

Scheme 2 Synthesis of galactose donor 16 (A) and phytosphingosine acceptor 17 (B). 
Reagents/conditions: (a) Ac2O, NaOAc, reflux, 52%; (b) PhSH, BF3 · OEt2, DCM, 0°C to rt, 95%; (c) 
NaOMe, MeOH, rt, 95%; (d) DTBS(OTf)2, pyridine, DMF, -40°C, 83%; (e) TBS-OTf, DMAP, pyridine, 
0°C to rt, 95%; (f) imidazole-1-sulfonyl azide hydrogen sulfate (24), K2CO3, Cu(II) · 5 H2O, MeOH, 
DCM, rt; (g) TBDPS-Cl, Et3N, DMAP, DCM, rt, 83% over two steps; (h) CDI, DCM, rt, 79%; (i) HF · 
pyridine, pyridine, rt, 92%.     
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positions of 23 were protected as TBS esters using TBS-OTf in the presence of 4-

dimethylaminopyridine (DMAP) and pyridine to give donor 16 in 95% yield. D-ribo-

phytosphingosine (19) was protected by diazotransfer with imidazole-1-sulfonyl azide 

hydrogen sulfate (24)[60,61] in the presence of K2CO3 and Cu(II) · 5 H2O to obtain azide 

25, followed by silylation of the primary alcohol to obtain tert-butyldiphenylsilyl 

(TBDPS) ester (26) in 83% over two steps. The 3,4-diol functionality was protected as 

the cyclic carbonate using 1,1’-carbonyldiimidazole (CDI) to obtain 27 in 79% yield. 

Desilylation in the presence of HF · pyridine afforded acceptor 17 in 92% yield. Direct 

formation of 17 from 25 using diphosgene, as reported by Panza et al.[58], did not 

provide reproducible results when moving beyond small scale preparations. 

Scheme 3 Synthesis of caged glycolipids 8 and 12 from galactose donor 16 and phytosphingosine 
acceptor 17. Reagents/conditions: (a) NIS, TMS-OTf, DCM, -40°C, 67%; (b) PtO2, H2 (g), THF, rt; 
(c) TCO-NHS (15), DIPEA, DMAP, DMF, rt, 89% over two steps; (d) LiOH, THF, H2O, rt, quant.; (e) 
Et3N · 3HF, THF, rt, 84%; (f) hexacosonoic acid (30), EDC · HCl, DIPEA, DMAP, DCM, rt, 31-34%; 
(g) Et3N · 3HF, THF, rt, 23%. 
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Glycosylation of donor 16 and acceptor 17 was investigated next (Scheme 3; Table 1). 

Iodoniumdicollidine perchlorate (IDCP) proved unable to activate donor 16 (Table 1, 

entry 1). Instead, promotor systems based on N-iodosuccinimide (NIS) were evaluated. 

Activation of donor 16 with NIS/AgOTf resulted in a complex mixture of products 

(Table 1, entry 2). However, employing a mixture of NIS and catalytic TfOH at -40°C, as 

reported by Veraapen et al.[56] for a similar glycosylation, resulted in rapid α-selective 

glycosylation using donor 16 and 1.5 equivalents of acceptor 17 to obtain 14 in 63% 

yield (Table 1, entry 3). Additional experiments on small scale (≤ 1 mmol 16) confirmed 

these findings (Table 1, entries 4 and 5) and also identified TMS-OTf as a more effective 

activator when used in combination with NIS (Table 1, entry 6). Glycosylation at 5 mmol 

scale, although requiring a prolonged reaction time, resulted in a yield of 67% (Table 1, 

entry 8).  

Hydrogenation of the α-galactosylated product (14) in the presence of Adam’s catalyst 

afforded amine 28. Subsequently, axial TCO carbonate 15 (Chapter 3) was employed as 

a reagent to install the TCO carbamate moiety on 28, in the presence of DIPEA and 

DMAP, to obtain 29 in 89% over two steps after chromatographic purification. 

Saponification of the cyclic carbonate functionality was performed with LiOH in a 

aIsolated yield after aqueous workup and chromatographic purification. 

Table 2 Glycosylation of galactose donor 16 and phytosphingosine acceptor 17 to form 14. 

 

Entry Scale  

(mmol) 

Donor 16 

(equiv) 

Promotor system 

(equiv) 

Solvent 

(M) 

Temp.  

(°C) 

Time 

 (min) 

Yield 

(%)a 

1 0.1 1.5 IDCP (3.0) DCM 

(0.2) 

0 → rt - - 

2 0.15 1.5 NIS (1.5),  

AgOTf (0.3) 

DCM 

(0.2) 

0 → rt - - 

3 0.1 1.5 NIS (1.5),  

TfOH (0.2) 

DCM 

(0.1) 

-40 15 63 

4 0.4 1.5 NIS (1.5),  

TfOH (0.2) 

DCM 

(0.1) 

-40 60 52 

5 0.6 1.5 NIS (1.5),  

TfOH (0.1) 

DCM 

(0.1) 

-40 60 34 

6 0.2 1.5 NIS (1.5),  

TMS-OTf (0.2) 

DCM 

(0.1) 

-40 15 85 

7 2.4 1.2 NIS (1.5),  

TMS-OTf (0.2) 

DCM 

(0.1) 

-40 180 59 

8 5.3 1.5 NIS (1.5),  

TMS-OTf (0.2) 

DCM 

(0.1) 

-40 300 67 
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mixture of THF and H2O to obtain 13 as a crude product which could be directly used 

for subsequent steps. An alternative three step reaction sequence for the conversion of 

14 to 13 was initially investigated by subjugating 13 to saponification of the cyclic 

carbonate functionality, followed by Staudinger reduction in the presence of 

trimethylphosphine and NaOH and installation of the TCO carbamate as the final step. 

While this reaction sequence showed promising results on small scale, it resulted in a 

complicated purification procedure for 13 and generally resulted in lowered yields and 

increased reaction time. 

Acylation with hexacosonoic acid (30) was investigated for 13 (Table 2). Esterification 

in the presence of benzotriazol-1-yl-oxytripyrrolidinophosphonium 

hexafluorophosphate (PyBOP) or N-ethoxycarbonyl-2-ethoxy-1,2-dihydro quinoline 

(EEDQ)[62] proved ineffective, despite prolonged reaction times (entries 1 and 2). 

Reaction of 13 with hexacosanoyl chloride (31) resulted in a complex reaction mixture. 

Instead, Steglich esterification[63] of 13 and 30 in the presence of 1-ethyl-3-(3 -

dimethylaminopropyl) carbodiimide hydrochloride (EDC · HCl), DMAP and DIPEA 

afforded 32 in 31% yield (entry 4). Extending the reaction time for this procedure gave 

similar results (entry 5). Yamaguchi esterification[64–67] in the presence of 2,4,6-

trichlorobenzoyl chloride (TCBC), DMAP and Et3N also afforded 32 in a comparable 

yield. 

aIsolated yield after aqueous workup and chromatographic purification. 

Table 2 Esterification of 13 to obtain 32. 

Entry Scale  

(mmol) 

Reagent 

(equiv) 

Coupling conditions 

(equiv) 

Solvent 

(M) 

Temp.  

(°C) 

Time 

 (min/h/d) 

Yield 

(%)a 

1 0.08 30 (1.5) PyBOB (1.5) 

DIPEA (3.0) 

DCM 

(0.04) 

rt 5 d - 

2 0.09 30 (1.3) EEDQ (2.0) EtOH 

(0.06) 

0 → rt  → 50 2 d - 

3 0.10 31 (1.3)  DIPEA (4.0) DCM 

(0.02) 

-20 → rt 30 min - 

4 0.10 30 (1.5) EDC · HCl (1.5), DMAP (6.0) 

DIPEA (3.0) 

DCM  

(0.03) 

0 → rt 20 h 31 

5 0.2 30 (1.5) EDC · HCl (1.5), DMAP (6.0) 

DIPEA (3.0) 

DCM 

(0.05) 

0 → rt 3 d 32 

6 0.08 30 (1.5) TCBC (6.0), DMAP (6.0) 

Et3N (6.0) 

DCM 

(0.04) 

rt 3 d 34 
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Simultaneous deprotection of the cyclic DTBS protecting group and two TBS groups on 

the galactose moiety was evaluated for both 13 and 32 to obtain 12 and 8, respectively 

(Table 3). Initial attempts relied on HF · pyridine and tetra-n-butylammoniumfluoride 

(TBAF), as individual reports on αGalCer derivatives have shown both of these reagents 

to be effective for 4,6-DTBS deprotection.[56,68,69] Treatment of 13 with HF · pyridine 

(neat) resulted in a complex mixture of products (entry 1) , which could not be 

circumvented by performing the deprotection at low temperature in THF (entry 2). 

Diluting the reaction mixture with pyridine resulted in a lack of conversion, despite 

prolonged incubation (entry 3). Deprotection of 13 in the presence of TBAF resulted in 

partial deprotection of silyl esters and TCO carbamate hydrolysis (entry 4). Addition of 

AcOH to the deprotection with TBAF also resulted in a complex mixture of reaction 

products (entry 5). 

As an alternative, global deprotection of 13 with Et3N · 3HF was investigated in THF, 

resulting in an isolated yield of 28% (12, entry 6) after 16 hours. Prolonging the 

incubation time for this deprotection resulted in an increased yield of 84% (12, entry 

7). Finally, Et3N · 3HF mediated deprotection conditions also enabled conversion of 32 

to 8 in 23% yield without observing hydrolysis of the ester bond (entry 8).  

NMR analysis for both 32 and 8 indicated the presence of a regioisomeric byproduct, 

implying the ester bond was installed without complete regioselectivity. Furthermore, 

Table 3 Silyl deprotection of 13 and 32 to obtain 12 and 8. 

Entry Compound  

(mmol) 

Deprotection conditions 

(equiv) 

Solvent 

(M) 

Temp.  

(°C) 

Time 

 (h) 

Yield 

(%)a 

1 13 (0.08) HF · pyridine (excess) - rt 16   - 

2 13 (0.06) HF · pyridine (10) THF (0.03) 0 16  - 

3 13 (0.03) HF · pyridine (10) Pyridine (0.03) rt 72  - 

4 13 (0.10) TBAF (15) THF (0.1) rt 16  - 

5 13 (0.10) TBAF (15), AcOH (4) THF (0.1) rt 16  - 

6 13 (0.10) Et3N · 3 HF (6) THF (0.1) 0 → rt 16  12 (28) 

7 13 (0.56) Et3N · 3 HF (6) THF (0.1) 0 → rt 96  12 (84) 

8 32 (0.30) Et3N · 3 HF (10) THF (0.1) 0 → rt 27  8 (23) 

aIsolated yield after aqueous workup and chromatographic purification. 
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migration of the ester moiety was not observed during the deprotection of 32 to 8. 

Additionally, LC-MS experiments with a non-releasing tetrazine (Chapter 3 and 4) 

confirmed the trans configuration of the double bond for 12 and 8. Taken together, 

while further optimization for the esterification and deprotection steps is warranted 

for 8 specifically, the results described confirm the compatibility of the deprotection 

conditions towards the envisioned synthetic strategy. 

5.3 Conclusions 

In conclusion, the synthesis of two TCO caged derivatives (8 and 12) of pro-αGalCer (3) 

and αGalPhs (6) is reported. α-Selective glycosylation of a 2,3-TBS-4,6-DTBS protected 

thiogalactoside (16) with a 2-azido-3,4-cyclic carbonate protected phytosphingosine 

(17) afforded key intermediate 14, which was converted in three steps - hydrogenation, 

TCO carbamate formation and saponification - to obtain TCO protected intermediate 

13. Direct desilylation afforded 12, whilst esterification and concomitant deprotection 

gave 8. 

Looking ahead to future research, TCO protected glycolipids 8 and 12 are to be 

evaluated for the envisaged in vivo chemical control over iNKT cell activation. Initial in 

vitro experiments should compare the cytokine release profiles of 8 with 1 and 12 with 

6, respectively. These conditions can subsequently be compared to ones where a 

tetrazine trigger is additionally present. The detection of IFN-γ and IL-4 secreted by an 

NKT cell line, such as the DN32-D3 NKT hybridoma or isolated human iNKT cells, can 

establish whether chemical control over iNKT cell activation is offered by 8 and/or 12, 

and will aid in designing in vivo experiments and also more advanced constructs which 

also incorporate a peptide antigen.  
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5.4 Experimental procedures  

General methods: Commercially available reagents and solvents were used as received. 

Moisture and oxygen sensitive reactions were performed under N2 atmosphere (balloon). DCM, 

toluene, THF, dioxane and Et2O were stored over (flame-dried) 4 Å molecular sieves (8-12 mesh). 

Methanol was stored over (flame-dried) 3 Å molecular sieves. Pyridine, DIPEA and Et3N were 

stored over KOH pellets. TLC analysis was performed using aluminum sheets, pre-coated with 

silica gel (Merck, TLC Silica gel 60 F254). Compounds were visualized by UV absorption (λ = 254 

nm), by spraying with either a solution of KMnO4 (20 g/L) and K2CO3 (10 g/L) in H2O, a solution 

of (NH4)6Mo7O24 · 4H2O (25 g/L) and (NH4)4Ce(SO4)4 · 2H2O (10 g/L) in 10% H2SO4, 20% H2SO4 

in EtOH, or phosphomolybdic acid in EtOH (150 g/L), where appropriate, followed by charring at 

ca. 150°C. Column chromatography was performed on Screening Devices b.v. Silica Gel (particle 

size 40-63 µm, pore diameter 60 Å). Celite Hyflo Supercel (Merck) was used to impregnate the 

reaction mixture prior to silica gel chromatography when indicated. 1H, 13C APT, 1H COSY, HSQC 

and HMBC spectra were recorded with a Bruker AV-400 (400/100 MHz), AV-500 (500/125 MHz) 

or AV-600 (600/150 MHz) spectrometer. Chemical shifts are reported as δ values (ppm) and 

were referenced to tetramethylsilane (δ = 0.00 ppm) or the residual solvent peak as internal 

standard.  J couplings are reported in Hz. High resolution mass spectra were recorded by direct 

injection (2 µL of a 1 µM solution in H2O/MeCN 1:1 and 0.1% formic acid) on a mass spectrometer 

(Q Exactive HF Hybrid Quadrupole-Orbitrap) equipped with an electrospray ion source in 

positive mode (source voltage 3.5 kV, sheath gas flow 10, capillary temperature 275°C) with 

resolution R = 240,000 at m/z 400 (mass range m/z = 160-2,000) and an external lock mass. The 

high resolution mass spectrometer was calibrated prior to measurements with a calibration 

mixture (Thermo Finnigan). The synthesis of TCO carbonate 15 is described in Chapter 3. 

Peracetylated β-D-galactopyranoside 20: Synthesis was performed 

according to a modified procedure.[70] A suspension of sodium acetate (25.0 g, 

305 mmol, 1.1 equiv) in acetic anhydride (350 mL, 3.71 mol, 13.4 equiv) was 

stirred in a three-neck, round-bottom flask and heated towards reflux in an oil bath set at 160°C. 

When the suspension was fully refluxing, the flask was removed from the oil bath and D-galactose 

(18, 50.0 g, 278 mmol, 1.0 equiv) was slowly added in portions to the mixture. The reaction 

mixture turned into a clear, yellow solution and was stirred for a further 5-10 min before pouring 

it into ice water (2 L). The aqueous mixture was stirred for 1 h at room temperature. DCM (600 

mL) was added and the organic layer was washed with H2O (1.5 L), NaHCO3 (satd., 1.5 L), brine 

(1 L), dried over MgSO4, filtered and concentrated in vacuo. The crude product was obtained as a 

light yellow solid and purified by recrystallization in EtOH to obtain 20 (56.4 g, 144 mmol, 52%) 

as white crystals: Rf = 0.4 (30% EtOAc in pentane); 1H NMR (400 MHz, CDCl3) δ 1H NMR (400 

MHz, CDCl3) δ 5.71 (d, J = 8.3 Hz, 1H), 5.43 (dd, J = 3.4, 1.1 Hz, 1H), 5.34 (dd, J = 10.4, 8.3 Hz, 1H), 

5.09 (dd, J = 10.4, 3.4 Hz, 1H), 4.21 – 4.03 (m, 3H), 2.17 (s, 3H), 2.13 (s, 3H), 2.05 (2 s, 6H), 2.00 (s, 

3H); 13C NMR (101 MHz, CDCl3) δ 170.4, 170.2, 170.0, 169.5, 169.1, 92.2, 71.8, 70.9, 67.9, 66.9, 

61.1, 20.9, 20.7, 20.7, 20.6; HRMS: calculated for C16H22O11Na 413.10543 [M+Na]+; found 

413.10521. Spectroscopic data was in agreement with literature.[70] 
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Thiogalactoside 21: Synthesis was performed according to a modified 

procedure.[70] β-D-galactose pentaacetate (20, 32.8 g, 84.0 mmol, 1.0 equiv) 

was dissolved in anhydrous DCM (~600 mL) under N2. The solution was cooled 

down to 0°C before slowly adding thiophenol (12.9 mL, 126 mmol, 1.5 equiv) and boron 

trifluoride etherate (15.5 mL, 126 mmol, 1.5 equiv). The reaction mixture was stirred for 24 h 

and allowed to warm to room temperature. The reaction mixture was cooled to 0°C and quenched 

by adding Et3N (20 mL, 143 mmol, 1.7 equiv) and subsequently washed with NaHCO3 (satd., 1 L) 

and back-extracted with DCM (500 mL). The combined organic layers were washed with NaOH 

(5 % w/w, 1 L), dried over MgSO4, filtered and concentrated in vacuo. The crude product was 

purified by silica gel chromatography (20% EtOAc in pentane → 30% EtOAc in pentane) to obtain 

21 (35.2 g, 79.9 mmol, 95%) as a colorless waxy solid: Rf  = 0.7 (50% EtOAc in pentane); 1H NMR 

(400 MHz, CDCl3) δ 7.55 – 7.48 (m, 2H), 7.35 – 7.29 (m, 3H), 5.42 (d, J = 2.7 Hz, 1H), 5.24 (t, J = 

10.0 Hz, 1H), 5.05 (dd, J = 9.9, 3.3 Hz, 1H), 4.72 (d, J = 10.0 Hz, 1H), 4.20 (dd, J = 11.3, 7.0 Hz, 1H), 

4.12 (dd, J = 11.3, 6.2 Hz, 1H), 3.94 (t, J = 6.6 Hz, 1H), 2.13 (s, 3H), 2.10 (s, 3H), 2.05 (s, 3H), 1.98 

(s, 3H); 13C NMR (101 MHz, CDCl3) δ 170.5, 170.3, 170.2, 169.6, 132.7 (x2), 132.6, 129.0 (x2), 

128.3, 86.8, 74.6, 72.1, 67.4, 67.3, 61.8, 21.0, 20.8, 20.8, 20.7; HRMS: calculated for C20H24O9SNa 

463.10332 [M+Na]+; found 463.10277. Spectroscopic data was in agreement with literature.[70]  

Thiogalactoside 22: Compound 21 (35.1 g, 79.8 mmol, 1.0 equiv) was 

dissolved in anhydrous MeOH (250 mL) under N2. The pH of the reaction 

mixture was adjusted to > 10 by adding slowly adding sodium whilst stirring. 

The resulting reaction mixture was stirred overnight and subsequently neutralized by adding 

Amberlyst® (H+ form, washed 3 x with MeOH prior to usage) in small portions, gently swirling 

the flask and monitoring the pH until neutral. The neutralized solution was filtered and 

concentrated in vacuo to obtain 22 (20.6 g, 75.6 mmol, 95%) as a colorless oil: Rf  = 0.4 (20% 

MeOH in DCM); 1H NMR (400 MHz, MeOD) δ 7.58 – 7.52 (m, 2H), 7.32 – 7.25 (m, 2H), 7.25 – 7.19 

(m, 1H), 4.60 (d, J = 9.7 Hz, 1H), 3.91 (d, J = 3.2 Hz, 1H), 3.77 (dd, J = 11.4, 6.9 Hz, 1H), 3.71 (dd, J 

= 11.5, 5.2 Hz, 1H), 3.62 (t, J = 9.4 Hz, 1H), 3.57 (t, J = 6.1 Hz, 1H), 3.51 (dd, J = 9.2, 3.3 Hz, 1H); 13C 

NMR (101 MHz, MeOD) δ 136.0, 132.0 (x2), 129.8 (x2), 127.9, 90.2, 80.5, 76.2, 70.9, 70.3, 62.5; 

HRMS: calculated for C12H16O5SNa 295.06107 [M+Na]+; found 295.06106. Spectroscopic data was 

in agreement with literature.[71,72] 

Thiogalactoside 23: compound 22 (15.8 g, 57.9 mmol, 1.0 equiv) was co-

evaporated with anhydrous DMF (150 mL) in a 1 L round-bottom flask 

before dissolving the starting material in anhydrous DMF (240 mL) under 

N2. The solution was cooled to -40°C before slowly adding di-tert-butylsilyl 

bis(trifluoromethanesulfonate) (24.2 g, 55.0 mmol, 0.95 equiv). The 

reaction mixture was stirred at -40°C for 30 min before adding anhydrous pyridine (14.1 mL, 174 

mmol, 3.0 equiv). The reaction mixture was stirred for 45 min and was subsequently diluted with 

Et2O (1 L), washed with H2O (4 x 500 mL), brine (750 mL), dried over MgSO4, filtered and 

concentrated in vacuo. The crude product was purified by silica gel chromatography (5% acetone 

in DCM, isocratic) to obtain the silylated product 23 (19.8 g, 48.0 mmol, 83%) as a clear viscous 

oil which crystallized under reduced pressure: Rf  = 0.4 (5% acetone in DCM); 1H NMR (500 MHz, 

CDCl3) δ 7.58 – 7.52 (m, 2H), 7.33 – 7.25 (m, 3H), 4.56 (d, J = 9.8 Hz, 1H), 4.44 (d, J = 3.4 Hz, 1H), 
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4.29 – 4.22 (m, 2H), 3.75 (t, J = 9.3 Hz, 1H), 3.58 – 3.50 (m, 1H), 3.47 (s, 1H), 2.86 (br s, 2OH), 1.05 

(s, 9H), 1.03 (s, 9H); 13C NMR (126 MHz, CDCl3) δ 133.2, 132.7 (x2), 129.0 (x2), 128.0, 89.1, 75.3, 

75.2, 72.6, 70.7, 67.2, 27.6 (x3), 27.5 (x3), 23.4, 20.7; HRMS: calculated for C20H32O5SSiNa 

435.16319 [M+Na]+; found 435.16279. Spectroscopic data was in agreement with literature.[57] 

Thiogalactoside donor 16: Compound 23 (2.06 g, 5.0 mmol, 1.0 equiv) and 

DMAP (61 mg, 0.5 mmol, 0.1 equiv) were dissolved in anhydrous pyridine 

(20 mL) under N2. The solution was cooled to 0°C before slowly adding TBS-

OTf (4.59 mL, 20.0 mmol, 4.0 equiv). The reaction mixture was stirred for 

16 h and allowed to warm to room temperature. The reaction mixture was 

concentrated in vacuo, diluted with 100 mL EtOAc, washed with HCl (1 M, 100 mL), NaHCO3 

(satd., 100 mL) and brine (100 mL). The aqueous layers were back-extracted with EtOAc (50 mL). 

The combined organic layers were dried over MgSO4, filtered and concentrated in vacuo. The 

crude product was purified by silica gel chromatography (pentane → 20% DCM in pentane → 

40% DCM in pentane) to obtain 23 (3.03 g, 4.73 mmol, 95%) as a clear oil: Rf = 0.3 (40% DCM in 

pentane); 1H NMR (400 MHz, CDCl3) δ 7.51 – 7.45 (m, 2H), 7.29 – 7.19 (m, 4H), 4.56 (d, J = 9.4 Hz, 

1H), 4.32 (dd, J = 3.0, 1.0 Hz, 1H), 4.19 (dd, J = 12.2, 1.6 Hz, 1H), 4.15 (dd, J = 12.1, 1.7 Hz, 1H), 4.01 

(t, J = 9.0 Hz, 1H), 3.52 (dd, J = 8.6, 2.8 Hz, 1H), 3.36 – 3.31 (m, 1H), 1.12 (s, 9H), 1.04 (s, 9H), 0.96 

(s, 9H), 0.95 (s, 9H), 0.26 (s, 3H), 0.15 (s, 3H), 0.12 (s, 3H), 0.10 (s, 3H); 13C NMR (101 MHz, CDCl3) 

δ 136.0, 131.8 (x2), 128.8 (x2), 127.1, 90.6, 78.0, 74.8, 74.7, 70.4, 67.4, 27.9 (x3), 27.5 (x3), 26.7 

(x3), 26.6 (x3), 23.6, 20.9, 18.4, 18.4, -1.9, -3.2, -3.3, -3.6; HRMS: calculated for C36H64O5SSi3N 

658.38075 [M+NH4]+; found 658.38031. Spectroscopic data was in agreement with literature.[57] 

*Note: this procedure could also be performed at 10 gram scale (24 mmol) to obtain similar results.   

 Imidazole-1-sulfonyl azide hydrogen sulfate (24): Synthesis was 

performed according to literature precedence.[61] Sodium azide (7.50 g, 

115 mmol, 1.0 equiv) was placed in a 500 mL round-bottom flask and 

subsequently dissolved in anhydrous ethyl acetate (120 mL) under N2. The suspension was 

cooled to 0°C before slowly adding sulfuryl chloride (9.38 mL, 115 mmol, 1.0 equiv) over 10 min. 

The yellow reaction mixture was stirred for 19 h and allowed to warm to room temperature. 

Subsequently, the reaction mixture was cooled to 0°C before slowly adding imidazole (14.9 g, 219 

mmol, 1.9 equiv) over 5 min whilst maintaining an inert atmosphere. The reaction mixture was 

stirred for 3 h at 0°C before slowly adding NaHCO3 (satd., 225 mL) to basify the reaction mixture. 

The organic layer was washed with H2O (225 mL) and dried over MgSO4. The dried organic phase 

was filtered, cooled to 0°C and placed under a continuous stream of N2 before slowly adding 

sulfuric acid (6.15 mL, 115 mmol, 1.0 equiv) over 5 min. The acidified solution was stirred for 30 

min and allowed to warm to room temperature. A colorless precipitate formed, which was 

collected by filtration to obtain 24 (22.5 g, 83.0 mmol, 72%) as a white solid. Spectroscopic data 

was in agreement with literature.[61] 
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Phytosphingosine 25: D-ribo-phytosphingosine (19, 10.0 g, 31.5 mmol, 1.0 

equiv) was suspended in a mixture of MeOH (300 mL) and DCM (100 mL) 

under N2. K2CO3 (10.5 g, 76.0 mmol, 2.4 equiv) and Cu(II) · 5 H2O (79 mg, 0.32 

mmol, 1.0 mol%) were dissolved in H2O (100 mL) and the resulting aqueous solution was added 

to the suspension to give a foamy reaction mixture. After 5 min, imidazole-1-sulfonyl azide 

hydrogen sulfate (24, 10.3 g, 37.8 mmol, 1.2 equiv) was added and the reaction mixture was 

stirred for 20 h at room temperature. The reaction mixture was partially concentrated in vacuo 

(≥ 100 mbar, 40°C) before adding HCl (1 M, 250 mL). The aqueous phase was extracted with 

EtOAc (3 x 350 mL, 40°C). The combined organic layers were washed with NaHCO3 (satd., 250 

mL), brine (250 mL), dried over MgSO4, filtered and concentrated in vacuo to obtain 25 (10.8 g, 

31.5 mmol, 100%) as a solid which was used in the next step without further purification: Rf = 0.5 

(10% MeOH in DCM); 1H NMR (400 MHz, CDCl3) δ 4.00 (dd, J = 11.7, 5.5 Hz, 1H), 3.89 (dd, J = 11.7, 

4.5 Hz, 1H), 3.84 – 3.74 (m, 2H), 3.66 (q, J = 4.9 Hz, 1H), 1.65 – 1.44 (m, 3H), 1.38 – 1.21 (m, 23H), 

0.88 (t, J = 7.0 Hz, 3H); 13C NMR (101 MHz, CDCl3) δ 74.7, 72.7, 63.2, 61.8, 32.1, 32.0, 29.8 (x2), 

29.8, 29.8 (x2), 29.7, 29.7 (x2), 29.5, 25.9, 22.8, 14.3; HRMS: calculated for C18H38N3O3 344.29077 

[M+H]+; found 344.29020. Spectroscopic data was in agreement with literature.[73,74] 

Phytosphingosine 26: Synthesis was performed according to a 

modified procedure.[75] Crude 2-azido-phytosphingosine (25, 10.8 g, 

31.5 mmol, 1.0 equiv) was dissolved in anhydrous DCM (155 mL) and 

anhydrous DMF (35 mL) under N2. The solution was cooled to 0°C 

before adding Et3N (11.0 mL, 79.0 mmol, 2.5 equiv), DMAP (192 mg, 1.58 mmol, 0.1 equiv) and 

tert-butyldiphenylchlorosilane (TBDPS-Cl, 9.83 mL, 37.8 mmol, 1.2 equiv). The reaction mixture 

was stirred for 25 h and allowed to warm to room temperature. The reaction mixture was 

quenched with MeOH (1.53 mL, 37.8 mmol, 1.2 equiv) and diluted with EtOAc (1 L). The organic 

phase was washed with brine (2 x 600 mL) and the combined aqueous layers were back-extracted 

with EtOAc (500 mL). The combined organic layers were dried over MgSO4, filtered and 

concentrated in vacuo. The crude product was purified by silica gel chromatography (pentane → 

2.5% acetone in pentane → 10% acetone in pentane) to obtain 26 (15.1 g, 26.0 mmol, 83% over 

2 steps) as an oil: Rf = 0.2 (5% acetone in pentane); 1H NMR (400 MHz, CDCl3) δ 7.74 – 7.64 (m, 

4H), 7.51 – 7.35 (m, 6H), 4.03 (dd, J = 10.9, 4.2 Hz, 1H), 3.91 (dd, J = 11.0, 5.7 Hz, 1H), 3.72 – 3.64 

(m, 2H), 3.59 – 3.53 (m, 1H), 2.52 (d, J = 4.1 Hz, 1OH), 2.00 (br s, 1OH), 1.57 – 1.37 (m, 3H), 1.37 – 

1.20 (m, 23H), 1.08 (s, 9H), 0.88 (t, J = 6.8 Hz, 3H); 13C NMR (101 MHz, CDCl3) δ 135.8 (x2), 135.7 

(x2), 132.7, 132.6, 130.2 (x2), 128.1 (x2), 128.0 (x2), 74.3, 72.5, 64.3, 63.5, 32.1, 32.0, 29.8, 29.8, 

29.8, 29.8 (x2), 29.8, 29.7, 29.7, 29.5, 26.9 (x3), 25.8, 22.8, 19.2, 14.3; HRMS: calculated for 

C34H55N3O3SiNa 604.39049 [M+Na]+; found 604.39029. Spectroscopic data was in agreement 

with literature.[75] 

Phytosphingosine 27: Phytosphingosine 26 (8.40 g, 14.4 mmol, 1.0 

equiv) was dissolved in anhydrous DCM (100 mL) under N2. 1,1’-

Carbonyldiimidazole (CDI, 7.02 g, 43.3 mmol, 3.0 equiv) was added and 

the reaction mixture was stirred for 72 h at room temperature. The 

reaction mixture was concentrated in vacuo and the resulting crude product was purified by silica 

gel chromatography (pentane → 5% Et2O in pentane) to obtain 27 (6.95 g, 11.4 mmol, 79%) as a 



 
Chapter 5 

106 

white solid: Rf = 0.2 (5% Et2O in pentane); 1H NMR (400 MHz, CDCl3) δ 7.71 – 7.65 (m, 4H), 7.50 

– 7.39 (m, 6H), 4.69 (ddd, J = 10.4, 7.2, 2.7 Hz, 1H), 4.54 (dd, J = 10.1, 7.2 Hz, 1H), 4.03 (dd, J = 11.1, 

2.7 Hz, 1H), 3.88 (dd, J = 11.1, 6.1 Hz, 1H), 3.61 (ddd, J = 9.7, 6.1, 2.7 Hz, 1H), 1.80 – 1.68 (m, 1H), 

1.68 – 1.55 (m, 2H), 1.48 – 1.19 (m, 23H), 1.09 (s, 9H), 0.88 (t, J = 6.8 Hz, 3H); 13C NMR (101 MHz, 

CDCl3) δ 135.7 (x2), 135.7 (x2), 132.5, 132.3, 130.3, 130.2, 128.1 (x2), 128.1 (x2), 79.6, 75.6, 64.3, 

60.0, 32.1, 29.8, 29.8, 29.8 (x2), 29.7, 29.6, 29.5, 29.5, 29.3, 29.0, 26.9 (x3), 25.6, 22.8, 19.3, 14.3. 

Note: the 13C signal for the carbonate protecting group (C=O) was not reported due to a lack of 

resolution on the spectrum of 27. 

Phytosphingosine acceptor 17: Phytosphingosine 27 (6.95 g, 11.4 mmol, 

1.0 equiv) was dissolved in HF · pyridine (10.3 mL, 114 mmol, 10 equiv) in a 

plastic tube under N2. The reaction mixture was stirred for 22 h at room 

temperature. The reaction mixture was slowly added to NaHCO3 (satd., 50 

mL) and the resulting mixture was extracted with DCM (3 x 50 mL). The combined organic layers 

were washed with CuSO4 (1 M, 3 x 30 mL), H2O (30 mL), dried over MgSO4, filtered and 

concentrated in vacuo. The crude product was purified by silica gel chromatography (20% EtOAc 

in pentane, isocratic) to obtain acceptor 17 (3.88 g, 10.5 mmol, 92%) as a white solid: Rf = 0.3 

(20% EtOAc in pentane); 1H NMR (400 MHz, CDCl3) δ 4.76 (ddd, J = 10.4, 7.3, 2.9 Hz, 1H), 4.62 

(dd, J = 9.9, 7.3 Hz, 1H), 4.08 (dd, J = 11.9, 2.4 Hz, 1H), 3.91 (dd, J = 11.9, 5.5 Hz, 1H), 3.70 (ddd, J = 

9.8, 5.4, 2.7 Hz, 1H), 3.38 (br s, 1OH), 1.84 – 1.65 (m, 2H), 1.64 – 1.53 (m, 1H), 1.49 – 1.18 (m, 

23H), 0.88 (t, J = 6.8 Hz, 3H); 13C NMR (101 MHz, CDCl3) δ 154.2, 79.9, 75.8, 62.3, 59.8, 32.0, 29.7, 

29.7, 29.7 (x2), 29.6, 29.6, 29.4, 29.4, 29.2, 28.9, 25.6, 22.7, 14.1; HRMS: calculated for C19H36N3O4 

370.27003 [M+H]+; found 370.26988. Spectroscopic data was in agreement with literature.[58] 

Compound 14: Galactose donor 16 (5.07 g, 7.91 mmol, 1.5 equiv) 

and phytosphingosine acceptor 17 (1.95 g, 5.27 mmol, 1.0 equiv) 

were co-evaporated with toluene (3 x 3 mL) before dissolving the 

reactants in anhydrous DCM (40 mL) in the presence of flame-

dried molecular sieves (3Å) under N2. After 15 min, the reaction 

mixture was cooled to -40°C before adding N-iodosuccinimide 

(NIS, 1.78 g, 7.91 mmol, 1.5 equiv) and trimethylsilyl 

trifluoromethanesulfonate (TMS-OTf, 191 µL, 1.05 mmol, 0.2 equiv). The reaction mixture was 

stirred for 5 h at -40°C and subsequently quenched by adding Et3N (7.35 mL, 52.7 mmol, 10 

equiv). The crude mixture was diluted with EtOAc (250 mL), washed with NaHCO3 (satd.,150 mL), 

Na2S2O3 (satd., 150 mL) and brine (150 mL), dried over MgSO4, filtered, impregnated with Celite 

and concentrated in vacuo. The impregnated crude product was purified by silica gel 

chromatography (pentane → 2% EtOAc in pentane → 5% EtOAc in pentane) to obtain the 

glycosylated product 14 (3.19 g, 3.54 mmol, 67%) as a yellow oil: Rf = 0.3 (5% EtOAc in pentane); 
1H NMR (400 MHz, CDCl3) δ 4.83 (d, J = 3.4 Hz, 1H), 4.77 – 4.70 (m, 2H), 4.32 (d, J = 2.2 Hz, 1H), 

4.26 (dd, J = 12.5, 1.8 Hz, 1H), 4.18 – 4.12 (m, 3H), 3.87 (dd, J = 9.6, 2.9 Hz, 1H), 3.72 – 3.65 (m, 

2H), 3.62 – 3.54 (m, 1H), 1.86 – 1.74 (m, 1H), 1.73 – 1.55 (m, 2H), 1.47 – 1.19 (m, 23H), 1.04 (s, 

9H), 1.04 (s, 9H), 0.93 (s, 9H), 0.91 (s, 9H), 0.88 (t, J = 6.7 Hz, 3H), 0.09 (s, 3H), 0.09 (s, 3H), 0.07 

(s, 6H); 13C NMR (101 MHz, CDCl3) δ 153.5, 101.4, 79.5, 75.3, 74.9, 70.9, 69.2, 68.4, 68.3, 67.3, 57.9, 



Chemical activation of iNKT-cells: design and synthesis of caged α-galactosylceramide 
derivatives 

107 

32.1, 29.8, 29.8, 29.8 (x2), 29.7, 29.6, 29.5, 29.5, 29.3, 29.0, 27.6 (x3), 27.5 (x3), 26.2 (x3), 26.1 

(x3), 25.6, 23.6, 22.8, 20.8, 18.2, 18.2, 14.3, -4.0, -4.1, -4.3, -4.5; HRMS: calculated for C45H93N4O9Si3 

917.62449 [M+NH4]+; found 917.62451. 

Compound 28: Azide 14 (1.34 g, 1.49 mmol, 1 equiv) was 

dissolved anhydrous THF (30 mL) under N2. N2 was purged 

through the stirring solution for 15 min (flow) before adding PtO2 

(101 mg, 0.45 mmol, 0.3 equiv) and purging N2 through the stirred 

suspension for 15 min (flow). The reaction mixture was purged 

with H2 (balloon) whilst stirring and was subsequently left to stir 

under H2 (balloon) for 24 h. The reaction mixture was purged with 

N2 (flow), filtered over a pad of Celite and concentrated in vacuo 

to obtain the crude amine 28 (1.31 g) as a yellow oil which was used in the next step without 

further purification: Rf = 0.2 (15% EtOAc in pentane); 1H NMR (400 MHz, CDCl3) δ 4.80 (d, J = 3.4 

Hz, 1H), 4.75 – 4.68 (m, 1H), 4.50 (dd, J = 9.8, 7.2 Hz, 1H), 4.31 (d, J = 2.4 Hz, 1H), 4.23 (dd, J = 12.4, 

1.6 Hz, 1H), 4.15 – 4.09 (m, 2H), 3.87 – 3.81 (m, 2H), 3.61 (br s, 1H), 3.38 (dd, J = 10.0, 5.8 Hz, 1H), 

3.16 (ddd, J = 9.2, 5.7, 3.1 Hz, 1H), 1.91 – 1.81 (m, 1H), 1.72 – 1.54 (m, 2H), 1.41 – 1.19 (m, 23H), 

1.03 (s, 9H), 1.03 (s, 9H), 0.93 (s, 9H), 0.89 (s, 9H), 0.87 (t, J = 7.0 Hz, 3H), 0.09 (s, 6H), 0.08 (s, 

3H), 0.07 (s, 3H); 13C NMR (101 MHz, CDCl3) δ 154.4, 101.2, 80.2, 78.9, 74.9, 71.2, 70.9, 69.5, 68.0, 

67.3, 49.7, 32.0, 29.8, 29.8, 29.8 (x2), 29.7, 29.6, 29.6, 29.5, 29.4, 28.8, 27.6 (x3), 27.4 (x3), 26.2 

(x3), 26.1 (x3), 25.6, 23.5, 22.8, 20.8, 18.2, 18.2, 14.2, -3.9, -4.2, -4.2, -4.5; HRMS: calculated for 

C45H92NO9Si3 874.60744 [M+H]+; found 874.60676. 

Compound 29: The crude amine 28 (1.31 g) obtained in the 

previous hydrogenation step and axial TCO carbonate 15 

(481 mg, 1.80 mmol, 1.2 equiv) were dissolved in anhydrous 

DMF (15 mL) under N2. DIPEA (0.39 mL, 2.25 mmol, 1.5 

equiv) and DMAP (37 mg, 0.30 mmol, 0.2 equiv) were added 

and the reaction mixture was stirred for 21 h at room 

temperature. Subsequently, EtOAc (100 mL) was added and 

the organic phase was washed with HCl (1 M, 80 mL), 

NaHCO3 (satd., 3 x 80 mL), brine (80 mL), dried over MgSO4, filtered and concentrated in vacuo. 

The crude product was purified by silica gel chromatography (7% EtOAc in pentane, isocratic) to 

obtain the diastereomeric mixture 29 (29A : 29B, ~ 1 : 1, 1.36 g, 1.32 mmol, 89% over two steps) 

as a yellow oil: Rf = 0.3 (10% EtOAc in pentane); 1H NMR (400 MHz, CDCl3) δ 5.81 – 5.67 (m, 1H, 

29A + 29B), 5.54 (dd, J = 16.6, 1.9 Hz, 1H, 29A + 29B), 5.41 – 5.20 (m, 1H + 1NH, 29A + 29B), 4.82 

(d, J = 3.5 Hz, 1H, 29A + 29B), 4.81 – 4.76 (m, 1H, 29A + 29B), 4.75 – 4.67 (m, 1H, 29A + 29B), 4.32 

(br s, 1H, 29A + 29B), 4.21 (d, J = 12.6 Hz, 1H, 29A + 29B), 4.17 – 4.04 (m, 3H, 29A + 29B), 3.85 (d, J 

= 9.4 Hz, 1H, 29A + 29B), 3.81 – 3.73 (m, 1H, 29A + 29B), 3.68 (dd, J = 10.4, 2.8 Hz, 1H, 29A + 29B), 

3.59 (br s, 1H, 29A + 29B), 2.52 – 2.39 (m, 1H, 29A + 29B), 2.08 – 1.95 (m, 3H, 29A + 29B), 1.94 – 

1.82 (m, 1H, 29A + 29B), 1.81 – 1.20 (m, 30H, 29A + 29B), 1.04 (s, 18H, 29A + 29B), 0.95 (s, 9H, 29A), 

0.94 (s, 9H, 29B), 0.91 (s, 9H, 29A + 29B), 0.88 (t, J = 6.9 Hz, 3H, 29A + 29B), 0.84 – 0.73 (m, 1H, 29A 

+ 29B), 0.13 (s, 3H, 29A), 0.12 (s, 3H, 29A + 29B), 0.11 (s, 3H, 29B), 0.10 (s, 3H, 29A + 29B), 0.09 (s, 

3H, 29A + 29B); 13C NMR (101 MHz, CDCl3) δ 155.0, 155.0, 153.9 (x2), 131.9 (x2), 131.4, 131.2, 
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101.4, 101.3, 79.9, 79.8, 77.7, 77.3, 74.8, 74.8, 74.6, 74.6, 71.2, 71.1, 69.4, 69.4, 68.2, 68.1, 67.2, 

67.2, 67.1, 67.1, 49.4 (x2), 40.8, 40.7, 36.0, 36.0, 36.0, 35.9, 32.0 (x2), 29.8 (x2), 29.8 (x2), 29.8 

(x4), 29.7 (x2), 29.7 (x2), 29.6 (x2), 29.5 (x2), 29.5 (x2), 29.2 (x2), 29.1, 29.0, 28.6, 28.6, 27.5 (x6), 

27.4 (x6), 26.2 (x6), 26.1 (x3), 26.1 (x3), 25.7, 25.6, 24.2, 23.5 (x2), 22.8 (x2), 20.8 (x2), 18.2, 18.2 

(x2), 14.2 (x2), -3.8, -3.9, -4.1 (x2), -4.2 (x2), -4.6 (x2); HRMS: calculated for C54H104NO11Si3 

1026.69117 [M+H]+; found 1026.69013. 

Compound 13: Carbonate 29 (1.36 g, 1.32 mmol, 1.0 equiv) 

was dissolved in a mixture of THF (7.5 mL) and H2O (2.5 mL) 

under N2. The solution was cooled to 0°C before adding LiOH 

(253 mg, 10.6 mmol, 8.0 equiv). The reaction mixture was 

stirred for 24 h and allowed to warm to room temperature. 

The pH of the reaction mixture was neutralized by adding 

dry ice. Subsequently, the reaction mixture was 

concentrated in vacuo to obtain the crude diol 13 (13A : 13B, 

~ 1 : 1, 1.32 g, 1.32 mmol, quant.) as an oil which was used for the next step without further 

purification: Rf = 0.4 (10% EtOAc in pentane); 1H NMR (400 MHz, CDCl3) δ 5.86 – 5.65 (m, 1H, 13A 

+ 13B), 5.59 – 5.40 (m, 1H + 1NH, 13A + 13B), 5.39 – 5.26 (m, 1H, 13A + 13B), 4.89 – 4.81 (m, 1H, 

13A + 13B), 4.30 (d, J = 2.0 Hz, 1H, 13A + 13B), 4.24 – 4.05 (m, 4H, 13A + 13B), 4.02 – 3.87 (m, 1H, 

13A + 13B), 3.79 (td, J = 9.5, 8.5, 3.0 Hz, 1H, 13A + 13B), 3.68 (d, J = 10.2 Hz, 1H, 13A + 13B), 3.62 – 

3.46 (m, 3H, 13A + 13B), 2.49 – 2.40 (m, 1H, 13A + 13B), 2.08 – 1.93 (m, 3H, 13A + 13B), 1.92 – 1.21 

(m, 31H, 13A + 13B), 1.03 (s, 18H, 13A + 13B), 0.95 (s, 9H, 13A), 0.94 (s, 9H, 13B), 0.92 (s, 9H, 13A 

+ 13B), 0.88 (t, J = 6.8 Hz, 3H, 13A + 13B), 0.85 – 0.72 (m, 1H, 13A + 13B), 0.12 (s, 9H, 13A + 13B), 

0.10 (s, 3H, 13A + 13B); 13C NMR (101 MHz, CDCl3) δ 155.5, 155.3, 132.0, 132.0, 131.6, 131.4, 

100.4, 100.1, 77.0, 76.9, 74.8, 74.8, 74.2, 73.9, 73.2 (x2), 71.6, 71.5, 69.4, 69.3, 68.3, 68.2, 67.2, 

67.1, 66.7 (x2), 50.7, 50.5, 40.9, 40.9, 36.1, 36.1, 36.0 (x2), 34.3, 34.2, 32.1 (x2), 29.9 (x2), 29.8 

(x10), 29.8 (x4), 29.8 (x2), 29.5 (x2), 29.2, 29.1, 27.6 (x6), 27.4 (x6), 26.3 (x6), 26.2 (x6), 24.2 (x2), 

23.5, 23.5, 22.8 (x2), 20.8 (x2), 18.4, 18.2, 14.3 (x2), -3.8, -3.8, -4.1 (x2), -4.3, -4.3, -4.5 (x2); HRMS: 

calculated for C53H106NO10Si3 1000.71190 [M+H]+; found 1000.71102. 

TCO Caged αGalPhs (12): The crude diol 13 (562 mg, 0.56 

mmol, 1.0 equiv) was dissolved in anhydrous THF (5.6 mL) 

under N2.  The solution was cooled to 0°C before adding Et3N · 

3HF (0.55 mL, 3.40 mmol, 6.0 equiv). The reaction mixture was 

stirred for 96 h and allowed to warm to room temperature. 

Subsequently, the reaction mixture was concentrated in vacuo, 

redissolved in distilled EtOAc (150 mL), washed with H2O (2 x 100 mL), brine (100 mL), dried 

over MgSO4, filtered, impregnated with Celite and concentrated in vacuo. The impregnated crude 

product was purified by silica gel chromatography (1% MeOH in DCM → 2.5% MeOH in DCM → 

5% MeOH in DCM → 10% MeOH in DCM) to obtain caged αGalPhs 12 (12A : 12B, ~ 1 : 1, 297 mg, 

0.47 mmol, 84%) as a crystalline solid: Rf = 0.25 (10% MeOH in DCM); 1H NMR (600 MHz, 

Pyridine-d5) δ 7.94 (d, J = 9.0 Hz, 1NH, 12A), 7.89 (d, J = 8.8 Hz, 1NH, 12B), 7.11 – 5.95 (m, 6OH, 

12A + 12B), 5.88 (ddd, J = 15.1, 11.5, 3.2 Hz, 1H, 12A), 5.82 (ddd, J = 15.2, 11.5, 3.2 Hz, 1H, 12B), 

5.61 (br s, 1H, 12A + 12B), 5.59 (d, J = 14.2 Hz, 1H, 12A), 5.53 (d, J = 16.2 Hz, 1H, 12B), 5.48 (d, J = 
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3.4 Hz, 1H, 12A + 12B), 4.94 – 4.85 (m, 1H, 12A + 12B), 4.66 – 4.60 (m, 1H, 12A + 12B), 4.59 – 4.55 

(m, 1H, 12A + 12B), 4.54 – 4.46 (m, 1H, 12A + 12B), 4.43 – 4.18 (m, 7H, 12A + 12B), 2.37 – 2.28 (m, 

1H, 12A + 12B), 2.27 – 2.18 (m, 1H, 12A + 12B), 2.16 – 2.09 (m, 1H, 12A + 12B), 1.99 – 1.79 (m, 4H, 

12A + 12B), 1.77 – 1.68 (m, 1H, 12A + 12B), 1.68 – 1.58 (m, 2H, 12A + 12B), 1.56 – 1.48 (m, 1H, 12A 

+ 12B), 1.48 – 1.15 (m, 23H, 12A + 12B), 1.13 – 1.01 (m, 1H, 12A + 12B), 0.92 (t, J = 7.1 Hz, 3H, 12A 

+ 12B), 0.76 – 0.66 (m, 1H, 12A + 12B); 13C NMR (151 MHz, Pyridine-d5) δ 157.1, 157.1, 133.3, 

133.0, 132.4, 132.0, 101.8, 101.7, 77.1, 77.1, 74.4, 74.4, 73.3, 73.3, 73.0, 72.9, 72.0 (x2), 71.5, 71.5, 

70.7, 70.7, 68.8 (x2), 63.1, 63.1, 53.5 (x2), 41.6, 41.6, 36.8 (x2), 36.7, 36.6, 34.9, 34.8, 32.8 (x2), 

31.0, 31.0, 30.8, 30.8, 30.7 (x2), 30.7 (x8), 30.6 (x2), 30.3 (x2), 29.8, 29.8, 27.1, 27.1, 25.0, 25.0, 

23.6 (x2), 15.0 (x2); 1H NMR (500 MHz, Dioxane-d8) δ 6.16 – 5.96 (m, 1NH, 12A + 12B), 5.86 – 5.69 

(m, 1H, 12A + 12B), 5.53 (d, J = 16.4 Hz, 1H, 12A + 12B), 5.27 (br s, 1H, 12A + 12B), 4.84 (d, J = 4.2 

Hz, 1H, 12A), 4.83 (d, J = 3.9 Hz, 1H, 12B), 4.04 – 3.94 (m, 1H, 12A + 12B), 3.92 – 3.70 (m, 4H, 12A 

+ 12B), 3.68 – 3.57 (m, 4H, 12A + 12B), 3.49 – 3.37 (m, 2H, 12A + 12B), 2.51 – 2.38 (m, 1H, 12A + 

12B), 2.08 – 1.90 (m, 3H, 12A + 12B), 1.89 – 1.78 (m, 1H, 12A + 12B), 1.72 – 1.56 (m, 3H, 12A + 12B), 

1.56 – 1.42 (m, 2H, 12A + 12B), 1.41 – 1.19 (m, 24H, 12A + 12B), 1.13 – 1.01 (m, 1H, 12A + 12B), 

0.88 (t, J = 6.9 Hz, 3H, 12A + 12B), 0.86 – 0.79 (m, 1H, 12A + 12B); 13C NMR (126 MHz, Dioxane-d8) 

δ 156.0 (x2), 133.3, 133.1, 131.8, 131.5, 100.7 (x2), 76.7, 76.6, 74.3, 74.3, 72.5, 72.5, 72.3, 72.2, 

71.5 (x2), 70.6, 70.5, 70.2 (x2), 68.2, 68.1, 62.6, 62.6, 52.5 (x2), 41.2, 41.2, 36.8 (x2), 36.4, 36.4, 

34.2, 34.2, 32.7 (x2), 30.6, 30.6, 30.6, 30.5 (x5), 30.5 (x6), 30.4 (x2), 30.1 (x2), 29.8, 29.7, 26.6 (x2), 

25.1, 25.0, 23.4 (x2), 14.4 (x2); HRMS: calculated for C33H62NO10 632.43682 [M+H]+; found 

632.43640. Compound 12 was redissolved in dioxane and lyophilized in small quantities for 

immunology experiments.  

Compound 32: Hexacosanoic acid (60 mg, 0.15 mmol, 1.5 

equiv), EDC · HCl (29 mg, 0.15 mmol, 1.5 equiv) and DMAP 

(73 mg, 0.60 mmol, 6 equiv) were dissolved in anhydrous 

DCM (1.0 mL) under N2. The suspension was cooled to 0°C 

and stirred for 45 min. A solution of compound 13 (100 mg, 

100 µmol, 1.0 equiv) in anhydrous DCM (2.0 mL) under N2 

was subsequently added to the reaction mixture. DIPEA (52 

µL, 0.30 mmol, 3.0 equiv) was added and the reaction 

mixture was stirred for 20 h and allowed to warm to room 

temperature. The reaction mixture was diluted with EtOAc (30 mL), washed with HCl (1 M, 20 

mL), NaHCO3 (satd., 20 mL), brine (20 mL), dried over MgSO4, filtered and concentrated in vacuo. 

The crude product was purified by silica gel chromatography (3% EtOAc in pentane, isocratic) to 

obtain compound 32 (32A : 32B, ~ 1 : 1, 42.3 mg, 31.0 µmol, 31%) as a yellow oil: Rf = 0.7 (10% 

EtOAc in pentane); 1H NMR (500 MHz, CDCl3) δ 5.86 – 5.68 (m, 1H, 32A + 32B), 5.55 – 5.46 (m, 1H, 

32A + 32B), 5.42 (d, J = 8.2 Hz, 1NH, 32A), 5.37 (d, J = 8.1 Hz, 1NH, 32B), 5.34 – 5.26 (m, 1H, 32A + 

32B), 4.95 – 4.85 (m, 2H, 32A + 32B), 4.31 (d, J = 1.9 Hz, 1H, 32A + 32B), 4.28 – 4.20 (m, 2H, 32A + 

32B), 4.18 – 4.12 (m, 2H, 32A + 32B), 3.80 – 3.71 (m, 2H, 32A + 32B), 3.70 – 3.61 (m, 3H, 32A + 32B), 

2.51 – 2.41 (m, 1H, 32A + 32B), 2.38 (t, J = 7.4 Hz, 2H, 32A + 32B), 2.36 – 2.26 (m, 3H, 32A + 32B), 

2.08 – 1.92 (m, 3H, 32A + 32B), 1.90 – 1.81 (m, 1H, 32A + 32B), 1.73 – 1.20 (m, 73H, 32A + 32B), 

1.05 – 1.01 (m, 18H, 32A + 32B), 0.95 – 0.93 (m, 9H, 32A + 32B), 0.93 – 0.91 (m, 9H, 32A + 32B), 

0.88 (t, J = 7.0 Hz, 6H, 32A + 32B), 0.83 – 0.73 (m, 1H, 32A + 32B), 0.14 (s, 3H, 32A + 32B), 0.12 (s, 
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3H, 32A + 32B), 0.11 (s, 3H, 32A), 0.11 (s, 3H, 32B), 0.10 (s, 3H, 32A), 0.10 (s, 3H, 32B); 177.4 (x2),* 

174.1 (x2), 155.5 (x2), 155.2 (x2),* 132.1 (x2), 131.9 (x2),* 131.6 (x2),* 131.3 (x2), 101.3 (x2), 

78.0, 78.0, 75.0 (x2),* 74.8 (x2), 74.3, 74.2, 73.9*, 74.8,* 71.5 (x2), 70.9, 70.8, 69.5 (x2), 69.2 (x2)* 

68.3 (x2), 67.5, 67.2 (x3), 51.6, 51.4, 43.0 (x2), 40.8 (x2), 36.0 (x4), 34.6 (x2), 34.5, 34.3, 34.3, 33.8, 

32.1 (x2), 29.9 (x 50), 29.7 (x2), 29.6 (x2), 29.5 (x2), 29.5 (x2), 29.4 (x2), 29.3 (x2), 29.2, 29.2, 

27.6 (x6), 27.5 (x6), 26.3 (x6), 26.2 (x6), 25.1 (x3), 24.9, 24.2, 24.0, 23.6, 22.8 (x2), 20.8, 18.5, 18.2, 

14.3 (x4), -3.9 (x2), -4.0 (x2), -4.3 (x2), -4.6 (x2). 

Note: Additional 13C signals encountered which indicate the presence of an additional regioisomer 

are denoted.* 

TCO caged αGalCer produg (8): Compound 32 (41.0 mg, 30.0 

µmol, 1.0 equiv) was dissolved in anhydrous THF (300 µL) 

under N2. The solution was cooled to 0°C before adding Et3N · 

3HF (48 µL, 297 µmol, 10.0 equiv). The reaction mixture was 

stirred for 27 h and allowed to warm to room temperature. The 

reaction mixture was concentrated in vacuo, redissolved in 

distilled EtOAc (20 mL), washed with H2O (2 x 10 mL), brine (10 

mL), dried over MgSO4, filtered and concentrated in vacuo. The crude product was purified by 

silica gel chromatography (100% distilled EtOAc, isocratic) to obtain caged αGalCer 8 (8A : 8B, ~ 

1 : 1, 7.0 mg, 6.93 µmol, 23%) as a crystalline solid: Rf = 0.2 (100% EtOAc); 1H NMR (600 MHz, 

Dioxane-d8) δ 6.27 (d, J = 9.3 Hz, 1NH)*, 6.04 (d, J = 9.1 Hz, 1NH, 8A), 6.01 (d, J = 8.8 Hz, 1NH, 8B), 

5.85 – 5.66 (m, 1H, 8A + 8B), 5.52 (d, J = 16.4 Hz, 1H, 8A + 8B), 5.24 (d, J = 13.7 Hz, 1H, 8A + 8B), 4.99 

– 4.85 (m, 1H, 8A + 8B), 4.81 – 4.68 (m, 1H, 8A + 8B), 4.21 – 4.09 (m, 1H, 8A + 8B), 3.98 – 3.38 (m, 

9H, 8A + 8B), 2.51 – 2.39 (m, 1H, 8A + 8B), 2.35 – 2.26 (m, 2H, 8A + 8B), 2.22 (t, J = 7.4 Hz, 1H)*, 2.09 

– 1.90 (m, 3H, 8A + 8B), 1.88 – 1.77 (m, 1H, 8A + 8B), 1.73 – 1.13 (m, 75H, 8A + 8B), 1.12 – 0.99 (m, 

1H, 8A + 8B), 0.88 (t, J = 6.9 Hz, 6H, 8A + 8B); 13C NMR (151 MHz, Dioxane-d8) δ 174.8 (x2),* 173.8 

(x2), 156.0 (x2), 133.3,* 133.2, 133.1, 133.1,* 131.8, 131.5, 101.5,* 101.3,* 100.5, 100.4, 77.0 (x2), 

74.5 (x2), 72.4 (x2), 71.5 (x2), 70.7, 70.6, 70.4 (x2), 70.3 (x2), 67.9,* 67.8,* 67.5, 67.4, 62.6, 62.5, 

52.9 (x2),* 52.0 (x2), 42.9,* 41.2 (x2), 36.8 (x2), 36.4 (x2), 34.9, 34.8, 34.0,* 33.9,* 32.7 (x4), 30.4 

(x 50), 30.1 (x6), 30.0 (x2), 29.7 (x2), 26.4, 26.1, 25.9, 25.7, 25.6, 25.5, 25.1, 25.1, 24.5,* 24.1,* 23.4 

(x4), 14.5 (x4); HRMS: calculated for C59H111NO11 1010.82299 [M+H]+; found 1010.82277. 

Compound 8 was redissolved in dioxane and lyophilized in small quantities for immunology 

experiments. 

Note: Additional 1H and 13C signals encountered which indicate the presence of an additional 

regioisomer are denoted.* 
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Synthetic methodology towards allylic trans-

cyclooctene-ethers enables modification of 

carbohydrates: bioorthogonal manipulation of 

the lac repressor 

This Chapter was published as: M. A. R. de Geus, G. J. M. Groenewold, E. Maurits, C. Araman and S. I. van 

Kasteren, Chem. Sci. 2020, 11, 10175-10179. 

6.1 Introduction 

Bioorthogonal bond cleavage reactions have garnered significant interest in recent 

years.[1–4] Amongst these new “click-to-release” reactions, the inverse electron demand 

Diels-Alder (IEDDA) pyridazine elimination has shown particular promise for 

bioorthogonal utilization.[5] The method employs a trans-cyclooctene (TCO) carrying an 

allylic substituent that upon [4 + 2] cycloaddition with a 1,2,4,5-tetrazine results in the 

formation of a 4,5-dihydropyridazine.[6] This 4,5-tautomer can rearrange to form two 



 
Chapter 6 

118 

new tautomers of which the 1,4-tautomer can release the allylic payload, followed by 

rearomatization to the pyridazine (Figure 1A).[7,8] The excellent biocompatibility and 

high bimolecular reaction rate of the IEDDA pyridazine elimination[9] has given rise to 

a multitude of in vitro and in vivo applications such as the regulation of protein 

activity[10–12] and the  activation of pro-drugs, in which spatiotemporal control is 

achieved by antibody-drug conjugates (ADCs),[13–15] nanoparticles,[16] enzymatic 

supramolecular self-assembly[17] or hydrogel injection.[18,19] 

Figure 1 A) Overview of the inverse electron demand Diels-Alder (IEDDA) pyridazine elimination 
reaction, including the current scope of this method to decage carbamates, carbonates, ethers and 
esters to obtain amines (green), alcohols (red) and carboxylic acids (orange), respectively. B) 
Overview of the current synthetic methods to obtain allylic TCO ethers, including methods from 
Robillard and co-workers (top)[8] and Bernardes and co-workers (bottom).[21] C) Novel synthetic 
methods described in this work, including reagents 2 and 3. 
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To date, nearly all applications for this reaction have relied on the protection of 

(primary) amines as TCO-carbamates (Figure 1A, green). Recently, Robillard[8] and 

Bernardes[20,21] showed that release of other functional groups, such as carboxylic acids 

(from TCO-esters) and alcohols (from TCO-carbonates or TCO-ethers), is indeed 

possible (Figure 1A, orange and red). Whilst TCO-esters and carbonates suffer from 

reduced hydrolytic stability in biological systems,[8,20,21] TCO-ethers are particularly 

appealing due to their high stability and surprisingly fast decaging kinetics when 

compared to vinyl ether analogues.[8,22–24] Unfortunately, widespread use of TCO-ethers 

is constricted by their challenging synthesis. Formation of the crucial cis-cyclooctene 

(CCO) ether bond, employing either Mitsunobu chemistry or nucleophilic substitution 

of a primary alkyl bromide with 1, is followed by photochemical isomerization[25] to the 

TCO-ether and isolation of the desired axial isomer (Figure 1B, top).[8] One exception is 

the direct alkylation of axial TCO-OH to form a benzylic TCO-ether.[8] Additionally, 

Bernardes and co-workers developed a self-immolative linker in which a TCO-

carbamate is connected to a benzyl ether (Figure 1B, bottom).[21] Although 1 was used 

as a Mitsunobu substrate with moderate success,[8] this method essentially limits the 

scope to phenolic nucleophiles and excludes the formation of ethers from aliphatic 

alcohols.[26] Furthermore, direct nucleophilic substitution with 1 is limited to primary 

positions,[8] in which the desired aliphatic alcohol requires an additional 

transformation into a leaving group. The self-immolative linker[21] requires at least four 

synthetic steps from the substrate, which to date has also been limited to phenols. 

Taken together, synthesis and utilization of TCO-ethers derived from functionalized 

aliphatic alcohols encountered in biological systems is currently unfeasible. To 

overcome this limitation, the development was undertaken of novel synthetic methods 

for the (regioselective) installation of TCO-ethers in biomolecules as caging moieties, 

based on reagents 2 and 3, and the results these studies are presented here (Figure 1C). 

The methodology was applied to enable the synthesis and bioorthogonal decaging of a 

TCO-ether modified carbohydrate, as no TCO-protected variants of these biomolecules 

currently exist. 

6.2 Results and discussion  

A two-step procedure was envisioned in which the use of electrophilic cyclooctene 

reagents secured formation of a CCO-ether bond under mild conditions, followed by 

photochemical isomerization[25] to the desired TCO-ether. Palladium catalysis enables 

mild, decarboxylative conversion of allyl carbonates to allyl ethers via a reactive π-allyl 

cation species.[27,28] For phenols, a ring strained variant of this reaction was found 

feasible by transforming para-nitrophenyl carbonate 4 into cyclooctene ether 5 under 

Pd(PPh3)4 catalysis (50°C) in 92% yield (Scheme 1). Based on these initial observations, 

the palladium-catalyzed method for direct allylation by Grover and co-workers[29] 
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would enable cyclooctene ether formation in a single step. Therefore, cyclooctene tert-

butyl carbonate reagent 2 was designed, which decarboxylates upon coordination with 

a palladium catalyst (Scheme 2A). The spectator tert-butoxide formed in this step[29] 

ensures rapid deprotonation of the phenol nucleophile, which can subsequently attack 

the π-allyl electrophile to form the ether bond. Cyclooctene ether formation with N-

trifluoroacetyl-protected L-tyrosine methyl ester 6 using reagent 2 (1.2 equivalents) 

under Pd(PPh3)4 catalysis (80°C) was examined instead of the previously reported 

Mitsunobu procedure (12% yield),[8] obtaining cyclooctene ether 7 in 80% yield 

(Scheme 2A). 

In parallel, a second reagent (3) was designed for the synthesis of cyclooctene ethers 

from aliphatic alcohols (Scheme 2B). Lewis acid triggered activation of cyclooctene 

trichloroimidate 3 can result in elimination and rearrangement pathways, including the 

formation of ionic intermediates.[30,31] Cyclooctene trichloroamide 8, 

trichloroacetamide (9) and the desired cyclooctene ether can be formed from these 

reactive intermediates. N-trifluoroacetyl-protected L-serine methyl ester 10 was 

alkylated using 2 equivalents of 3 under triflic acid catalysis (-35°C to 0°C) to obtain 11 

in 46% yield (Scheme 2B, Table S2). Furthermore, reagents 2 and 3 were both 

synthesized from cis-cyclooctene (12) in 3 steps (~48% yield) with a common 

intermediate (1) and a single chromatographic purification (Scheme 1, Table S1). 

Carbohydrates orchestrate a diverse array of biological processes and as such, 

spatiotemporal control over these biological activities would be a powerful addition to 

the “click-to-release” toolkit. A classic example of a biological process directed by 

glycans is the switching of the lac operon.[32,33] It is a regulatory element that is used to 

control nutrient-dependent transcription in E.coli. When lactose concentration is low, 

Scheme 1 Synthesis of 1, 2, 3, 4 and 5 from cis-cyclooctene (12). Reagents/conditions: (a) NBS, 
AIBN, cyclohexane, reflux, 71%; (b) acetone, H2O, NaHCO3, reflux, 83%; (c) 4-nitrophenyl 
chloroformate, pyridine, DCM, 0°C to rt, 83%; (d) Pd(PPh3)4, toluene, 50°C, 92%; (e) NaHMDS, 
Boc-ON, THF, 0°C to rt, 81%; (f) trichloroacetonitrile, DBU, NaHCO3, DCM, 0°C to rt, ~ 80% (Table 
S1). 



Synthetic methodology towards allylic trans-cyclooctene-ethers enables modification of 
carbohydrates: bioorthogonal manipulation of the lac repressor 

121 

the activity of the operon is inhibited by a repressor element.[34] When the 

concentration of lactose increases, it will bind to the repressor, leading to a decreased 

affinity of the lactose-repressor complex for the operon.[35] This results in enhanced 

gene transcription for proteins under control of this promotor. This system has been 

extensively used for the expression of recombinant proteins in E. coli and the synthetic 

lac operon inducer isopropyl β-D-1-thiogalactopyranoside (IPTG, 13) is a key reagent 

here. Control over its activity has previously been attempted using both 

photochemical[36] and hypoxia-triggered[37] induction strategies. IPTG (13) was 

therefore deemed an excellent model to test IEDDA pyridazine elimination on 

carbohydrates. Initial experiments with peracetylated IPTG (14) under conditions 

Scheme 2 A) Design of cyclooctene tert-butyl carbonate reagent 2 for the palladium catalyzed 
installation of cyclooctene ethers on phenols, including the proposed mechanism based on the 
work of Grover and co-workers.[29] Reagents/conditions: (a) 2, Pd(PPh3)4, dioxane, 80°C, 80%; 
B) Design of cyclooctene trichloroimidate reagent 3 for the Lewis acid triggered formation of 
cyclooctene ethers from aliphatic alcohols. Proposed mechanism and products observed upon 
treating 3 with catalytic triflic acid are shown. Reagents/conditions: (b) 3, TfOH, DCM, -35°C to 
0°C, 46% (Table S2). 
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typically used for photochemical isomerization of cyclooctenes confirmed the high 

affinity of the thioacetal functionality towards the silver nitrate used for enrichment of 

the TCO-isomers upon photoisomerization (Scheme 3). Therefore, a novel inducer for 

the lac operon was designed, substituting the sulfur with oxygen to obtain an O-

glycoside, isopropyl β-D-1-galactopyranoside (IPG, 15, Scheme 4). 

Starting from peracetylated β-D-galactopyranoside 16, installation of the beta 

isopropyl group on the anomeric center was achieved in a one-pot, two-step procedure 

in 70% yield. The ‘disarmed’ pentaacetate was first transformed into an anomeric 

bromide, which was subsequently activated with stoichiometric I2 in the presence of 

isopropanol to obtain 17, according to a method reported by Field and colleagues.[38] 

Deacetylation gave IPG (15) in 90% yield. Stannylene acetal-mediated alkylation of IPG 

(15) with (Z)-3-bromocyclooct-1-ene (18) in the presence of CsF or TBAI as an additive 

at 105°C was initially investigated (Table S3). A mixture of 3-CCO-IPG (19, ~ 20% yield) 

and 6-CCO-IPG (20, ~ 20% yield) was obtained and purified via chromatographic 

separation. Decomposition of 18 at high temperature into 1,3-cyclooctadiene and 

hydrogen bromide[39] limited its use. Attempts to alkylate 6-TBS and 4,6-DTBS 

functionalized derivatives of 15 in a regioselective manner with 18 were unsuccessful 

(Table S4).  

  

Scheme 3 Evaluation of the fate of peracetylated IPTG (14) during photoisomerization 
conditions. Reagents/conditions: (a) Ac2O, pyridine, rt, 100%; (b) methyl benzoate, hv (254 nm), 
Et2O, heptane, rt; (c) NH4OAc (aq), DCM, rt, 61%.  
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Instead, IPG (15) was regioselectively benzylated using organotin chemistry followed 

by acetylation to obtain 2,4,6-OAc-3-OBn-IPG (21) in 91% yield over two steps. 

Hydrogenation of 21 in the presence of Pearlman’s catalyst afforded 2,4,6-OAc-IPG (22) 

in 86% yield. Alkylation of 22 could be achieved in the timespan of hours at low 

temperature (≤ 0°C), typically employing 4 equivalents of trichloroimidate 3 and 10 

mol% of triflic acid (Table S5). The crude reaction mixture was washed with aqueous 

NaOH (to remove 9)[40] before purification by silica gel chromatography to obtain 23 in 

≥ 30% yield. Singlet sensitized photoisomerization of 23 to 24 (Table S6) was executed 

with the general flow setup described by Fox and co-workers[25] using silver (I) 

exchanged tosic acid silica gel (TAg silica) as the stationary phase.[41] Irradiation (λ = 

254 nm) of mixture of 23 and methyl benzoate in Et2O for ± 24 h, whilst continuously 

circulating the reaction mixture over the stationary phase, was followed by treatment 

of the stationary phase with NH3 in MeOH to obtain (partially deacetylated) 24. 

Zemplén deacetylation of 24 afforded 25 after extractive desalting in ≥ 30% yield over 

2 steps. This final product, 3-TCO-IPG (25), was exclusively obtained as the desired 

Scheme 4 Synthesis of IPG (15), 3-CCO-IPG (19), 6-CCO-IPG (20), and 3-TCO-IPG (25) from 
peracetylated β-D-galactopyranoside (16). Reagents/conditions: (a) i. HBr, AcOH, DCM, 0°C to rt; 
ii. 2-propanol, I2, DCM, 0°C to 4°C, 70% over 2 steps; (b) NaOMe, MeOH, DCM, rt, 90%; (c) i. 
Bu2SnO, toluene, 105°C; ii.18, CsF, toluene, 105°C, ~20% (19), ~ 20% (20) (Table S3); (d) i. 
Bu2SnO, toluene, 105°C; ii. benzyl bromide, TBABr, toluene, 70°C; iii. Ac2O, pyridine, rt, 91% over 
2 steps; (e) Pd(OH)2/C, H2, EtOAc, rt, 86%; (f) 3, TfOH, DCM, -40°C to rt, ~ 30% (Table S5); (g) 
methyl benzoate, hv (254 nm), Et2O/isopropanol, rt; (h) NaOMe, MeOH, rt, ~ 30% over 2 steps 
(Table S6).     
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axial TCO isomer and its purity was optimized by carefully increasing the polarity of the 

photoisomerization reaction mixture with isopropanol (2 – 5%; Figure S1). 

Subsequent experiments were performed to evaluate whether the TCO-modified IPG 

25 could be used to control transcription (Figure 2A). For this E. coli was transformed 

to express the model protein ovalbumin (OVA) under control of the lac operon. 

Overnight cultures were inoculated in LB medium supplemented with 1% glucose to 

inhibit leaky expression. Next, cultures were grown in fresh LB medium (no glucose) 

before adding (caged) inducers (1 mM) and tetrazine (2.5 mM) in DMSO. It was first 

tested whether IPG (15) could induce expression, which it did in a comparable level to 

IPTG (13; Figure 2B and S2). Furthermore, up to 10% DMSO was tolerated for IPG (15) 

induced OVA expression (Figure S3).  

  

Figure 2 Recombinant expression of proteins with caged IPG variants. A) Schematic 
representation of the chemical control over lac operon activity, mediated by 3-TCO-IPG (25), 
which does not induce expression. IEDDA pyridazine elimination with 3,6-dimethyl-tetrazine 
(26) liberates IPG (15), which induces overexpression of the protein of interest. B) Recombinant 
OVA expression, comparing the effects of DMSO (negative control, 1% v/v), IPG (15, positive 
control, 1 mM), 3-CCO-IPG (19, 1 mM) and 6-CCO-IPG (20, 1 mM). The respective compounds 
were added at t = 0 h after which protein expression was followed over time. C-D) Temporal 
control of OVA expression via addition of tetrazine 26 (2.5 mM) in the presence of 3-TCO-IPG (25, 
1 mM). C) Direct addition of 25 and 26 at t = 0 h (left) or addition of 25 at t = 0 h (right). D) 
Addition of 26 1 h (left) or 2 h (right) after adding 25 at t = 0 h.  
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To assess the functionality of the TCO-protecting group, 3-TCO-IPG (25) was shown to 

not affect expression levels in the absence of a deprotection agent (Figure S4). 

Subsequently, it was analyzed whether deprotection with the prokaryote-compatible 

3,6-dimethyl-tetrazine (26) could be used to switch on recombinant protein 

expression.[12,42] The presence of 26 was found to cause a minor delay on IPG (15) 

induced OVA expression without reducing overall expression levels (Figure S5). 

Deprotection of 3-TCO-IPG (25) with 26 was studied in a time course experiment 

(Figure 2C-D). Simultaneous addition of both 25 and 26 at the same time did not result 

in an overexpression. However, a preincubation of 1 or 2 hours with 25 before addition 

of 26 did result in overexpression of OVA. This was particularly striking at late time 

points (Figure 2D). Replicate experiments (N = 3) confirmed these findings (Figure 3A). 

Control compounds 3-CCO-IPG (19) and 6-CCO-IPG (20) failed to induce 

overexpression (Figure 2B). A reduction in expression compared to the DMSO 

background was even observed for 19 (Figure 2B and S4). 

Figure 3 Replicate expression experiments for OVA (3A; N = 3) and eGFP_A206K (3B; N = 4) 
comparing decaging conditions (1 mM 25 at t = 0 and 2.5 mM 26 at 1 = 1 h) with addition of 25 
(1 mM), 15 (1 mM), DMSO (1% v/v) and a negative control. Mean quantification values 
(Coomassie) were plotted with SD as error bars. Representative gel sections are shown to serve 
as an example. Relative band intensity was measured via densitometry for all experiments. For 
eGFP (2F), quantification was based on the Coomassie signal of the monomeric protein. 
*Significant difference based on an unpaired, two-tailed t-test (P < 0.05). 
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The method was next applied to the expression of two other proteins, eGFP (Figure 3B; 

N = 4) and DsRed2 (Figure S6). Again, overexpression after addition of 26 was observed 

for both proteins based on Coomassie quantification. For eGFP, a significant 

overexpression was found after 5 hours (Figure 3B). Taken together, it appears this 

chemical method can be utilized as a general tool for temporally controlled gene 

expression in E.coli. 

6.3 Conclusions 

In conclusion, the synthesis of TCO-ethers using two unprecedented reagents (2-3) is 

reported, providing facile access to TCO-protected phenols and aliphatic alcohols, 

respectively. This methodology enables access to the modification of complex 

biomolecules as TCO-ethers. A carbohydrate probe, 3-TCO-IPG (25), made in this 

manner was successfully used to chemically modulate lac operon activity, thereby 

providing a first example of control over glycan activity by IEDDA pyridazine 

elimination. The spatiotemporal control available to this method also bodes well for 

other applications in which carbohydrate/receptor interactions direct biological 

processes. 
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6.4 Supporting figures 

  

Figure S1 Partial 1H NMR stack (in CDCl3; 6.3 to 3.9 ppm) of 3-TCO-IPG (25) which was obtained 
as the final product after photoisomerization of 23 to 24 in the presence of different reaction 
solvents (Et2O, 2% IPA in Et2O and 5% IPA in Et2O), followed by deacetylation of 24 to 25 in 
NaOMe in MeOH (0.5 M) and subsequent extractive workup. An impurity (marked with •) was 
encountered in 25, which could be significantly reduced by carefully increasing the polarity of 
the photoisomerization reaction mixture with IPA. 
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Figure S2 Overexpression of OVA with IPTG (13, 1 mM) and IPG (15, 1 mM). Samples were 
collected 1, 2, 3 and 4 h as well as overnight after addition of the inducer.  

 

Figure S3 Effect of DMSO on IPG (15, 1 mM) induced ovalbumin expression levels. DMSO was 
used in varying volume percentages (0.1, 1, 5 and 10 % v/v) and samples were taken after 3 h 
and overnight.  
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Figure S4 Inhibition of OVA expression with 3-CCO-IPG (19, left) at distinct concentrations (1 
mM, 0.5 mM, 0.3 mM, 0.1 mM). Right: impact of 3-TCO-IPG (25) on OVA expression at different 
concentrations (1 mM, 0.5 mM, 0.3 mM, 0.1 mM). Positive control: glucose 1% (v/v) + DMSO 1% 
(v/v), negative control: DMSO 1% (v/v). Orange triangle indicates the decrease in concentration.  
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Figure S5 Left: effect of 3,6-dimethyl-tetrazine (26, 2.5 mM) on IPG (15, 1 mM) induced 
expression levels. Right: IPG (15, 1 mM) induced expression. Samples were taken at 1 - 4 h and 
overnight.  

 

Figure S6 Temporal control of dsRed2_S4T expression  via addition of tetrazine 26 (2.5 mM) 
after 1 h of expression in the presence of 3-TCO-IPG (25, 1 mM). Overlayed images of Coomassie 
staining and in-gel fluorescence of dsRed2 is shown. The right side represent a control (25) 
without the addition of tetrazine 26.  
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6.5 Supporting Tables 

Table S1 Synthesis of Reagent 3 from cyclooctenol 1. 

 Reaction Conditionsa 

Entry 

 

Scale 

(mmol) 

CCl3CN 

(equiv) 

Base  

(equiv) 

Solvent 

(M) 

Temperature 

(°C) 

Time 

(h) 

Purification 

Methoda 

Yield 

(%)b 

1 

 

 

5.23 2.5 DBU (2.5) DCM 

(0.2) 

0 1.5 Celite, Conc., 

Silica Gel 

7 

2 

 

5.17 5.0 K2CO3 (5) DCM 

(0.5) 

0 to rt 24 - - 

2 

(cont.) 

 

- - DBU (0.05) DCM 

(0.5) 

0 2 Filter, Conc., 

Neutralized  

Silica Gel 

85 

3 

 

10.08 5.0 DBU (0.05) DCM 

(0.5) 

0 2 Conc.,  

Silica Gel 

64 

4 

 

8.25 5.0 K2CO3 (5) 

DBU (0.05) 

DCM 

(0.5) 

0 3 Filter, Conc., 

 Silica Gel 

75 

5 

 

100 5.0 K2CO3 (5) 

DBU (0.05) 

DCM 

(0.5) 

0 4 Filter, Conc.,  

Silica Gel 

81 

6 

 

100 5.0 K2CO3 (5) 

DBU (0.05) 

DCM 

(0.5) 

0 4.5 Filter, Conc.,  

Silica Gel 

86 

aPurification method, indicating the steps performed with the crude reaction mixture to obtain the purified reagent 3. bIsolated yield. The 

following abbreviations were used: Celite: Celite was added to the reaction mixture; Filter: the reaction mixture was filtered (to remove K2CO3); 

Conc.: the reaction mixture was concentrated in vacuo; Silica Gel: the crude product was purified by silica gel chromatography; Neutralized 

Silica Gel: the crude product was purified by silica gel chromatography using neutralized silica gel (described in the experimental section).  
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Table S2 Synthesis of cyclooctene ethers 7 and 11 using cyclooctene reagent 2 and 3.  

Reaction Conditionsa 

Entry 

 

Starting 

material 

(mmol) 

CCO-reagent 

(equiv) 

Additive  

(equiv) 

Solvent (M) Temperature 

(°C) 

Time (h) Product 

(Yield)b 

 

1 6 (0.1) 2 (1.2) Pd(PPh3)4 

(0.05) 

THF (0.1) 50 overnight - 

2 

 

6 (0.1) 2 (1.2) Pd(PPh3)4 

(0.12) 

Dioxane 

(0.1) 

80 20 7 (81%) 

3 

 

6 (8.47) 2 (1.2) Pd(PPh3)4 

(0.06) 

Dioxane 

(0.1) 

80 41 7 (80%) 

4 

 

10 (0.14) 2 (1.4) Pd(PPh3)4 

(0.14) 

Dioxane 

(0.1) 

80 72 - 

5 

 

10 (0.14) 2 (1.5) Pd(PPh3)4 

(0.10) 

Toluene 

(0.1) 

105 20 - 

5 

(cont.) 

- - - Dioxane 

(0.1) 

100 120 - 

6 

 

10 (0.27) 2 (1.4) TfOH (0.1)c 

MS (4 Å) 

DCM (0.1) 0 2 11 

(15%) 

7 

 

10 (0.37) 2 (2.0) TfOH (0.1)c DCM (0.1) 0 to rt 63 11 

(24%) 

8 

 

10 (0.31) 2 (2.1) TfOH (0.1)c DCM (0.1) -50 to -30 2 11 

(45%) 

9 

 

10 (0.34) 2 (2.1) TfOH (0.1)d 

MS (4Å) 

DCM (0.1) -60 to -30 overnight 11 

(26%) 

10 

 

10 (0.31) 2 (1.9) TMS-OTf (0.1)e DCM (0.1) -35 to 0 4 11 

(38%) 

11 

 

10 (0.32) 2 (2.1) TfOH (0.1)e DCM (0.1) -35 to 0 4 11 

(46%) 

aEntry 1: Reactants (6 + 2) were combined in a 10 mL round-bottom flask, dissolved in THF under N2 and degassed for 10 min by sonication. 

Pd(PPh3)4 was added, the container was purged with N2 before sealing the flask and starting the reaction. Entries 2 – 4: Reactants (6 or 10 + 2 + 

Pd(PPh3)4) were  co-evaporated with anhydrous dioxane in a round-bottom flask, placed under N2 and dissolved in anhydrous solvent. The 

reaction mixture was frozen at -78oC (ethanol bath) and subsequently purged with N2 for 45 min to achieve degassing. Afterwards, the flask was 

sealed and the reaction was launched. Entries 5 – 10: Reactants (10 + 3) were co-evaporated with anhydrous toluene (3 x 2 mL) in a 25 mL 

round-bottom flask, placed under N2 (balloon) and dissolved in anhydrous solvent. Lewis acid was added after cooling the reaction mixture in an 

ethanol bath. Reactions were quenched with Et3N (2 equivalents compared to Lewis acid), impregnated with Celite Hyflo Supercel (Merck), 

concentrated in vacuo and purified by silica gel chromatography. bYields denote isolated yields (%) after column chromatography. When no yield 

was reported (-; entries 1,4 and 5), no detectable degree of reaction took take place and the starting material (6 or 10) could be recovered. cDirect 

addition. dAddition from a freshly prepared stock solution (0.1 M in DCM) on activated molecular sieves (4Å). eAddition from a freshly prepared 

stock solution (0.1 M in DCM).  

  



Synthetic methodology towards allylic trans-cyclooctene-ethers enables modification of 
carbohydrates: bioorthogonal manipulation of the lac repressor 

133 

Table S3 Investigation of stannylene acetal mediated alkylation of 15 with 18.  

 Stage 1: Acetal formationa Stage 2: Alkylationb Yieldc 

Entry 

 

Scale 

(mmol) 

Bu2SnO 

(equiv) 

Solvent 

(M) 

Temp 

(°C)d 

Time 

 

18 

(equiv) 

Additive 

(equiv) 

Solvent 

(M) 

Temp 

(°C)d 

Time 

 

19 

(%) 

20 

(%) 

1 

 

0.5 1.15 eq Toluene 

(0.1) 

105 o.n. 1.05 - Toluene  

(0.1) 

105/ 

90 

o.n. - - 

1 

cont. 

- - - - - - TBABr 

(1.05) 

Toluene  

(0.1) 

90 48 h - - 

2 

 

1.5 1.05 eq Toluene 

(0.1) 

Reflux 

 

o.n. 2.0 CsF 

(2.5) 

DMF 

(0.13) 

65 48 h - - 

3 

 

1.0 1.2 eq Toluene 

(0.1) 

Reflux o.n. 3 x 1.2 CsF 

(1.2) 

Toluene  

(0.1 ) 

reflux 48 h 23 21 

4 

 

1.15 1.2 Toluene 

(0.1) 

105 o.n. 1.2 CsF 

(1.2) 

Toluene 

(1.0) 

105 o.n. 17 13 

5 

 

1.12 1.2 Toluene 

(0.1) 

105 o.n. 2.5 CsF 

(2.5) 

Toluene 

(1.0) 

105 o.n. 22 18 

6 

 

1.0 1.2 Toluene 

(0.1) 

105 o.n. 1.2 CsF 

(1.2) 

TBAI 

(1.2) 

Toluene 

(1.0) 

105 o.n. 16 7 

7 

 

1.0 1.2 Toluene 

(0.1) 

105 o.n. 1.2 TBAI 

(1.2) 

Toluene 

(1.0) 

105 o.n. 15 7 

8 

 

1.09 1.2 Toluene  

(0.1) 

105 o.n. Excess CsF 

(1.2) 

CCO-Br 

(1.0) 

105 o.n. - - 

9 

 

0.48 1.2 Toluene  

(0.1) 

105 o.n. Excess CsF 

(1.2) 

Toluene 

/CCO-

Br, 1:1 

(1.0) 

105 o.n. - - 

10 

 

4.77 1.2 Toluene  

(0.1) 

105 o.n. 3 CsF 

(1.2) 

DIPEA 

(3) 

Toluene 

(1.0) 

105 o.n. ~20 ~20 

11 

 

13.53 1.2 Toluene 

(0.4) 

105 o.n. 3 CsF(1.2) 

MS (3Å) 

Toluene 

(1.0) 

105 o.n. ~22 ~19 

aAfter dialkylstannylene acetal formation, the reaction mixture was concentrated in vacuo and co-evaporated 3x with anhydrous toluene. a,b 

Reactions were typically carried out in a sealed round-bottom flask (10, 25 or 50-mL) under N2 (balloon). cYields denote isolated yields after 

column chromatography. dOil bath. Notes for specific entries: entries 8 – 9: Complete pyrolysis of the reaction mixture was observed; entries 

10 – 11: Extra byproducts encountered (presumably 2-CCO-IPG), which made purification of 19 and 20 significantly more laborious compared 

to previous entries.  
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Table S4 Investigation of stannylene acetal mediated alkylation of 27 and 28 with 18. 

 Stage 1: Acetal formationa Stage 2: Alkylationb Yieldc 

Entry 

 

6-TBS/ 

4,6-DTBS 

(mmol) 

Bu2SnO 

(equiv) 

Solvent 

(M) 

Temp 

(°C)d 

Time 

 

18 

(equiv) 

Additive 

(equiv) 

Solvent 

(M) 

Temp 

(°C)d 

Time 

 

3-

alkyl 

(%) 

1 

 

 

27 

(0.5) 

1.15 eq Toluene 

(0.1) 

105 o.n. 1.05 - Toluene  

(0.1) 

105/ 

90 

o.n. - 

1 

cont. 

- - - - - - TBABr 

(1.05) 

Toluene  

(0.1) 

90 48 h - 

2 

 

28 

(0.5) 

1.15 eq Toluene 

(0.1) 

105 o.n. 1.05 - Toluene  

(0.1) 

105/ 

90 

o.n. - 

2 

cont 

 

- - - - - - TBABr 

(1.05) 

Toluene  

(0.1) 

90 48 h - 

3 

 

27 

(1.0) 

1.2 Toluene 

(0.1) 

105 o.n. 1.2 TBAI (1.2) Toluene 

(1.0) 

105 o.n. - 

4 

 

28 

(1.0) 

1.2 Toluene 

(0.1) 

105 o.n. 1.2 TBAI (1.2) Toluene 

(1.0) 

105 o.n. - 

aAfter dialkylstannylene acetal formation, the reaction mixture was concentrated in vacuo and co-evaporated 3x with anhydrous toluene. a,b 

Reactions were typically carried out in a sealed round-bottom flask (10, 25 or 50-mL) under N2 (balloon). cYields denote isolated yields after 

column chromatography. dOil bath. 
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Table S5 Investigation of Lewis acid catalyzed alkylation of 22 with reagent 3. 

Reaction conditionsa 

Entry 

 

Scale 

(mmol) 

reagent 

2 

(equiv) 

Activatorb  

(equiv) 

Solvent (M) Temperature 

(°C) 

Time 

(h) 

Yieldc 

(%) 

1 

 

0.1 2.0 TfOH (0.1) DCM (0.1) -50 to -30 4 27 

2 

 

0.1 4.5 TfOH (0.1) DCM (0.1) -40 to -5 4 45 

3 

 

0.1 9.4 TfOH (0.1) DCM (0.05) 

 

-45 to 0 5 47 

4 

 

0.1 4.4 BF3 · OEt2 

(0.5) 

DCM (0.1) -30 to 0 4 42 

5 1.0 4.0 TfOH (0.1) DCM (0.1) -50 to -5 4 40 

6 

 

1.0 4.0 TfOH (0.05) DCM (0.05) -30 6 20 

7 

 

1.0 4.0 TfOH (0.01) DCM (0.1) -40 to 0 5.5 - 

Cont. 

 

- - TfOH (0.02) DCM (0.1) 0 1.5 24 

8 

 

1.0 0 -> 4.1 

 

TfOH (0.1) DCM (1.0 -> 

0.1) 

-45 to -30 22 47 

9 

 

10.1 4.0 TfOH (0.1) DCM (0.1) -40 to 0 6.5 29 

10 

 

21.8 3.95 TfOH (0.1) DCM (0.1) -30 4 34 

aReactants (22 + 3) were co-evaporated with anhydrous toluene (3x) in a round-bottom flask, placed under N2 (balloon) and dissolved in 

anhydrous solvent. Lewis acid activator was added after cooling the reaction mixture in an ethanol bath. Reactions were quenched with Et3N (2 

equivalents compared to Lewis acid), diluted with Et2O, washed with NaOH (1 M, 3x) and brine. The organic layer was dried over MgSO4, filtered 

and concentrated in vacuo. Crude products were purified by silica gel chromatography. Notes for specific entries: entry 3: precipitation of 

reactants was observed, which resolved back into a clear solution after warming to -10°C; entry 8: slow addition over 3 h of 3 in 9 mL of DCM to 

the reaction mixture containing 22 in 1 mL DCM and TfOH. bTriflic acid was added from a freshly prepared stock solution (0.1 M in DCM, entries 

1-3, 5-8). At large scale, triflic acid was added directly (entries 9-10). BF3 · OEt2 was added as a 0.1 M solution (commercially available, entry 4). 
cYields denote isolated yields after column chromatography.  
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Table S6 Photoisomerization of 23 to 24 and subsequent deacetylation to afford 25. 

 Reaction Conditionsa  

Entry 

 

Scale 

(mmol) 

Methyl 

benzoate 

(equiv) 

Stationary 

phase (equiv) 

Column fill 

materialb 

Solvent 

(M) 

Flow 

(mL/min) 

Time 

(h) 

Yield 

24 

 

Yield 25 

 

1 

 

 

0.44 3 AgNO3 · SiO2 

(3.4) 

SiO2 50% EtOAc 

in heptane 

(4 mM) 

25 47 - - 

1 

cont. 

 

0.44 3 AgNO3 · SiO2 

(1.3) 

SiO2 25% EtOAc 

in heptane 

(4 mM) 

25 43 - - 

2 

 

0.66 3 TAg 

(1.5) 

Cotton 50% EtOAc 

in heptane 

(5 mM) 

12.5 48 - - 

3 

 

1.58 3 + 9 TAg 

(1.8) 

- 25% EtOAc 

in heptane  

(13 mM) 

10 48 21% N.D. 

4 0.52 3 TAg 

(3.0) 

Cotton Et2O 

(3 mM) 

10 17 30% 67% 

 

5 

 

2.90 3 TAg 

(3.0) 

Cotton Et2O 

(5 mM) 

30 20 Crude 40% over 

2 steps 

6 

 

0.50 3 TAg 

(3.0) 

Cotton 2% IPA in 

Et2O 

(3 mM) 

15 24 Crude 47% over 

2 steps 

7 0.50 10 TAg 

(3.0) 

Cotton 10% IPA in 

Et2O 

(3 mM) 

15 90 Crude 7% over 2 

steps 

8 0.50 5.7 TAg 

(3.0) 

Cotton 5% IPA in 

Et2O 

(3 mM) 

20 24 Crude 35% over 

2 steps 

9 

 

0.51 10 TAg 

(3.0) 

Cotton 5% IPA in 

Et2O 

(3 mM) 

20 48 Crude 27% over 

2 steps 

aAgNO3 · SiO2 (10% wt) was prepared according to the procedure by Royzen et al.[25] Tosic Acid Silica (ion exchange capacity 0.60 meg/g) was 

subjected to ion exchange with AgNO3 according to the procedure by Darko et al.[41] Other general considerations about the photoisomerization 

method can be found in the Experimental Section. When deemed necessary, a sample (~ 30 mL) of the reaction mixture was concentrated in vacuo 

and measured with 1H NMR to evaluate the progress of the photoisomerization reaction. Afterwards, the column containing the trapped product 

(24) was washed with additional solvent (2 x reaction volume), dried over N2 and fractionally eluted with NH3 in MeOH (7 M). Fractions containing 

the partially deacetylated product (24) were combined and concentrated in vacuo. This crude product (24) was treated with NaOMe in MeOH 

(0.5 M) overnight, concentrated in vacuo and extractively purified to obtain 25. bMaterial used to completely pack the column after loading of the 

stationary phase was complete. Notes for specific entries: entry 1: Leaching of Ag was observed (50% EtOAc in pentane). The crude, unreacted 

reaction mixture was re-used for the second part of the experiment (25% EtOAc in pentane); entry 3: additional methyl benzoate (9 equiv) was 

added after 26 h, 24 was purified with silica gel chromatography and was not reacted further; entry 4: 24 was purified by silica gel 

chromatography, 25 was purified by silica gel chromatography. Reduced yield for entries 3 and 4 may partially be explained by loss of partially 

deacylated product during silica gel chromatography. 
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6.6 Experimental procedures - chemistry 

General methods: Commercially available reagents and solvents were used as received. 

Moisture and oxygen sensitive reactions were performed under N2 atmosphere (balloon). DCM, 

toluene, THF, dioxane and Et2O were stored over (flame-dried) 4 Å molecular sieves (8-12 mesh). 

Methanol and isopropanol were stored over (flame-dried) 3 Å molecular sieves. Pyridine, DIPEA 

and Et3N were stored over KOH pellets. TLC analysis was performed using aluminum sheets, pre-

coated with silica gel (Merck, TLC Silica gel 60 F254). Compounds were visualized by UV 

absorption (λ = 254 nm), by spraying with either a solution of KMnO4 (20 g/L) and K2CO3 (10 

g/L) in H2O, a solution of (NH4)6Mo7O24 · 4H2O (25 g/L) and (NH4)4Ce(SO4)4 · 2H2O (10 g/L) in 

10% H2SO4, 20% H2SO4 in EtOH, or phosphomolybdic acid in EtOH (150 g/L), where appropriate, 

followed by charring at ca. 150°C. Column chromatography was performed on Screening Devices 

b.v. Silica Gel (particle size 40-63 µm, pore diameter 60 Å). Celite Hyflo Supercel (Merck) was 

used to impregnate the reaction mixture prior to silica gel chromatography when indicated. 1H, 
13C APT, 19F, 1H COSY, HSQC and HMBC spectra were recorded with a Bruker AV-400 (400/100 

MHz) or AV-500 (500/125 MHz) spectrometer. Chemical shifts are reported as δ values (ppm) 

and were referenced to tetramethylsilane (δ = 0.00 ppm) or the residual solvent peak as internal 

standard.  J couplings are reported in Hz. High resolution mass spectra were recorded by direct 

injection (2 µL of a 1 µM solution in H2O/MeCN 1:1 and 0.1% formic acid) on a mass spectrometer 

(Q Exactive HF Hybrid Quadrupole-Orbitrap) equipped with an electrospray ion source in 

positive mode (source voltage 3.5 kV, sheath gas flow 10, capillary temperature 275°C) with 

resolution R = 240,000 at m/z 400 (mass range m/z = 160-2,000) and an external lock mass. The 

high resolution mass spectrometer was calibrated prior to measurements with a calibration 

mixture (Thermo Finnigan). The synthesis of tetrazine 26 is described in Chapter 4 and a recent 

publication.[43] 

Preparation of neutralized silica gel: Unmodified silica gel (500 gram) was slowly dispersed 

into a 3 L round-bottom flask containing a stirring volume of H2O (1.7 L). NH4OH (28% w/w, 100 

mL) was added and the alkaline suspension was stirred for 30 min. The suspension was filtered, 

washed with H2O and the silica gel was dried on aluminium foil overnight at rt. The silica was 

transferred into a glass container and remaining traces of H2O were removed by drying in an oven 

at 150°C overnight. 

Photoisomerization methods: General guidelines were followed as described by Royzen et 

al.[25] Photochemical isomerization was performed using a Southern New England Ultraviolet 

Company Rayonet reactor (model RPR-100) equipped with 16 bulbs (part number RPR-2537A, 

λ = 254 nm). Photolysis was performed in a 187 mL or 1500 mL quartz flask (Southern New 

England Ultraviolet Company; part number RQV-118 or RQV-323, respectively). A HPLC pump 

(Jasco; model PU-2088 Plus) was used to circulate solvent through the photolysis apparatus at 

the indicated flow rate. An empty solid load cartridge with screw cap, frits, O-ring and end tips (4 

g / 40 g; SD.0000.004 / SD.0000.040; iLOKTM, Screening Devices b.v.) was manually loaded with 

the specified silica gel to function as the stationary phase. 

Preparation of TAg silica gel: Preparation was based on the procedure described by Darko et 

al.[41] Siliabond Tosic Acid Functionalized Silica (Silicycle, product number R60530B,  lot number 
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156773, particle size 40-63 µm, pore diameter 60 Å, endcapped, functional loading 0.6 mmol/g, 

100 gram) was transferred to a glass silica column wrapped in aluminium foil. A solution of 

AgNO3 (0.5 M in MeCN/H2O, 9:1, 1 L) was passed over the column whilst monitoring the pH shift 

from acidic to neutral. The column was washed with MeOH (2 x 400 mL), acetone (2 x 400 mL) 

and pentane (2 x 400 mL). The TAg silica gel was dried over a dream of air and transferred to a 

bottle wrapped in aluminium foil for storage. 

(Z)-3-bromocyclooct-1-ene (18): Synthesis was performed according to a 

modified procedure.[44] N-bromosuccinimide (100 g, 562 mmol, 1.0 equiv) was 

placed under N2 in a 1 L round-bottom flask. Cyclohexane (400 mL), (Z)-cyclooctene 

(12, 100 mL, 770 mmol, 1.37 equiv) and AIBN (0.2 M in toluene, 2.0 mL, 0.4 mmol, 0.07 mol%) 

were added before connecting the flask to a reflux condenser which was subsequently purged 

with N2. The mixture was refluxed (oil bath at 100°C) under N2 for 4 h, after which the reaction 

mixture was allowed to cool to room temperature. The white precipitates were removed by 

filtration after cooling the mixture to 0°C (ice bath). The crude reaction mixture was concentrated 

in vacuo (60°C, ≤ 20 mbar) before purifying the crude product by fractional vacuum distillation 

to obtain 18 (75.2 g, 398 mmol, 71%, bp = 85°C at 1.3 mbar) as a colorless liquid: Rf = 0.8 

(pentane); 1H NMR (400 MHz, CDCl3) δ 5.82 – 5.73 (m, 1H), 5.65 – 5.54 (m, 1H), 5.00 – 4.89 (m, 

1H), 2.30 – 2.05 (m, 3H), 2.05 – 1.92 (m, 1H), 1.76 – 1.63 (m, 2H), 1.63 – 1.47 (m, 2H), 1.45 – 1.24 

(m, 2H); 13C NMR (101 MHz, CDCl3) δ 133.3, 129.9, 49.0, 40.9, 29.1, 26.6, 26.2, 25.7. Spectroscopic 

data was in agreement with literature.[44] 

(Z)-cyclooct-2-en-1-ol (1): Synthesis was performed according to a modified 

procedure.[10] Cyclooctene bromide 18 (75.1 g, 397 mmol, 1.0 equiv) was dissolved 

in a mixture of acetone (600 mL) and H2O (300 mL) in a 3 L round-bottom flask. 

NaHCO3 (66.7 g, 795 mmol, 2.0 equiv) was added and the reaction mixture was stirred under 

reflux (oil bath at 75°C) for 4.5 h. The reaction mixture was allowed to cool to room temperature 

and filtered to remove excess NaHCO3. The filtrate was extracted with Et2O (3 x 500 mL). The 

combined organic layers were dried over MgSO4, filtered and concentrated in vacuo to obtain 1 

(41.4 g, 328 mmol, 83%) as an oil which was used in subsequent reactions without further 

purification: Rf = 0.3 (20% Et2O in pentane); 1H NMR (400 MHz, CDCl3) δ 5.61 (dddd, J = 10.3, 8.5, 

7.0, 1.4 Hz, 1H), 5.52 (ddd, J = 10.8, 6.5, 0.8 Hz, 1H), 4.73 – 4.56 (m, 1H), 2.24 – 2.01 (m, 2H), 1.96 

– 1.85 (m, 1H), 1.73 (s, 1OH), 1.69 – 1.32 (m, 7H); 13C NMR (101 MHz, CDCl3) δ 135.1, 128.6, 69.4, 

38.7, 29.2, 26.4, 26.0, 23.8. Spectroscopic data was in agreement with literature.[10,43,45]  

Cyclooctene carbonate 4: Cyclooctenol 1 (1.19 g, 9.45 mmol, 1.0 

equiv) was dissolved in anhydrous DCM (30 mL) in a 100 mL round-

bottom flask under N2. Anhydrous pyridine (1.15 mL, 14.2 mmol, 1.5 

equiv) was added and the reaction mixture was cooled to 0°C (ice bath) before adding 4-

nitrophenyl chloroformate (2.29 g, 11.3 mmol, 1.2 equiv). The reaction was stirred for 48 h and 

allowed to warm to room temperature. The reaction mixture was diluted with H2O (30 mL) and 

the aqueous layer was extracted with Et2O (3 x 75 mL). The combined organic layers were 

washed with HCl (0.5 M, 2 x 100 mL), NaHCO3 (satd., 2 x 100 mL) and brine (200 mL), dried over 

MgSO4, filtered, impregnated with Celite and concentrated in vacuo. The impregnated crude 
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product was purified by silica gel chromatography (pentane → 3% Et2O in pentane) to obtain 4 

(2.29 g, 7.86 mmol, 83%) as a pale yellow oil: Rf = 0.6 (5% Et2O in pentane); 1H NMR (400 MHz, 

CDCl3) δ 8.33 – 8.22 (m, 2H), 7.44 – 7.34 (m, 2H), 5.78 (td, J = 9.3, 7.5 Hz, 1H), 5.70 – 5.53 (m, 2H), 

2.31 – 2.03 (m, 3H), 1.78 – 1.47 (m, 6H), 1.47 – 1.36 (m, 1H); 13C NMR (101 MHz, CDCl3) δ 155.7, 

152.0, 145.4, 131.1, 129.2, 125.3 (x2), 121.9 (x2), 78.4, 34.9, 28.8, 26.5, 25.8, 23.3.  

Cyclooctene ether 5: The experiment was based on a procedure for the 

synthesis of 1-(allyloxy)-4-nitrobenzene with palladium catalysis.[46] 

Cyclooctene carbonate 4 (171 mg, 0.59 mmol, 1.0 equiv) was dissolved in 

anhydrous toluene (2.5 mL) under N2 in a 10 mL round-bottom flask. The reaction mixture was 

degassed under sonication for 10 min before adding Pd(PPh3)4 (16 mg, 14 µmol, 2.4 mol%). The 

reaction mixture was stirred for 90 min at 50°C (oil bath) under N2. The reaction mixture was 

directly applied on a silica gel column and purified (pentane → 2% Et2O in pentane) to obtain 5 

(133 mg, 0.54 mmol, 92%) as a pale yellow oil: Rf = 0.9 (5% Et2O in pentane); 1H NMR (400 MHz, 

CDCl3) δ 8.23 – 8.03 (m, 2H), 6.98 – 6.80 (m, 2H), 5.91 – 5.72 (m, 1H), 5.45 (dd, J = 10.8, 7.2 Hz, 

1H), 5.24 – 5.06 (m, 1H), 2.37 – 2.18 (m, 2H), 2.10 (ddt, J = 12.8, 8.6, 4.5 Hz, 1H), 1.85 – 1.36 (m, 

8H);13C NMR (101 MHz, CDCl3) δ 163.5, 141.2, 131.6, 131.3, 125.8 (x2), 115.4 (x2), 76.4, 35.7, 

29.0, 26.8, 26.1, 23.3.  

Cyclooctene reagent 2: Cyclooctenol 1 (2.28 g, 18.1 mmol, 1.0 equiv) was 

dissolved in anhydrous THF (40 mL) in a 250 mL round-bottom flask under 

N2. The reaction mixture was cooled to 0°C (ice bath) before adding NaHMDS 

(40% w/w in THF, 26.9 mL, 52.4 mmol, 2.9 equiv) dropwise. The reaction 

mixture was stirred for 30 min at 0°C. 2-(tert-Butoxycarbonyloxyimino)-2-phenylacetonitrile 

(Boc-ON; 12.9 g, 52.2 mmol, 2.9 equiv) was dissolved in anhydrous THF (40 mL) in a 100 mL 

pear-shaped flask under N2 and added to the reaction mixture dropwise using a double tipped 

needle under positive N2 pressure. The reaction mixture was stirred overnight and allowed to 

warm to room temperature. The reaction was quenched by adding NH4Cl (satd., 300 mL) and 

subsequently diluted with Et2O (300 mL). The aqueous layer was extracted with Et2O (300 mL). 

The combined organic layers were washed with HCl (1 M, 250 mL), NaHCO3 (satd., 250 mL) and 

brine (250 mL), dried over MgSO4, filtered, impregnated with Celite and concentrated in vacuo. 

The impregnated crude product was purified by silica gel chromatography (pentane → 0.5% Et2O 

in pentane) to obtain 2 (3.30 g, 14.6 mmol, 81%) as a pale yellow oil: Rf = 0.5 (2% Et2O in 

pentane); 1H NMR (400 MHz, CDCl3) δ 5.74 – 5.62 (m, 1H), 5.53 (ddd, J = 10.6, 7.0, 1.2 Hz, 1H), 

5.49 – 5.40 (m, 1H), 2.33 – 2.19 (m, 1H), 2.18 – 2.06 (m, 1H), 2.03 – 1.90 (m, 1H), 1.74 – 1.51 (m, 

6H), 1.49 (s, 9H), 1.44 – 1.32 (m, 1H) ; 13C NMR (101 MHz, CDCl3) δ 153.2, 130.7, 129.9, 82.0, 75.3, 

35.1, 28.9, 27.9 (x3), 26.5, 25.9, 23.4.  

Cyclooctene reagent 3: Cyclooctenol 1 (12.64 g, 100 mmol, 1.0 equiv) was 

dissolved in anhydrous DCM (200 mL) in a 500 mL round-bottom flask under 

N2. The reaction mixture was cooled to 0°C (ice bath) before adding K2CO3 (69.2 

g, 501 mmol, 5.0 equiv), trichloroacetonitrile (50.2 mL, 501 mmol, 5.0 equiv) 

and DBU (0.755 mL, 5.01 mmol, 5.0 mol%). The suspension was stirred on ice for 4 h, filtered and 

concentrated in vacuo. The brown crude product was suspended in a small volume of toluene and 
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purified by silica gel chromatography (pentane → 1% Et2O in pentane → 2% Et2O in pentane) to 

obtain cyclooctene imidate 3 (21.88 g, 81 mmol, 81%) as an oil: Rf = 0.4 (2% Et2O in pentane); 1H 

NMR (400 MHz, CDCl3) δ 8.26 (s, 1NH), 5.82 – 5.66 (m, 2H), 5.66 – 5.52 (m, 1H), 2.36 – 2.22 (m, 

1H), 2.21 – 2.04 (m, 2H), 1.77 – 1.50 (m, 7H), 1.50 – 1.37 (m, 1H); 13C NMR (101 MHz, CDCl3) δ 

162.2, 130.5, 130.2, 92.0, 77.6, 34.5, 28.8, 26.5, 25.9, 23.3. Reagent 3 was stored at -30°C under 

N2 as a solid. 

*Note: Full conditions investigated for the synthesis of 3 are reported in Table S1.  

Cyclooctene amide 8: This compound was often encountered as a crude 

byproduct during column chromatography purifications of compounds 11 and 

23, resulting from the various reactive intermediates formed upon activation of 

reagent 3 with a potent Lewis acid (TfOH): 1H NMR (400 MHz, CDCl3) δ 5.83 – 

5.73 (m, 2H), 5.62 – 5.53 (m, 1H), 2.33 – 2.12 (m, 2H), 2.12 – 1.98 (m, 1H), 1.77 – 1.29 (m, 7H); 13C 

NMR (101 MHz, CDCl3) δ 161.4, 131.4, 128.6, 90.3, 78.4, 34.5, 28.7, 26.5, 25.8, 23.2. 

N-trifluoroacetyl-protected L-tyrosine methyl ester 6: L-tyrosine 

methyl ester hydrochloride (10.05 g, 43,4 mmol, 1.0 equiv) was dissolved 

in anhydrous DCM (80 mL) in a 250 mL round-bottom flask under N2. The 

reaction mixture was cooled to 0°C (ice bath) before adding anhydrous 

Et3N (6.05 mL, 43.4 mmol, 1.0 equiv). The reaction mixture was stirred for 30 min at 0°C. 

Subsequently, trifluoroacetic anhydride (7.35 mL, 52.1 mmol, 1.2 equiv) was added slowly to the 

neutralized, milky reaction mixture over 10 min. The reaction mixture was stirred and allowed 

to warm to room temperature. After 2 h, additional Et3N (6.05 mL, 43.4 mmol, 1.0 equiv) was 

added. After 24 h reaction time, the reaction mixture was pouring in ice-cooled H2O (100 mL). 

HCl (1 M, 100 mL) was added and the aqueous layer was extracted with DCM (100 mL). The 

combined organic layers were washed with brine (150 mL), dried over MgSO4, filtered and 

partially concentrated in vacuo. The crude product was purified by crystallization in DCM to 

obtain 6 (5.44 g, 18.7 mmol, 43%) as white crystals: Rf = 0.3 (20% EtOAc in pentane); 1H NMR 

(500 MHz, MeOD) δ 7.07 – 6.96 (m, 2H), 6.77 – 6.63 (m, 2H), 4.65 (dd, J = 9.9, 5.3 Hz, 1H), 3.72 (s, 

3H), 3.17 (dd, J = 14.0, 5.3 Hz, 1H), 2.91 (dd, J = 14.0, 9.9 Hz, 1H); 13C NMR (126 MHz, MeOD) δ 

172.2, 158.7 (q, J = 37.7 Hz), 157.5, 131.2 (x2), 128.4, 117.3 (q, J = 286.7 Hz), 116.3 (x2), 55.8, 

53.0, 36.9; 19F NMR (471 MHz, MeOD) δ -76.8; HRMS: calculated for C12H13F3NO4 292.07912 

[M+H]+; found 292.07899. Spectroscopic data was in agreement with literature.[8] 

Cyclooctene ether 7: L-tyrosine methyl ester 6 (2.466 g, 8.47 

mmol, 1.0 equiv) and cyclooctene tert-butyl carbonate reagent 2 

(2.30 g, 10.2 mmol, 1.2 equiv) were combined in a 250 mL round-

bottom flask, co-evaporated using anhydrous dioxane, placed 

under N2 and dissolved in anhydrous dioxane (85 mL). Pd(PPh3)4 (567 mg, 0.49 mmol, 5.8 mol%) 

was added before freezing the reaction mixture at -78°C (ethanol bath) and subsequently purging 

N2 over the frozen reaction mixture for 45 min to achieve degassing. The flask was sealed with 

parafilm before stirring the reaction mixture at 80°C (oil bath) for 41 h. The reaction mixture was 

allowed to cool to room temperature, impregnated by adding Celite and concentrated in vacuo. 

The impregnated crude product was purified by silica gel chromatography (1% EtOAc in pentane 
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→ 5% EtOAc in pentane) to obtain the diastereomeric mixture of cyclooctene ethers 7 (7A : 7B, ~ 

1 : 1, 2.69 g, 6.73 mmol, 80%) as a thick oil: Rf = 0.15 (5% EtOAc in pentane); 1H NMR (400 MHz, 

CDCl3) δ 6.99 – 6.88 (m, 2H), 6.83 – 6.70 (m, 2H + 1NH), 5.82 – 5.65 (m, 1H), 5.55 – 5.42 (m, 1H), 

5.11 – 4.96 (m, 1H), 4.90 – 4.74 (m, 1H), 3.78 (s, 3H), 3.20 – 3.03 (m, 2H), 2.37 – 2.15 (m, 2H), 2.07 

(ddt, J = 12.9, 8.9, 4.7 Hz, 1H), 1.79 – 1.38 (m, 7H); 13C NMR (101 MHz, CDCl3) δ 170.6, 170.6, 157.9 

(x2), 156.6 (q, J = 36.2 Hz), 156.6 (q, J = 36.2 Hz), 133.0 (x2), 130.2 (x6), 126.1 (x2), 115.9 (x4), 

115.7 (q, J = 287.8 Hz, x2), 75.3 (x2), 53.7, 53.7, 53.0, 52.9, 36.5 (x2), 35.9, 35.9, 29.2 (x2), 26.9 

(x2), 26.3 (x2), 23.5 (x2); HRMS: calculated for C20H24F3NO4Na 422.15496 [M+Na]+; found 

422.15463. Spectroscopic data was in agreement with literature.[8] 

*Note: No chemical shift differences were encountered on 1H NMR for the two diastereoisomers of 

compound 7. The 1H NMR signals were therefore reported as a single compound. The 13C NMR 

reports distinct signals of the two diastereoisomers. Full conditions investigated for the synthesis of 

7 are reported in Table S2. 

N-trifluoroacetyl-protected L-serine methyl ester 10: L-serine methyl ester 

hydrochloride (7.20 g, 46.3 mmol, 1.0 equiv) was dissolved in anhydrous MeOH 

(100 mL) in a 250 mL round-bottom flask under N2. The reaction mixture was 

cooled to 0°C (ice bath) before adding anhydrous Et3N (7.10 mL, 50.9 mmol, 1.1 

equiv) dropwise. The reaction mixture was stirred for 15 min at 0°C. Ethyl trifluoroacetate (11.1 

mL, 93.0 mmol, 2 equiv) was added dropwise and the reaction mixture was stirred and allowed 

to warm to room temperature. After 2 h, additional Et3N (7.10 mL, 50.9 mmol, 1.1 equiv) was 

added. After 48 h the reaction mixture was concentrated in vacuo, redissolved in EtOAc (250 mL), 

washed with NaHCO3 (satd., 200 mL), HCl (1 M, 200 mL) and brine (200 mL), dried over MgSO4, 

filtered and concentrated in vacuo. The crude product was purified by silica gel chromatography 

(30% EtOAc in pentane → 40% EtOAc in pentane) to obtain 10 (4.74 g, 22.0 mmol, 48%) as an 

oil: Rf = 0.3 (30% EtOAc in pentane); 1H NMR (500 MHz, CDCl3) δ 7.55 (d, J = 6.0 Hz, 1NH), 4.72 – 

4.65 (m, 1H), 4.10 (dd, J = 11.5, 3.4 Hz, 1H), 3.96 (dd, J = 11.5, 3.3 Hz, 1H), 3.83 (s, 3H); 13C NMR 

(126 MHz, CDCl3) δ 169.7, 157.5 (q, J = 37.7 Hz), 115.7 (q, J = 288 Hz), 62.1, 54.8, 53.3; 19F NMR 

(471 MHz, CDCl3) δ -75.9. Spectroscopic data was in agreement with literature.[47]  

Cyclooctene ether 11: L-serine methyl ester 10 (68.0 mg, 0.32 mmol, 1.0 

equiv) and cyclooctene imidate 3 (181 mg, 0.67 mmol, 2.1 equiv)  were 

co-evaporated with anhydrous toluene (3 x 2 mL) in a 25 mL round-

bottom flask and dissolved in anhydrous DCM (3.0 mL) under N2. The 

reaction mixture was cooled to -35°C (ethanol bath) before adding triflic 

acid (0.1 M in DCM, 0.32 mL, 32 µmol, 0.1 equiv). The reaction mixture was stirred for 4 h and 

gradually allowed to warm to 0°C. The reaction was quenched by adding Et3N (8.8 µL, 63 µmol, 

0.2 equiv) before adding Celite and concentrating in vacuo. The impregnated crude product was 

purified by silica gel chromatography (5% EtOAc in pentane, isocratic) to obtain the 

diastereomeric mixture of cyclooctene ethers 11 (11A : 11B, ~ 1 : 1, 47.0 mg, 0.145 mmol, 46%) 

as an oil: Rf = 0.2 (5% EtOAc in pentane); 1H NMR (400 MHz, CDCl3) δ 7.14 (d, J = 6.7 Hz, 1NH, 11A 

+ 11B), 5.78 – 5.65 (m, 1H, 11A + 11B), 5.43 – 5.27 (m, 1H, 11A + 11B), 4.76 – 4.65 (m, 1H, 11A + 

11B), 4.28 – 4.15 (m, 1H, 11A + 11B), 4.00 (dd, J = 9.9, 3.0 Hz, 1H, 11A), 3.90 (dd, J = 9.9, 2.8 Hz, 1H, 
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11B), 3.81 (2 s, 3H, 11A + 11B), 3.79 (dd, J = 9.9, 3.1 Hz, 1H, 11B), 3.66 (dd, J = 9.8, 3.1 Hz, 1H, 11A), 

2.15 – 2.04 (m, 2H, 11A + 11B), 1.90 – 1.78 (m, 1H, 11A + 11B), 1.69 – 1.30 (m, 7H, 11A + 11B); 13C 

NMR (101 MHz, CDCl3) δ 169.4, 169.3, 132.6, 132.5, 131.2, 131.2, 78.0, 77.7, 67.7, 67.4, 53.3 (x2), 

53.1 (x2), 35.7, 35.7, 29.2, 29.1, 26.6, 26.6, 26.2 (x2), 23.6, 23.6; HRMS: calculated for 

C14H20F3NO4Na 346.12366 [M+Na]+; found 346.12350.  

*Note: the 13C signals associated with the trifluoroacetate protecting group (C=O and CF3) were not 

reported due to a lack of resolution in the spectrum of 11. Full conditions investigated for the 

synthesis of 11 are reported in Table S2. 

Peracetylated IPTG (14): Isopropyl β-D-1-thiogalactopyranoside (13, 477 

mg, 2.0 mmol, 1.0 equiv) was dissolved in anhydrous pyridine (6.0 mL) in a 

50 mL round-bottom flask under N2. Acetic anhydride (4.0 mL, 42.4 mmol, 

21 equiv) was added and the reaction mixture was stirred for 20 h. The reaction mixture was 

concentrated in vacuo. The crude product was redissolved in Et2O (50 mL) and washed with HCl 

(1 M, 3 x 50 mL) and brine (50 mL). The organic layer was dried over MgSO4, filtered and 

concentrated in vacuo to obtain 14 (827 mg, 2.0 mmol, 100%) as an oil: 1H NMR (400 MHz, CDCl3) 

δ 5.43 (dd, J = 3.4, 0.9 Hz, 1H), 5.22 (t, J = 10.0 Hz, 1H), 5.06 (dd, J = 10.0, 3.4 Hz, 1H), 4.58 (d, J = 

10.0 Hz, 1H), 4.18 (dd, J = 11.3, 6.9 Hz, 1H), 4.10 (dd, J = 11.3, 6.4 Hz, 1H), 3.93 (td, J = 6.7, 1.0 Hz, 

1H), 3.19 (hept, J = 6.8 Hz, 1H), 2.16 (s, 3H), 2.06 (s, 3H), 2.04 (s, 3H), 1.99 (s, 3H), 1.33 (d, J = 2.8 

Hz, 3H), 1.31 (d, J = 2.9 Hz, 3H); 13C NMR (101 MHz, CDCl3) δ 170.5, 170.4, 170.2, 169.6, 84.0, 74.4, 

72.1, 67.6, 67.4, 61.7, 35.8, 24.1, 23.9, 21.0, 20.8, 20.8, 20.7; HRMS: calculated for C17H26O9SNa 

429.11897  [M+Na]+; found 429.11875. Spectroscopic data was in agreement with literature.[48]  

Evaluation of conditions typical for photochemical isomerization with 14: Acetylated IPTG 

(14, 413 mg, 1.02 mmol, 1 equiv) was irradiated (λ = 254 nm) for 24 h in the presence of methyl 

benzoate (360 mg, 2.64 mmol, 2.6 equiv) in a quartz flask containing a solution of Et2O in heptane 

(1:1, 100 mL). During irradiation, the reaction mixture was continuously circulated over a silica 

column (4 g size, containing dry silica and 2.5 g of AgNO3 impregnated silica[25](10% w/w, 

containing 1.47 mmol AgNO3, 1.5 equiv)) at a flowrate of 25 mL/min. The column was placed in 

the dark and shielded with aluminium foil during the irradiation. Afterwards, the column was 

flushed with Et2O in heptane (1:1, 250 mL) before drying over a stream of air. Subsequently, the 

contents of the column were emptied into an Erlenmeyer flask containing NH4OH (28% w/w, 25 

mL) and DCM (25 mL). The biphasic mixture was stirred for 1 h before filtration of the silica gel. 

The organic layer was separated and the aqueous layer was extracted with DCM (25 mL). The 

combined organic layers were washed with H2O (50 mL), dried over MgSO4, filtered and 

concentrated in vacuo to obtain 14 (252 mg, 0.62 mmol, 61%) as an oil. 

Note: Based on this experiment, we concluded that 14 has significant affinity for AgNO3 (despite not 

forming a (trans)-cyclooctene moiety during irradiation), which would hamper the development of 

a TCO-caged IPTG. 

Peracetylated β-D-galactopyranoside 16: Synthesis was performed 

according to a modified procedure.[49] A suspension of sodium acetate (25.0 g, 

305 mmol, 1.1 equiv) in acetic anhydride (350 mL, 3.71 mol, 13.4 equiv) was 
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stirred in a three-neck, round-bottom flask and heated towards reflux in an oil bath set at 160°C. 

When the suspension was fully refluxing, the flask was removed from the oil bath and D-galactose 

(50.0 g, 278 mmol, 1.0 equiv) was slowly added in portions to the mixture. The reaction mixture 

turned into a clear, yellow solution and was stirred for a further 5-10 min before pouring it into 

ice water (2 L). The aqueous mixture was stirred for 1 h at room temperature. DCM (600 mL) was 

added and the organic layer was washed with H2O (1.5 L), NaHCO3 (satd., 1.5 L), brine (1 L), dried 

over MgSO4, filtered and concentrated in vacuo. The crude product was obtained as a light yellow 

solid and purified by recrystallization in EtOH to obtain 16 (56.4 g, 144 mmol, 52%) as white 

crystals: Rf = 0.4 (30% EtOAc in pentane); 1H NMR (400 MHz, CDCl3) δ 1H NMR (400 MHz, CDCl3) 

δ 5.71 (d, J = 8.3 Hz, 1H), 5.43 (dd, J = 3.4, 1.1 Hz, 1H), 5.34 (dd, J = 10.4, 8.3 Hz, 1H), 5.09 (dd, J = 

10.4, 3.4 Hz, 1H), 4.21 – 4.03 (m, 3H), 2.17 (s, 3H), 2.13 (s, 3H), 2.05 (2 s, 6H), 2.00 (s, 3H); 13C 

NMR (101 MHz, CDCl3) δ 170.4, 170.2, 170.0, 169.5, 169.1, 92.2, 71.8, 70.9, 67.9, 66.9, 61.1, 20.9, 

20.7, 20.7, 20.6; HRMS: calculated for C16H22O11Na 413.10543 [M+Na]+, found 413.10521. 

Spectroscopic data was in agreement with literature.[49] 

Compound 17: Peracetylated galactopyranoside 16 (50.0 g, 128 mmol, 1.0 

equiv) was co-evaporated with anhydrous toluene (200 mL) in a 2 L round-

bottom flask before dissolving the starting material in DCM (513 mL) under 

N2. The solution was cooled to 0°C (ice bath) before adding acetic anhydride (24.2 mL, 256 mmol, 

2.0 equiv) and HBr (33% w/w in AcOH, 133 mL, 769 mmol, 6.0 equiv). The reaction mixture was 

stirred overnight and allowed to warm to room temperature. TLC confirmed complete 

conversion of 16 into the corresponding anomeric bromide: Rf = 0.7 (30% EtOAc in pentane). The 

crude reaction mixture was concentrated in vacuo, placed under N2 and redissolved in anhydrous 

isopropanol (640 mL) in the presence of flame-dried molecular sieves (4 Å, 75 g). The solution 

was cooled to 0°C (ice bath) before adding I2 (48.7 g, 192 mmol, 1.5 equiv). The reaction mixture 

was stirred for 24 h at 4°C (cold room).* Na2S2O3 (satd., 500 mL) was slowly added to quench the 

reaction whilst stirring. The reaction mixture was filtered, diluted with H2O (500 mL) and 

subsequently extracted with EtOAc (3 x 500 mL). The combined organic layers were dried over 

MgSO4, filtered and concentrated in vacuo. The crude product was purified by silica gel 

chromatography (15% EtOAc in pentane → 20% EtOAc in pentane). The beta-glycosylated 

product 17 (37.5 g, 96.1 mmol, 75% over 2 steps) was obtained as an oil: Rf = 0.5 (30% EtOAc in 

pentane); 1H NMR (400 MHz, CDCl3) δ 5.38 (dd, J = 3.5, 1.2 Hz, 1H), 5.18 (dd, J = 10.5, 7.9 Hz, 1H), 

5.02 (dd, J = 10.5, 3.5 Hz, 1H), 4.51 (d, J = 7.9 Hz, 1H), 4.19 (dd, J = 11.2, 6.6 Hz, 1H), 4.12 (dd, J = 

11.2, 6.9 Hz, 1H), 3.98 – 3.84 (m, 2H), 2.15 (s, 3H), 2.05 (2 s, 6H), 1.99 (s, 3H), 1.25 (d, J = 6.2 Hz, 

3H), 1.15 (d, J = 6.2 Hz, 3H); 13C NMR (101 MHz, CDCl3) δ 170.6, 170.5, 170.4, 169.5, 100.4, 73.4, 

71.1, 70.6, 69.2, 67.2, 61.5, 23.4, 22.2, 20.9, 20.8, 20.8, 20.8; HRMS: calculated for C17H26O10Na 

413.14182 [M+Na]+; found 413.14146.  

*Note: This reaction can also be stirred overnight and allowed to warm to room temperature, 

obtaining a similar yield over 2 steps at 50 mmol reaction scale. 

Isopropyl β-D-1-galactopyranoside (IPG; 15): Beta-galactopyranoside 17 

(37.5 g, 96.1 mmol, 1 equiv) was dissolved in a mixture of anhydrous DCM 

(480 mL) and anhydrous MeOH (480 mL) in a 2 L round-bottom flask under 
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N2. Sodium methoxide (1.04 g, 19.2 mmol, 0.2 equiv) was added and the reaction mixture was 

stirred overnight at room temperature. The reaction mixture was neutralized by adding 

Amberlyst® (H+ form, washed 3 x with MeOH prior to usage) in small portions, gently swirling 

the flask and monitoring the pH until neutral. The neutralized solution was filtered and 

concentrated in vacuo to obtain IPG (15, 19.5 g, 87.7 mmol, 91%) as a solid: Rf = 0.4 (20% MeOH 

in DCM); 1H NMR (400 MHz, MeOD) δ 4.33 – 4.24 (m, 1H), 4.04 (hept, J = 6.2 Hz, 1H), 3.84 (br s, 

1H), 3.73 (d, J = 6.2 Hz, 2H), 3.53 – 3.42 (m, 3H), 1.22 (d, J = 6.2 Hz, 3H), 1.19 (d, J = 6.1 Hz, 3H); 
13C NMR (101 MHz, MeOD) δ 103.1, 76.4, 75.0, 72.5, 72.4, 70.2, 62.4, 23.8, 22.0; HRMS: calculated 

for C9H18O6Na 245.09956 [M+Na]+; found 245.09950. 15 was redissolved in H2O and lyophilized 

in small quantities for recombinant gene expression experiments.  

6-TBS-IPG (27): IPG (15, 1.117 g, 5.03 mmol, 1.0 equiv) was co-evaporated 

with anhydrous toluene (3 x 10 mL) in a 250 mL round-bottom flask before 

dissolving in anhydrous pyridine (20 mL) under N2. The solution was cooled 

to 0°C before adding TBDMS-Cl (50% w/w in toluene, 2.09 mL, 6.03 mmol, 1.2 equiv). The 

reaction mixture was stirred and allowed to warm to room temperature. Additional TBDMS-Cl 

(50% w/w in toluene, 0.525 mL, 1.5 mmol, 0.3 equiv) was added after 4 and 24 h to achieve full 

conversion. After a total reaction time 48 h, the reaction was quenched by adding H2O (~100 mL) 

and subsequently extracted with DCM (3 x 75 mL). The combined organic layers were washed 

with CuSO4 (1 M, 50 mL), H2O (50 mL) and brine (50 mL), dried over MgSO4, filtered and 

concentrated in vacuo. The crude product was purified by silica gel chromatography (50% EtOAc 

in pentane → 60% EtOAc in pentane) to obtain the 6-O-silylated galactopyranoside 27 (1.55 g, 

4.61 mmol, 92%) as an oil: Rf = 0.1 (50% EtOAc in pentane); 1H NMR (400 MHz, CDCl3) δ 4.28 (d, 

J = 7.5 Hz, 1H), 4.06 – 3.94 (m, 2H), 3.89 (dd, J = 10.4, 6.1 Hz, 1H), 3.82 (dd, J = 10.4, 5.5 Hz, 1H), 

3.64 (dd, J = 9.6, 7.5 Hz, 1H), 3.57 (dd, J = 9.6, 3.3 Hz, 1H), 3.47 (t, J = 5.8 Hz, 1H), 3.29 (br s, 3OH), 

1.25 (d, J = 6.2 Hz, 3H), 1.20 (d, J = 6.2 Hz, 3H), 0.89 (s, 9H), 0.08 (2 s, 6H); 13C NMR (101 MHz, 

CDCl3) δ 101.6, 74.8, 73.9, 72.0, 71.9, 69.0, 62.6, 26.0 (x3), 23.6, 22.0, 18.4, -5.3, -5.3; HRMS: 

calculated for C15H32O6SiNa 359.18604 [M+Na]+; found 359.18589.   

4,6-DTBS-IPG (28): IPG (15, 1.123 g, 5.05 mmol, 1.0 equiv) was co-

evaporated with anhydrous toluene (3 x 10 mL) in a round-bottom flask 

before dissolving in anhydrous pyridine (20 mL) under N2. The solution 

was cooled to 0°C before adding di-tert-butylsilanediyl 

bis(trifluoromethanesulfonate) (2.0 mL, 6.14 mmol, 1.2 equiv) at a rate of 

0.5 mL/h (syringe pump). The reaction mixture was stirred overnight and allowed to warm to 

room temperature. The reaction was quenched by adding H2O (2 mL) and subsequently diluted 

with EtOAc (150 mL). The mixture was washed with HCl (1 M, 3 x 75 mL), NaHCO3 (satd., 100 

mL) and brine (100 mL). The organic layer was dried over MgSO4, filtered and concentrated in 

vacuo. The crude product was purified by silica gel chromatography (40% EtOAc in pentane, 

isocratic) to obtain the 4,6-O-silylated galactopyranoside 28 (1.31 g, 3.61 mmol, 72%) as an oil: 

Rf = 0.3 (50% EtOAc in pentane); 1H NMR (400 MHz, CDCl3) δ 4.39 – 4.34 (m, 1H), 4.31 (d, J = 7.6 

Hz, 1H), 4.28 (dd, J = 12.3, 2.2 Hz, 1H), 4.22 (dd, J = 12.3, 1.7 Hz, 1H), 4.00 (hept, J = 6.2 Hz, 1H), 

3.64 (dd, J = 9.4, 7.6 Hz, 1H), 3.52 (dd, J = 9.4, 3.4 Hz, 1H), 3.41 (br s, 1H), 2.68 (br s, 1OH), 2.47 

(br s, 1OH), 1.24 (d, J = 6.2 Hz, 3H), 1.19 (d, J = 6.2 Hz, 3H), 1.05 (2 s, 18H); 13C NMR (101 MHz, 
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CDCl3) δ 101.2, 73.9, 72.8, 72.3, 71.3, 71.2, 67.2, 27.6 (x3), 27.5 (x3), 23.8, 23.5, 22.0, 20.9; HRMS: 

calculated for C17H34O6SiNa 385.20169 [M+Na]+; found 385.20122.  

3-CCO-IPG (19) and 6-CCO-IPG (20): IPG (15, 

248 mg, 1.12 mmol, 1.0 equiv) and dibutyltin 

oxide (333 mg, 1.34 mmol, 1.2 equiv) were 

combined in a 10 mL round-bottom flask and 

dissolved in anhydrous toluene (5 mL) under N2. 

The reaction mixture was stirred at 105°C (oil 

bath) under N2 overnight. The reaction mixture was subsequently concentrated in vacuo, co-

evaporated with anhydrous toluene (3 x) and placed under N2. Cyclooctene bromide 18 (528 mg, 

2.79 mmol, 2.5 equiv) was dissolved in anhydrous toluene (1 mL) in a separate 10 mL pear-

shaped flask under N2. The solution containing 18 and cesium fluoride (424 mg, 2.79 mmol, 2.5 

equiv) were added to the reaction mixture. The combined reaction mixture was stirred overnight 

at 105°C (oil bath) under N2. The reaction mixture was diluted with EtOAc, sonicated (5 min), 

transferred to a 50 mL round-bottom flask, impregnated with Celite and concentrated in vacuo. 

The impregnated crude product was purified by silica gel chromatography (10% acetone in 

pentane → 20% acetone in pentane → 30% acetone in pentane) to obtain the regioisomers 19 

(3-CCO-IPG; 81 mg, 0.245 mmol, 22%) and 20 (6-CCO-IPG; 68 mg, 0.206 mmol, 18%) separately 

as diastereomeric mixtures: 3-CCO-IPG (19A + 19B, 0.4 : 0.6): Rf = 0.3 (30% acetone in pentane), 

0.5 (EtOAc); 1H NMR (400 MHz, CDCl3) δ 5.82 – 5.65 (m, 1H, 19A + 19B), 5.62 – 5.46 (m, 1H, 19A 

+ 19B), 4.66 – 4.58 (m, 1H, 19A), 4.57 – 4.47 (m, 1H, 19B), 4.31 (d, J = 7.8 Hz, 1H, 19B), 4.30 (d, J = 

7.9 Hz, 1H, 19A), 4.08 – 3.89 (m, 3H, 19A + 19B), 3.88 – 3.75 (m, 1H, 19A + 19B), 3.73 – 3.59 (m, 

1H, 19A + 19B), 3.55 – 3.48 (m, 1H, 19A + 19B), 3.46 (dd, J = 9.5, 3.4 Hz, 1H, 19B), 3.40 (dd, J = 9.4, 

3.4 Hz, 1H, 19A), 2.95 – 2.52 (m, 3OH, 19A + 19B), 2.15 – 2.06 (m, 2H, 19A + 19B), 2.05 – 1.96 (m, 

1H, 19A), 1.96 – 1.83 (m, 1H, 19B), 1.71 – 1.29 (m, 7H, 19A + 19B), 1.27 (d, J = 6.2 Hz, 3H, 19A + 

19B), 1.20 (d, J = 6.1 Hz, 3H, 19A + 19B); 13C NMR (101 MHz, CDCl3) δ 133.4, 133.0, 131.3, 130.5, 

101.5, 101.5, 79.7, 78.1, 78.1, 74.4, 74.4, 74.4, 71.7 (x2), 71.2, 70.0, 68.5, 65.9, 62.2, 62.2, 36.4, 

35.9, 29.3, 29.1, 26.7, 26.7, 26.3, 26.2, 23.7, 23.7, 23.6 (x2), 21.9, 21.9; HRMS: calculated for 

C17H30O6Na 353.19346 [M+Na]+; found 353.19316; 6-CCO-IPG (20A + 20B, 1 : 1): Rf = 0.15 (30% 

acetone in pentane), 0.3 (EtOAc); 1H NMR (400 MHz, CDCl3) δ 5.68 (dddd, J = 10.5, 8.9, 7.3, 1.3 Hz, 

1H, 20A + 20B), 5.53 – 5.43 (m, 1H, 20A + 20B), 4.35 – 4.26 (m, 1H, 20A + 20B), 4.28 (d, J = 7.7, 1H, 

20A ), 4.27 (d, J = 7.7, 1H, 20B), 4.23 (br s, 1OH, 20A + 20B), 4.06 – 3.97 (m, 1H, 20A + 20B), 3.95 

(dd, J = 10.7, 3.3 Hz, 1H, 20A + 20B), 3.90 – 3.81 (m, 1OH, 20A + 20B), 3.78 (dd, J = 9.0, 4.0 Hz, 1H, 

20A), 3.72 – 3.52 (m, 3H, 20A + 20B; 1OH, 20A + 20B; 1H, 20B), 2.21 – 2.02 (m, 2H, 20A + 20B), 1.97 

– 1.86 (m, 1H, 20A + 20B), 1.70 – 1.30 (m, 7H, 20A + 20B), 1.29 – 1.23 (m, 3H), 1.20 (d, J = 6.1 Hz, 

3H, 20A), 1.19 (d, J = 6.1 Hz, 3H, 20B); 13C NMR (101 MHz, CDCl3) δ 133.7, 133.7, 130.3, 130.3, 

101.7, 101.7, 77.7, 77.6, 73.9 (x3), 73.6, 72.0 (x2), 71.6, 71.5, 69.4, 69.3, 68.2, 67.9, 35.9, 35.8, 29.2 

(x2), 26.6 (x2), 26.3 (x2), 23.7, 23.7, 23.6, 23.6, 22.1 (x2); HRMS: calculated for C17H30O6Na 

353.19346 [M+Na]+; found 353.19312. 19 and 20 were redissolved in dioxane and lyophilized in 

small quantities for recombinant gene expression experiments.    

*Note: Full conditions investigated for the synthesis of 19 and 20 are reported in Table S3.  
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3-OBn-IPG (29): This procedure was based on the reported procedure by 

Geng et al.[50] for the regioselective benzylation of IPTG. IPG (15, 19.5 g, 87.7 

mmol, 1.0 equiv) was co-evaporated with anhydrous toluene (3 x 100 mL) in 

a 1 L round-bottom flask before adding dibutyltin oxide (32.7 g, 131 mmol, 1.5 equiv) and 

suspending the reactants in anhydrous toluene (440 mL) under N2. The reaction mixture was 

stirred overnight at 105°C (oil bath) under N2. The reaction mixture was concentrated in vacuo, 

co-evaporated with anhydrous toluene (3 x 100 mL), placed under N2 and redissolved in 

anhydrous toluene (440 mL). Tetrabutylammonium bromide (5.65 g, 17.5 mmol, 0.2 equiv) and 

benzyl bromide (15.6 mL, 131 mmol, 1.5 equiv) were added and the reaction mixture was stirred 

for 23 h at 70°C (oil bath) under N2. The reaction mixture was allowed to cool to room 

temperature, concentrated in vacuo, redissolved in DCM (500 mL) and washed with a mixture of 

H2O (500 mL) and brine (1 L). The aqueous phase was extracted with DCM (5 x 500 mL). The 

combined organic layers were dried over MgSO4, filtered and concentrated in vacuo. The crude 

product was purified by silica gel chromatography (DCM → 2% MeOH in DCM) to obtain 29 (27.6 

g) as a crude product (including a tetrabutylammonium derived impurity; marked in the NMR 

spectra) which was used in the next step without further purification: Rf = 0.5 (EtOAc); 1H NMR 

(400 MHz, CDCl3) δ 7.42 – 7.28 (m, 5H), 4.75 (s, 2H), 4.30 (d, J = 7.8 Hz, 1H), 4.07 – 3.97 (m, 2H), 

3.93 (ddd, J = 11.2, 6.6, 4.3 Hz, 1H), 3.85 – 3.79 (m, 1H), 3.76 (ddd, J = 9.7, 7.8, 2.1 Hz, 1H), 3.51 – 

3.46 (m, 1H), 3.44 (dd, J = 9.5, 3.4 Hz, 1H), 2.78 (dd, J = 2.3, 1.0 Hz, 1OH), 2.49 (d, J = 2.2 Hz, 1OH), 

2.46 (dd, J = 8.3, 4.4 Hz, 1OH), 1.26 (d, J = 6.2 Hz, 3H), 1.20 (d, J = 6.2 Hz, 3H); 13C NMR (101 MHz, 

CDCl3) δ 137.8, 128.7 (x2), 128.2, 128.0 (x2), 101.5, 80.2, 74.5, 72.2, 71.9, 71.2, 67.0, 62.3, 23.6, 

22.0; HRMS: calculated for C16H24O6Na 335.14651 [M+Na]+; found 335.14610. 

3-OBn-2,4,6-OAc-IPG (21): Crude 3-OBn-IPG (29, 23.6 g, max. 87.7 mmol, 

1.0 equiv) was dissolved in anhydrous pyridine (530 mL, 6.55 mol, 74.5 

equiv) and acetic anhydride (350 mL, 3.71 mol, 42.2 equiv) in a 2 L round-

bottom flask under N2. The reaction mixture was stirred overnight at room temperature under 

N2, concentrated in vacuo, redissolved in Et2O (1 L) and washed with HCl (1 M, 3 x 500 mL). The 

combined aqueous layers were extracted with Et2O (500 mL). The combined organic layers were 

washed with NaHCO3 (satd., 500 mL) and brine (500 mL), dried over MgSO4, filtered and 

concentrated in vacuo to obtain 3-OBn-2,4,6-OAc-IPG 21 (35.0 g, 79.8 mmol, 91% over 2 steps) 

as a solid: Rf = 0.2 (30% Et2O in pentane); 1H NMR (400 MHz, CDCl3) δ 7.37 – 7.24 (m, 5H), 5.50 

(dd, J = 3.4, 0.9 Hz, 1H), 5.08 (dd, J = 10.0, 8.1 Hz, 1H), 4.70 (d, J = 12.4 Hz, 1H), 4.40 (d, J = 12.1 Hz, 

1H), 4.40 (d, J = 8.1 Hz, 1H), 4.16 (dd, J = 6.7, 0.9 Hz, 2H), 3.88 (hept, J = 6.2 Hz, 1H), 3.78 (td, J = 

6.6, 1.1 Hz, 1H), 3.53 (dd, J = 10.0, 3.5 Hz, 1H), 2.15 (s, 3H), 2.07 (s, 3H), 2.02 (s, 3H), 1.22 (d, J = 

6.2 Hz, 3H), 1.11 (d, J = 6.1 Hz, 3H); 13C NMR (101 MHz, CDCl3) δ 170.7, 170.7, 169.5, 137.7, 128.5 

(x2), 127.9 (x3), 100.4, 76.8, 73.1, 71.3, 70.9, 70.9, 66.0, 62.2, 23.4, 22.2, 21.0, 21.0, 20.9; HRMS: 

calculated for C22H30O9Na 461.17820 [M+Na]+; found 461.17787. 

*Note: precipitation of 21 may occur in the residue when filtering off the dried organic layers. If so, 

dilution with extra Et2O or EtOAc ensures no product is lost. 
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2,4,6-OAc-IPG (22): 3-OBn-2,4,6-OAc-IPG (21, 35.0 g, 79.8 mmol, 1.0 equiv) 

was co-evaporated with toluene (200 mL) in a 1 L round-bottom flask and 

subsequently dissolved in EtOAc (800 mL) under N2. N2 was purged through 

the stirring solution for 15 min (flow) before adding Pd(OH)2/C (20% w/w 

loading, 5.61 g, 7.99 mmol, 0.1 equiv) and purging N2 through the stirred suspension for 45 min 

(flow). The reaction mixture was purged with H2 (balloon) whilst stirring and was subsequently 

left to stir under H2 (balloon) for 72 h. The reaction mixture was purged with N2 (flow), filtered 

over a pad of Celite and concentrated in vacuo to obtain 2,4,6-OAc-IPG (22, 23.9 g, 68.6 mmol, 

86%) as an off-white sold: Rf = 0.3 (50% EtOAc in pentane); 1H NMR (400 MHz, CDCl3) δ 5.32 (dd, 

J = 3.6, 0.9 Hz, 1H), 4.94 (dd, J = 10.1, 7.9 Hz, 1H), 4.47 (d, J = 8.0 Hz, 1H), 4.15 (d, J = 6.6 Hz, 2H), 

3.92 (hept, J = 6.2 Hz, 1H), 3.86 – 3.79 (m, 1H), 3.83 (td, J = 6.6, 0.9 Hz, 1H), 2.82 (d, J = 6.5 Hz, 

1OH), 2.17 (s, 3H), 2.11 (s, 3H), 2.06 (s, 3H), 1.24 (d, J = 6.2 Hz, 3H), 1.16 (d, J = 6.1 Hz, 3H); 13C 

NMR (101 MHz, CDCl3) δ 171.3, 171.1, 170.7, 100.0, 73.2, 73.1, 71.6, 71.0, 69.8, 62.1, 23.4, 22.2, 

21.1, 21.0, 20.8; HRMS: calculated for C15H24O9Na 371.13125 [M+Na]+; found 371.13101. 

2,4,6-OAc-3-CCO-IPG (23): 2,4,6-OAc-IPG (22, 7.60 g, 21.8 mmol, 1.0 

equiv) and cyclooctene imidate 3 (23.3 g, 86 mmol, 3.95 equiv) were co-

evaporated with anhydrous toluene (3 x 150 mL) in a 1 L round-bottom 

flask and dissolved in anhydrous DCM (200 mL) under N2. The reaction 

mixture was cooled to -40°C (ethanol bath) before adding triflic acid 

(0.194 mL, 2.18 mmol, 0.1 equiv). The reaction mixture was stirred for 4 h and allowed to warm 

to -30°C and subsequently quenched by adding Et3N (0.608 mL, 4.36 mmol, 0.2 equiv). The 

neutralized reaction mixture was diluted with Et2O (1 L), washed with NaOH (1 M, 3 x 1 L) and 

brine (1 L), dried over MgSO4, filtered and concentrated in vacuo. The crude product was purified 

by silica gel chromatography (10% Et2O in pentane → 30% Et2O in pentane) to obtain the 

diastereomeric mixture 23 (23A + 23B, ~ 0.6 : 0.4, 3.40 g, 7.45 mmol, 34%) as a crystalline solid: 

Rf = 0.35 (30% Et2O in pentane); 1H NMR (400 MHz, CDCl3) δ 5.80 – 5.72 (m, 1H, 23B), 5.71 – 5.62 

(m, 1H, 23A), 5.49 (dd, J = 10.7, 7.1 Hz, 1H, 23A), 5.38 (dd, J = 3.5, 0.9 Hz, 1H, 23B), 5.35 (dd, J = 

3.6, 1.0 Hz, 1H, 23A), 5.31 (ddd, J = 10.7, 7.3, 1.3 Hz, 1H, 23B), 5.06 (dd, J = 10.1, 8.1 Hz, 1H, 23A), 

5.00 (dd, J = 10.1, 8.1 Hz, 1H, 23B), 4.44 – 4.37 (m, 1H, 23B), 4.42 (d, J = 8.1 Hz, 1H, 23A), 4.41 (d, J 

= 8.1 Hz, 1H, 23B), 4.36 – 4.28 (m, 1H, 23A), 4.19 – 4.09 (m, 2H, 23A + 23B), 3.95 – 3.84 (m, 1H, 

23A + 23B), 3.82 – 3.77 (m, 1H, 23A + 23B), 3.58 – 3.47 (m, 1H, 23A + 23B), 2.15 – 2.05 (m, 2H, 23A 

+ 23B), 2.14 (s, 3H, 23B), 2.12 (s, 3H, 23A), 2.10 (s, 3H, 23A), 2.09 (s, 3H, 23B), 2.07 (s, 3H, 23B), 

2.06 (s, 3H, 23A), 1.83 – 1.74 (m, 1H, 23A), 1.70 – 1.27 (m, 7H, 23A + 23B; 1H, 23B), 1.23 (d, J = 6.3 

Hz, 3H, 23A + 23B), 1.14 (d, J = 6.2 Hz, 3H, 23A), 1.13 (d, J = 6.0 Hz, 3H, 23B); 13C NMR (101 MHz, 

CDCl3) δ 170.8 (x2), 170.6, 170.5, 169.4, 169.4, 133.4, 133.0, 131.7, 130.1, 100.6, 100.5, 78.6, 76.5, 

75.0, 74.5, 73.0, 73.0, 71.8, 71.2, 70.9, 70.7, 68.7, 66.1, 62.4, 62.4, 36.0, 35.7, 29.3, 29.3, 26.9, 26.7, 

26.4, 26.3, 23.7, 23.7, 23.4, 23.4, 22.2 (x2), 21.1 (x2), 21.0, 21.0, 20.9 (x2); HRMS: calculated for 

C23H36O9Na 479.22515 [M+Na]+; found 479.22483. 
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2,4,6-OAc-3-TCO-IPG (24): 2,4,6-OAc-3-CCO-IPG (23, 228 mg, 0.50 

mmol, 1 equiv) was irradiated (λ = 254 nm) for 24 h in the presence of 

methyl benzoate (385 mg, 2.83 mmol, 5.7 equiv) in a quartz flask 

containing a solution of 5% isopropanol in Et2O (150 mL). During 

irradiation, the reaction mixture was continuously circulated over a 

silica column (4 g size) containing 2.5 g of TAg silica[41] (0.6 mmol/g, containing 1.5 mmol Ag (I), 

3.0 equiv) at a flowrate of 20 mL/min. The column was placed in the dark and shielded with 

aluminium foil during the irradiation. Afterwards, the column was flushed with 5% isopropanol 

in Et2O (300 mL) before disconnecting the stationary phase from the HPLC system and drying 

over a stream of N2. The column was eluted with NH3 (7 N in MeOH) and fractions containing the 

product were combined and concentrated in vacuo to obtain the crude, partially deacetylated 

product 24 as an oil which was used for the next step without further purification: Rf = 0.4 (30% 

Et2O in pentane).*  

*Note: 24 was partially deacetylated during treatment with NH3. An analytical sample used for the 

NMR assignment shown below was obtained from a separate experiment (Entry 4, Table S6) in 

which the crude product was purified by silica gel chromatography (10% Et2O in pentane → 30% 

Et2O in pentane). This leads to loss of partially deacetylated product. Full conditions investigated for 

the photochemical conversion of 23 to 24 are listed in Table S6. 

Diastereomeric mixture 24 (24A + 24B, ~ 0.6 : 0.4): 1H NMR (400 MHz, CDCl3) δ 5.88 (ddd, J = 

15.7, 11.2, 3.5 Hz, 1H, 24A + 24B), 5.45 (d, J = 3.0 Hz, 1H, 24B), 5.42 (d, J = 2.9 Hz, 1H, 24A), 5.40 – 

5.32 (m, 1H, 24A + 24B), 5.14 – 5.08 (m, 1H, 24A + 24B), 4.44 (d, J = 8.1 Hz, 1H, 24B), 4.42 (d, J = 

8.1 Hz, 1H, 24A), 4.42 (br s, 1H, 24B), 4.27 (br s, 1H, 24A), 4.20 – 4.09 (m, 2H, 24A + 24B), 3.90 

(hept, J = 6.2 Hz, 1H, 24A + 24B), 3.83 – 3.74 (m, 1H, 24A + 24B), 3.68 (dd, J = 10.2, 3.2 Hz, 1H, 24B), 

3.55 (dd, J = 9.9, 3.6 Hz, 1H, 24A), 2.52 – 2.38 (m, 1H, 24A + 24B), 2.14 (s, 3H, 24B), 2.13 (s, 3H, 

24B), 2.11 (s, 3H, 24A), 2.06 (2 x s, 6 H, 24A; 3 H, 24B), 2.02 – 1.73 (m, 4H, 24A + 24B), 1.61 – 1.33 

(m, 3H, 24A + 24B), 1.24 (d, J = 6.2 Hz, 3H, 24A + 24B), 1.14 (d, J = 6.2 Hz, 3H, 24A + 24B), 1.00 – 

0.87 (m, 1H, 24A + 24B), 0.77 – 0.63 (m, 1H, 24A + 24B); 13C NMR (101 MHz, CDCl3) δ 170.7, 170.6, 

170.5, 170.4, 169.3, 169.2, 133.2, 132.6, 132.1, 131.6, 100.6, 100.4, 78.1, 75.6, 75.3, 74.5, 73.1, 

73.0, 71.4, 71.0, 70.8, 70.7, 67.5, 65.8, 62.3, 62.1, 41.8, 40.1, 36.2, 36.0, 36.0, 35.8, 29.4, 29.3, 23.8, 

23.4, 23.4, 23.3, 22.2, 22.2, 21.0, 21.0, 20.9, 20.9, 20.8 (x2). 

3-TCO-IPG (25): The crude product (24) obtained from the 

photoisomerization reaction was suspended in NaOMe (0.5 M in MeOH, 

5.0 mL, 2.5 mmol, 5.0 equiv) in a 50 mL round-bottom flask under N2. 

The reaction mixture was stirred overnight at room temperature, 

concentrated in vacuo, resuspended in H2O (30 mL) and extracted with 

DCM (5 x 30 mL). The combined organic layers were dried over MgSO4, filtered and concentrated 

in vacuo to obtain the diastereomeric mixture 3-TCO-IPG 25 (25A : 25B, ~ 2 : 1, 57 mg, 0.17 mmol, 

35% over 2 steps) as a solid: Rf = 0.4 (5% MeOH in DCM); 1H NMR (400 MHz, CDCl3) δ 6.18 (ddd, 

J = 16.0, 11.3, 3.8 Hz, 1H, 25B), 5.97 (ddd, J = 15.9, 11.2, 3.7 Hz, 1H, 25A), 5.51 (dd, J = 16.5, 1.9 Hz, 

1H, 25A), 5.40 (dd, J = 16.5, 1.3 Hz, 1H, 25B), 4.58 (br s, 1H, 25A), 4.48 (br s, 1H, 25B), 4.32 (d, J = 

8.0 Hz, 1H, 25B), 4.30 (d, J = 7.9 Hz, 1H, 25A), 4.08 – 4.00 (m, 2H, 25A + 25B), 3.99 – 3.91 (m, 1H, 
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25A + 25B), 3.86 – 3.76 (m, 1H, 25A + 25B), 3.75 – 3.66 (m, 1H, 25A + 25B), 3.56 (dd, J = 9.5, 3.5 Hz, 

1H, 25B), 3.54 – 3.47 (m, 1H, 25A + 25B), 3.43 (dd, J = 9.5, 3.4 Hz, 1H, 25A), 2.79 (br s, 1OH, 25A), 

2.72 (br s, 1OH, 25B), 2.60 – 2.43 (m, 1H + 2OH, 25A + 25B), 2.13 (dd, J = 14.8, 5.8 Hz, 1H, 25A), 

2.07 – 1.91 (m, 2H, 25A + 25B; 1H, 25B), 1.91 – 1.78 (m, 1H, 25A + 25B), 1.74 – 1.39 (m, 3H, 25A + 

25B), 1.27 (d, J = 6.3 Hz, 3H, 25A + 25B), 1.20 (d, J = 6.2 Hz, 3H, 25A + 25B), 1.17 – 1.05 (m, 1H, 25A 

+ 25B), 0.82 – 0.69 (m, 1H, 25A + 25B); 13C NMR (101 MHz, CDCl3) δ 134.2, 133.2, 132.8, 131.2, 

101.6, 101.5, 79.4, 79.3, 77.9, 76.0, 74.5, 74.4, 71.9, 71.8, 71.6, 70.5, 68.4, 66.0, 62.4 (x2), 42.1, 

41.5, 36.1, 36.0, 35.9, 35.8, 29.4 (x2), 23.9, 23.8, 23.6 (x2), 22.0, 21.9; HRMS: calculated for 

C17H30O6Na 353.19346 [M+Na]+; found 353.19313. 25 was redissolved in dioxane and 

lyophilized in small quantities for recombinant gene expression experiments.  

*Note: deacetylation in the presence of catalytic quantities of NaOMe and/or shorter reaction times 

did not result in complete conversion. This instead led to a mixture of products, in which the fully 

deprotected product (25) was difficult to isolate. 

  



 
Chapter 6 

150 

6.7 Experimental procedures – molecular biology 

General methods: Samples taken (corrected for OD600 according to the formula: (1 / OD600) * 

200 µL) from E.coli cultures were pelleted and stored at -20°C for indicated timepoints in each 

individual experiment described below. Samples were dissolved in a mixture of H2O and 2x 

sample loading buffer (supplemented with 4% SDS, 20% glycerol, 10% 2-mercaptoethanol, 

0.004% bromophenol blue, 1U/µL Benzonase in 0.125 M Tris HCl, pH 6.8; see individual 

experiments for deviations and amounts). Subsequently, dissolved samples were incubated for 5 

min at 95°C for denaturation. 15 μL of each sample was loaded onto a 15% SDS-PAGE gel (0.75 

or 1.5 mm) along with 4 µL PageRulerTM Plus Protein Marker (Thermo Scientific) unless stated 

otherwise and run for ~70 min at 180 V. Coomassie staining (Coomassie Brilliant Blue G-250) 

and in-gel fluorescence, using wavelength filters for Alexa 488 (eGFP) and Alexa 555 (dsRed2), 

were measured using a Chemidoc Imager (Bio-Rad). Data was subsequently processed and 

quantified (relative quantification using a t = 0 h band as the reference; results in Tables S7 – S14) 

using ImageLab software (Bio-Rad). 

Lac operon dependent overexpression protocol for ovalbumin: The gene for ovalbumin 

(hereafter referred to as OVA, accession number V00383) was cloned into the pMCSG7 vector as 

described elsewhere[51] and transformed into the methionine auxotroph expression strain, 

namely E.coli B834(DE3) (met-aux, Genotype: F- ompT hsdSB (rB- mB-) gal dcm met(DE3), 

Novagen #ref 69041). The construct contained an N-terminal MHHHHHHSSGVDLGTENLYFGSNA 

sequence for Ni-NTA purification (underlined) and a TEV-cleavage (italic bold) site. The protein 

was expressed from the overnight culture of a single colony. Briefly, 10 mL of this overnight 

culture (Ampicillin 50 μg/mL, 1% Glucose v/v, 18 h, 37°C, and 150 rpm) was used for the 

inoculation per 100 mL LB medium (Ampicillin 50 μg/mL, 37°C, 150 rpm). The cells were grown 

to an optical density at 600 nm, OD600, of 0.6-1.0, washed twice (sedimented 3428 rcf, 15 min, 

4°C) to remove excess glucose and resuspended with LB medium (Ampicillin 50 μg/mL) prior to 

the addition of the corresponding inducer (IPTG 13, IPG 15 and its TCO caged and CCO caged 

derivatives).  

Lac operon dependent overexpression protocol for dsRed and GFP: To obtain pET16b_GFP 

and pET16b_DsRed2_S4T constructs, DNA fragments encoding the fluorophores were amplified 

by PCR. Using this PCR reaction, DsRed2 was mutated to DsRed2_S4T, to enhance the fluorescent 

signal.[52] GFP was derived from ATCC construct 25922.[53] The resulting fragments were ligated 

into the pET16b vector using the NcoI and BamHI restriction sites. All sequences were verified 

by Sanger sequencing (Macrogen).  

primer ID  sequence 5' → 3' 

T7_GFP_fwd  GGCGGCCGTCTCCCATGAGTAAAGGAGAAGAAC 

T7_GFP_rev  GGCGGCGGATCCTTATTTGTATAGTTCATCC 

T7_DsRed2_S4T_fwd GGCGGCCGTCTCCCATGGCCTCCACCGAGAACG 

T7_DsRed2_rev  GGCGGCCGTCTCGGATCCTTTATCTAGATCCGGTGG 



Synthetic methodology towards allylic trans-cyclooctene-ethers enables modification of 
carbohydrates: bioorthogonal manipulation of the lac repressor 

151 

fwd: forward, rev: reverse 

Both constructs were transformed into B834(DE3) expression strain and the protein was 

expressed from the overnight culture of a single colony. 5-10 mL of this overnight culture 

(Ampicillin 50 μg/mL, 1% Glucose v/v, 18 h, 37°C, and 150 rpm) was used for the inoculation per 

50-100 mL LB medium (Ampicillin 50 μg/mL, 37°C, 150 rpm). The cells were grown to an optical 

density at 600 nm, OD600, of 0.6-1.0, washed twice (sedimented 3428 rcf, 15 min, 4°C) to remove 

excess glucose and resuspended with LB medium (Ampicillin 50 μg/mL) prior to the addition of 

the corresponding inducer (IPTG 13, IPG 15 and its TCO caged and CCO caged derivatives).  

Experiment 1: Induction of expression with IPTG or IPG – Figure S2: Ovalbumin was 

expressed as described above. For the induction, IPTG (13) or IPG (15) were used at 1 mM final 

concentration (stock dissolved in water 0.1 M). Samples were taken before (t = 0 h) and after (t 

= 1, 2, 3, 4 h and overnight) the addition of the inducer, centrifuged and pellets were dissolved in 

20 µL of H2O and 10 µL of 2x sample loading buffer. 15 µL of sample was loaded to SDS gel and 

analyzed as described above.  

Experiment 2: Impact of DMSO on expression – Figure S3: For the induction, IPG (15) was 

used at 1 mM final concentration with varying DMSO concentrations (0.1, 1, 5 and 10% v/v). 

Samples were taken before (t = 0 h) and after (t = 3 h and overnight) the addition of the inducer, 

centrifuged and pellets were dissolved in 30 µL of H2O and 30 µL of 2x sample loading buffer. 15 

µL of sample was loaded to SDS gel and analyzed as described above.  

Experiment 3A: Inhibition of OVA expression with 3-CCO-IPG – Figure S4: To check the 

degree of inhibition, 3-CCO-IPG (19) was used at distinct concentrations varying from 1, 0.5, 0.25, 

0.125 mM final concentration (stock dissolved in DMSO 0.1 M). Positive (1% v/v glucose, 1% v/v 

DMSO) and negative controls (1% v/v DMSO) were included. Samples were taken before (t = 0 h) 

and after (t = 4 h and overnight) the addition of the inducer, centrifuged and pellets were 

dissolved in 30 µL of H2O and 30 µL of 2x sample loading buffer. 15 µL of sample was loaded to 

SDS gel and analyzed as described above.  

Experiment 3B: Impact of caged 3-TCO-IPG on OVA expression – Figure S4: To determine 

the impact of caged 3-TCO-IPG (25) on OVA expression levels, standard expression protocol was 

used. 3-TCO-IPG (25) was then added at distinct concentrations varying from 1, 0.5, 0.25, 0.125 

mM final concentration (stock dissolved in DMSO 0.1 M). Positive (1% v/v glucose, 1% v/v DMSO) 

and negative controls (1% v/v DMSO) were included. Samples were taken before (t = 0 h) and 

after (t = 4 h and overnight) the addition of the inducer, centrifuged and pellets were dissolved 

in 30 µL of H2O and 30 µL of 2x sample loading buffer. 15 µL of sample was loaded to SDS gel and 

analyzed as described above. 

Experiment 4: Impact of tetrazine 26 on expression – Figure S5: For the induction, IPG (15) 

was used at 1 mM final concentration with 3,6-dimethyl-tetrazine (26) to mimic uncaging 

conditions (2.5 mM final concentration in DMSO). Samples were taken before (t = 0 h) and after 

(t = 1, 2, 3, 4 h and overnight) the addition of the inducer, centrifuged and pellets were dissolved 

in 30 µL of H2O and 30 µL of 2x sample loading buffer. 15 µL of sample was loaded to SDS gel and 

analyzed as described above. 
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Experiment 5: Temporal control of ovalbumin expression via decaging of 3-TCO-IPG (25) 

– Figure 2C-D: For the expression, general ovalbumin expression protocol outlined in this section 

was utilized. Four different samples of each 10 mL were induced as follows: To all samples 3-

TCO-IPG (25) was added in 1 mM final concentration (in DMSO). First sample was directly 

reacted with 3,6-dimethyl-tetrazine (DMT, 26; 2.5 mM final concentration in DMSO), second 

sample after 1 h of expression and third sample after 2 h. The fourth sample served as a control 

not containing any DMT. Samples were taken before (t = 0 h) and after (t = 1 h, 2 h, 3 h, 5 h and 

overnight) adding 25 and launching the experiment, centrifuged and pellets were dissolved in 30 

µL of H2O and 30 µL of 2x sample loading buffer. 10 µL of sample was loaded to SDS gel and 

analyzed as described above.  

Experiment 6: Comparison of inhibitory levels of 3-CCO-IPG and 6-CCO-IPG – Figure 2-B: 3-

CCO-IPG (19) and 6-CCO-IPG (20) were compared with respect to their degree of inhibition on 

ovalbumin expression. Both caged IPGs were used at a final concentration of 1 mM (stock 

dissolved in DMSO 0.1 M). IPG (15, 1 mM) and DMSO (1% v/v) were used as positive and negative 

control conditions, respectively. Samples were taken before (t = 0 h) and after (t = 2, 4 h and 

overnight) the addition of the conditions, centrifuged and pellets were dissolved in 30 µL of H2O 

and 30 µL of 2x sample loading buffer. 15 µL of sample was loaded to SDS gel and analyzed as 

described above.  

Experiment 7: Replicate expression experiments for OVA (Figure 3A): An overnight culture 

of B834(DE3) containing pMSCG7_Ova was diluted 1:100 in LB medium supplemented with 50 

µg/mL ampicillin and 1% glucose. Cells were grown at 37°C, 180 rpm to an OD600 of ~0.6-1.0 and 

sedimented (3428 rcf, 10 min, 4°C) before being resuspended in LB medium containing 50 µg/mL 

ampicillin. Cultures of 3 mL were induced with either compound 25 (1 mM), followed by the 

addition of 26 (2.5 mM) at t = 1 h, compound 25 (1 mM), compound 15 (1 mM) or DMSO (vehicle 

control; 1% v/v), an uninduced sample was taken along as a true negative control. Samples were 

taken ((0.2 / OD600) x 1000 µL) before (t = 0 h) and after (t = 1 h, 2 h, 3 h, 5 h and overnight) 

starting the experiment, centrifuged and pellets were dissolved in 50 µL of 1*Laemmli buffer 

supplemented with Benzonase (0.2 U/µL). Subsequently, dissolved samples were incubated for 

5 min at 90°C for denaturation and briefly centrifuged. 10 μL of each sample was resolved over a 

10% SDS-PAGE (0.75 mm) along with 10 µL PageRulerTM Plus Protein Marker (Thermo Scientific) 

for 70 min at 180 V. Coomassie staining (Coomassie Brilliant Blue G-250) was used for protein 

analysis and resulted in the graph (representing N = 3) shown in Figure 2E, using t = 0 h as the 

reference. 

Experiment 8: Replicate expression experiments for eGFP (Figure 3B): An overnight culture 

of B834(DE3) containing pET16b_eGFP was diluted 1:100 in LB medium supplemented with 50 

µg/mL ampicillin and 1% glucose. Cells were grown at 37°C, 180 rpm to an OD600 of ~0.6-1.0 and 

sedimented (3428 rcf, 10 min, 4°C) before being resuspended in LB medium containing 50 µg/mL 

ampicillin. Cultures of 3 mL were induced with either compound 25 (1 mM), followed by the 

addition of 26 (2.5 mM) at t = 1 h, compound 25 (1 mM), compound 15 (1 mM) or DMSO (vehicle 

control; 1% v/v), an uninduced sample was taken along as a true negative control. Samples were 

taken ((0.4 / OD600) x 1000 µL) before (t = 0 h) and after (t = 1 h, 2 h, 3 h, 5 h and overnight) 
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starting the experiment, centrifuged and pellets were dissolved in 100 µL of 1*Laemmli buffer 

(without β-mercaptoethanol) supplemented with Benzonase (0.4 U/µL). Subsequently, dissolved 

samples were incubated for 5 min at 37°C and briefly centrifuged. 10 μL of each sample was 

resolved over a 10% SDS-PAGE (0.75 mm) along with 10 µL PageRulerTM Plus Protein Marker 

(Thermo Scientific) for 70 min at 180 V. Coomassie staining (Coomassie Brilliant Blue G-250) was 

used for protein analysis) after scanning Cy2, Cy3 and Cy5 multichannel settings (532/528, 

605/50 and 695/55 filters, respectively; ChemiDoc™ MP System, Bio-Rad). This resulted in the 

graph (representing N = 4) shown in Figure 2F, using t = 0 h as the reference. 

Experiment 9: Induction of dsRED2 expression with temporal chemical control – Figure 

S6: dsRed2 was cloned and expressed as described above. For the induction, optimal conditions 

from Experiment 5 were used (addition of 25 at t = 0 h and at 1.0 mM final concentration in DMSO; 

addition of DMT (26) after 1 h and at 2.5 mM final concentration in DMSO). Samples were taken 

before (t = 0 h) and after (t = 1 h, 2 h, 3 h, 5 h and overnight) the addition of 25, centrifuged and 

pellets were dissolved in 30 µL of H2O and 30 µL of 2x sample loading buffer. 15 µL of sample was 

loaded to SDS gel (10%) and analyzed as described above. In-gel fluorescence was measured at 

the wavelength filter for Alexa 555 (dsRed) prior to Coomassie staining. 
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Summary and future prospects 

The inverse electron demand Diels-Alder (IEDDA) pyridazine elimination[1] emerged in 

2013 as a new bioorthogonal reaction and constitutes a prime example of what is now 

known as dissociative bioorthogonal chemistry.[2–4] The research described in this 

Thesis aims to develop synthetic strategies which enable the IEDDA pyridazine 

elimination to be applied as a versatile toolbox in chemical biology studies. More 

specifically, it entails modification of antigenic (MHC-I) peptides and (CD1d) glycolipids 

with a trans-cyclooctene (TCO) moiety to allow chemical control over the recognition 

of these biomolecules by immune cells. Synthetic advances which encompass the entire 

scope of the IEDDA pyridazine elimination are additionally described.  

Chapter 1 introduces the IEDDA pyridazine elimination within the context of 

dissociative bioorthogonal chemistry. Mechanistic aspects of the reaction are discussed, 

as well as various applications where this technique has been utilized. An overview of 

other novel bioorthogonal bond cleavage reactions is presented.  



 
Chapter 7 

158 

Chapter 2 describes a streamlined synthesis of bifunctional TCO reagent (1) which has 

been extensively applied for click to release chemistry (Scheme 1).[5,6] A key 

modification of existing literature procedures features the crystallization of iodolactone 

2 after initial functionalization of 1,5-cyclooctadiene. Transesterification of bicyclic 

lactone 3 was replaced by a one pot, two step saponification-methylation procedure to 

obtain methyl ester 4. Photoisomerization afforded a mixture of 5 and 6, which could 

be separated after selective saponification of 5. Bis-NHS functionalization to obtain 1 

was accelerated using nucleophilic catalysis. The unprecedented cis-cyclooctene (CCO) 

reagent (7) was obtained by functionalization and trans-to-cis isomerization of 6. 

Additionally, reagent 1 was equipped with an EDANS fluorophore and a DABCYL 

quencher to obtain a fluorogenic TCO-reporter-quencher probe for kinetic analysis of 

the IEDDA pyridazine elimination.[6]  

Another route to obtain 1 was published by Thurecht and co-workers.[7] Instead of 

employing cyanide substitution, they converted cyclooctene bromide 8 into the 

corresponding Grignard reagent (9), which was treated with CO2 to obtain cyclooctene 

carboxylic acid 10 in 65% yield over two steps. This alternative route to intermediate 

10 is projected to improve the synthetic accessibility of iodolactone 2. Additionally, the 

two step synthesis of CCO reagent 7 is reported from bicyclic lactone 3 in 28% yield.[7] 

While this finding confirms the intramolecular cyclization observed for the attempted 

functionalization of carboxylic acid 11, it also shows that small quantities of CCO 

reagent 7 can be obtained directly. 

Scheme 1 A) Key intermediates in the synthesis of TCO reagent 1 and CCO reagent 7 from 1,5-
cyclooctadiene as presented in Chapter 2. B) Reagents/conditions (Thurecht and co-workers)7: 
(a) Mg, THF, I2, reflux; (b) CO2, 65% over 2 steps; (c) KOH, MeOH; (d) N,N’-disuccinimidyl 
carbonate, DIPEA, MeCN, rt, 28% over 2 steps. 

 



 
Summary and future prospects 

159 
  

Figure 1 Stacked 1H (A; δ 9.5/-0.5 ppm) and 13C-APT (B; 170/15 ppm) NMR spectra of model 
TCO carbamate 12 before and upon treatment with AgOTFA (1.5 equiv; then another 1.5 equiv), 
followed by exposure to TFA-D (5% v/v in CDCl3; 6.5 equiv). After 90 minutes, the mixture was 
quenched by adding pyridine-D5 (13 equiv). Experiments in Chapter 3 (without AgOTFA 
addition) exposed 12 to 5/10/20% v/v TFA-D, resulting in an estimated stability of 94/75/<10%. 
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Chapter 3 describes the attempted development of an Fmoc SPPS-based strategy for 

TCO-modified peptide synthesis. A model axial allylic substituted TCO carbamate 

(Figure 1, 12) was studied in the presence of TFA-D using 1H and 13C NMR. The observed 

stability under dilute TFA concentrations (< 10% v/v) was attributed to preferential 

protonation on C3 and anchimeric assistance of the carbamate moiety towards C2 of the 

cationic species. An Fmoc-Lys(TCO)-OH building block was synthesized and 

incorporated in the SIINFEKL peptide sequence on solid support. Global deprotection 

of this peptide led to substantial TCO isomerization and carbamate hydrolysis, even 

under dilute TFA concentrations (for instance 5% v/v) which appeared to be tolerated 

in the NMR stability experiments.  

Another approach to minimize isomerization of the trans-double bond would be to 

apply conditions which stabilize this moiety in the presence of acids such as TFA. It has 

been established that complexation of AgNO3 with TCO readily occurs over binding with 

CCO.[8,9] This energetically favored metal complexation has previously been exploited 

for extractive separations,[10] but also for the isolation of TCO during photochemical 

synthesis[11] and to prolong the shelf-life of conformationally unstable TCOs after 

synthesis.[12,13] It was hypothesized that the formation of a silver-TCO complex could 

act as a temporary protecting group during global acidic deprotection of the peptide 

sequence from the solid support. Model allylic TCO 12 was treated with AgOTFA (3.0 

equivalents) to obtain a diastereomeric mixture of axial TCO carbamate-Ag complexes 

on 1H and 13C NMR (Figure 1 A/B). Subsequent addition of TFA-D (5% v/v in CDCl3; 6.5 

equivalents) led to the appearance of a species which was distinct from the cationic 

species observed for the experiments described in Chapter 3. Furthermore, after the 

mixture was quenched by adding pyridine-D5 (13 equivalents), the resulting allylic TCO 

appeared to be present as the TCO-Ag complex. The results of this initial NMR 

experiment may provide a basis for further investigations to improve the strategy 

proposed in Chapter 3 with the addition of AgOTFA during global acidic deprotection 

of peptides (Figure 2). 

Figure 2 Proposed updated synthetic strategy for an Fmoc SPPS-based strategy for TCO-modified 
peptide synthesis. PG = protecting group; Xaa = unspecified amino acid. 
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Chapter 4 reports a new method for chemical control over T-cell activation in vitro and 

in vivo. MHC-I epitopes were designed with allylic substituted TCO modification on 

lysine residues on the premise that this modification would obstruct recognition of such 

epitopes by T-cells, whilst the IEDDA pyridazine elimination could selectively restore 

this recognition event. In contrast to the attempted synthetic method described in 

Chapter 3, the MHC-I peptide sequence was synthesized using Fmoc SPPS before 

installing the TCO moiety. N-terminal protection with the base-labile MSc-group before 

acidic cleavage of the peptide sequence enabled regioselective TCO modification of the 

ε-amino group of lysine. MSc deprotection under basic conditions was followed by 

HPLC purification to obtain the desired caged epitopes. Lysine-caged epitopes of 

OVA257-264 (OT-I, SIINFEKL) and DbM187-195 (NAITNAKII) displayed binding to MHC-I 

whilst T-cell recognition was absent. IEDDA pyridazine elimination effectively restored 

T-cell activation in vitro and in vivo. In addition, the ‘click to release’ approach was 

applied to study antigen cross presentation with an N-terminally extended epitope, 

OVA247-264 (DEVSGLEQLESIINFEKL).  

Future developments are aimed to improve the spatiotemporal control by which the 

antigen recognition is switched on. This is especially important for in vivo experiments 

where high tissue specificity is desired.  One way to achieve this is to attach a targeting 

moiety to the caged MHC-I antigen. In this regard, the bifunctional TCO scaffold initially 

employed to add an additional polar functionality can be repurposed to enable, for 

instance, the conjugation of an antibody to the caged antigen (Figure 3). To this end, 

MSc-SIINFEKL (Chapter 4; 13) was reacted with bifunctional NHS-TCO (Chapter 2; 1), 

Figure 3 Proposed strategy for conjugation of caged epitopes with antibodies for improved tissue 
specificity of T-cell activation. Reagents/conditions: (a) NHS-bTCO (Chapter 2; 1), DIPEA, DMF, 
rt, 12%.  
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followed by HPLC purification of the resulting NHS-ester (14) as a reagent for lysine 

conjugation. Conversely, the conjugation of an antibody to a tetrazine represents an 

alternative strategy for tissue specific decaging, as previously shown by Du et al.[14] 

In vitro deprotection experiments in Chapter 4 revealed 3,6-dipyrimidinyl-tetrazine 

does not induce detectable elimination upon IEDDA ligation. An in vitro ‘blocking and 

decaging’ approach, where IEDDA ligation events with a non-elimination tetrazine are 

followed by a kinetic window before uncaging with a regular tetrazine, would be 

especially valuable to delineate antigen cross presentation. In order for such a strategy 

to succeed, however, the ‘blocking’ tetrazine employed must perform IEDDA ligation on 

the cell surface without also affecting caged antigens which are still being processed 

inside the antigen presenting cell (APC). It was reasoned that (sufficiently large) 

polymer-modified tetrazines[15] could prevent passive cellular diffusion and would 

therefore enable the envisioned kinetic antigen cross presentation experiments. The 

addition of an exocyclic para-amino group on 2-pyridine and/or 2-pyrimidine 

substituents of electron poor tetrazines was assessed as a suitable conjugation handle 

for this purpose. 

Cyclization of 5-amino-2-pyridine carbonitrile (15) and 2-pyridine carbonitrile in the 

presence of hydrazine hydrate afforded a crude dihydrotetrazine mixture. Subsequent 

oxidation in the presence of (diacetoxyiodo)benzene (BAIB)[16] afforded a mixture of 

16[17] and 17 which were separated using silica gel chromatography (Scheme 2). 

Acylation of 16 in the presence of glutaric anhydride required extended reaction times 

and a large excess of reagent to obtain 18. Boc-protected nitrile 19 was reacted with 2-

pyrimidine carbonitrile in the presence of hydrazine hydrate to obtain dihydrotetrazine 

20, which was readily isolated using silica gel chromatography. Subsequent oxidation 

with BAIB afforded tetrazine 21. Deprotection of the Boc group in a mixture of HCl and 

dioxane afforded a complex mixture of products.  

It is projected that installation of the amide bond before initiating formation of the 

(dihydro)tetrazine, as described by Maggi et al.,[18] would enhance isolation of the 

desired product and circumvent the poor nucleophilicity of the para-amino group. 

Conjugation of 15 and glutaric anhydride afforded 22[18] in 80% yield. Cyclization of 22 

with 2-pyridimidine carbonitrile and subsequent oxidation with BAIB would result in 

tetrazine 23. In a similar manner, conjugation of 5-amino-2-cyanopyrimidine (24) with 

glutaric anhydride would afford 25, which could be used to obtain tetrazine 26. 

Tetrazines 18, 23 and 26 would be amenable for conjugation with amino functionalized 

dextran polymers.[5] 
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Scheme 2 Attempted and projected syntheses of electron poor tetrazines for polymer 
conjugation. Reagents/conditions: (a) i. 2-pyridine carbonitrile, hydrazine hydrate, 90°C, 59%. ii. 
BAIB, DCM, rt, 10% (16); (b) glutaric anhydride, THF, 70°C, 64%; (c) amino dextran 10kDa, N-
methyl morpholine, PyBOB, DMSO, rt; (d) Boc2O, Et3N, DMAP, THF, 60°C, 46%; (e)  pyrimidine-2-
carbonitrile, hydrazine hydrate, dioxane, 90°C, 43%; (f) BAIB, DCM, rt, 72%; (g) HCl, dioxane, rt; 
(h) glutaric anhydride, dioxane, 80°C, 80% (22); (i) i. pyrimidine-2-carbonitrile, hydrazine 
hydrate, 90°C. ii. BAIB, DCM, rt. 
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Chapter 5 describes the design and synthesis of TCO caged derivatives of α-

galactosylceramide (αGalCer; Scheme 3A, 27) and α-galactosylphytosphingosine 

(αGalPhs; Scheme 3A, 28). The self-adjuvanting strategy by Painter, Hermans and co-

workers,[19] where an inactive pro-αGalcer rearranges into αGalcer upon esterase or 

protease activity, formed the basis for the design of this approach to obtain chemically 

induced activation of invariant natural killer T-cells (iNKT cells). It was reasoned that 

the amine functionality of αGalPhs could be protected as a TCO carbamate and that 

subsequent acylation with hexacosanoic acid would result in a TCO caged pro-αGalcer. 

Key steps in the synthesis included an α-selective glycosylation under NIS/TMSOTf 

activation, using a 2,3-TBS-4,6-DTBS protected thiogalactoside donor and a 2-azido-

3,4-cyclic carbonate protected phytosphingosine acceptor, followed by hydrogenation, 

TCO carbamate formation and saponification. Direct desilylation afforded the TCO 

protected αGalPhs (28), whereas esterification and subsequent deprotection gave the 

TCO protected pro-αGalcer (27). 

Pending the immunological evaluation of compounds 27 and 28 in presence and 

absence of a tetrazine activator, it would be of interest to attach an MHC-I peptide 

antigen onto the caged glycolipid, thereby obtaining a covalent glycolipid-peptide 

vaccine which can be activated using ‘click to release’ chemistry. This would be 

synthetically feasible by combining the established synthetic route of Chapter 5 with 

the bifunctional TCO presented in Chapter 2 (1) and 2-(aminooxy)acetyl-

FFRKSIINFEKL[19] to obtain αGalPhs-TCO-FFRKSIINFEKL (Scheme 3B, 29). 

Functionalization of α-galactosylated azido phytosphingosine 30 would have to be 

slightly adjusted towards this synthetic strategy. Saponification of 30 to obtain diol 31 

would be followed by Staudinger reduction of the azide to obtain 32. This would then 

allow the introduction of the bifunctional TCO moiety to obtain 33 without inducing 

hydrolysis of the sterically hindered NHS-ester under alkaline conditions. Desilylation 

may then afford intermediate 34, which can subsequently undergo selective 

conjugation of the NHS-ester with the hydroxylamine functionality to obtain 29. 

Additionally, it would be of interest to extend this proposed synthetic scheme with the 

regioselective acylation of 33 in the presence of hexacosonoic acid to obtain 35. 

Organoborinate catalysis[20–22] may offer enhanced conversion and regioselectivity for 

this step without compromising the NHS-ester. Desilylation would then afford 36, 

which can undergo selective hydroxylamine conjugation to obtain αGalCer-TCO-

FFRKSIINFEKL (37). 
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Scheme 3 A) TCO caged αGalcer (27) and αGalPhs (28) probes described in Chapter 5. B) 
Proposed synthesis of a TCO caged αGalPhs-MHC-I peptide conjugate (29) and αGalCer-MHC-I 
peptide conjugate (37). Reagents/conditions: (a) LiOH, THF, H2O, 0° to rt; (b) i. 
trimethylphosphine, THF, rt. ii. NaOH, H2O, rt; (c) 1, DIPEA, DMF, rt; (d) Et3N · 3HF, THF, rt; (e) 2-
(aminooxy)acetyl-FFRKSIINFEKL, MeOH, THF, H2O, rt; (f) i. hexacosanoic acid, EDC · HCl, DIPEA, 
THF. ii. 33, 2-aminoethyl diphenylborinate.   
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Chapter 6 reports synthetic methodology towards allylic TCO-ethers by employing two 

novel reagents (Scheme 4A, 38 and 39). Cyclooctene tert-butyl carbonate 38 was 

designed to afford CCO-ethers upon reaction with phenols under palladium catalysis 

whereas Lewis acid triggered activation of cyclooctene trichloroimidate 39 afforded 

CCO-ethers from aliphatic alcohols. Subsequently, photochemical isomerization of the 

CCO-ether affords the corresponding TCO-ether. The activity of a novel lac operon 

inducer (IPG, Scheme 4B, 40) was manipulated by attaching a TCO-ether moiety to the 

3-OH position, thereby obtaining 3-TCO-IPG (41). Recombinant expression 

experiments in E. coli revealed 41 did not affect expression levels in the absence of 3,6-

dimethyl-tetrazine (42), whereas deprotection of 41 in the presence of 42 was able to 

switch on recombinant protein expression.  

Scheme 4 A) Cyclooctene reagents 38 and 39 employed in Chapter 6 for the synthesis of allylic 
TCO-ethers. B) lac operon inducer 40 and caged lac operon inducer 41 described in Chapter 6. C) 
Synthesis of trifluoroimidate 44 from 43. D) Proposed synthesis of bifunctional trifluoroimidate 
45 from 4 and subsequent investigation of stereo- and regioselectivity upon activation in the 
presence of a Lewis acid. E) Proposed synthesis of caged lac operon inducer 48 from 46. 
Reagents/conditions: (a) NaH, (Z)-2,2,2,-trifluoro-N-phenylacetimidoyl chloride, THF, 0°C to rt, 
83% (44); (b) TfOH, R-OH, DCM, -40°C to rt; (c) 45, TfOH, DCM, -40°C to rt; (d) i. methyl benzoate, 
hv (254 nm), Et2O/isopropanol, rt. ii. NaOMe, MeOH, rt.  
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It would be of interest to further improve the Lewis acid promoted formation of CCO-

ethers from aliphatic alcohols. One way to achieve this is to slow down competing 

elimination and rearrangement pathways by employing a more stabilized cyclooctene 

electrophile. To this end, cyclooctenol 43 (Chapter 3 and 6) was reacted with (Z)-2,2,2,-

trifluoro-N-phenylacetimidoyl chloride in the presence of NaH to obtain cyclooctene 

trifluoroimidate 44 in 83% yield (Scheme 4C). The conversion of substituted 

cyclooctenes into CCO ethers would certainly demand a higher efficiency for the 

corresponding CCO imidates and additionally offers the possibility to examine the 

stereo- and regioselectivity of these transformations (Scheme 4D). For instance, the 

conversion of cyclooctene methyl ester 4 into cyclooctene imidate 45 would allow 

activation with TfOH and a model nucleophile to examine the subsequent stereo- and 

regiochemical outcomes. Additionally, 45 could be employed to alkylate 46 to obtain 

47, which could be subjected to photochemical isomerization and deacetylation obtain 

48 (Scheme 4E). It would be of interest to evaluate whether 48 is able to act as an 

allosteric lac operon antagonist prior to IEDDA pyridazine elimination to form the 

agonist 40. 

Provided the updated Fmoc SPPS-based strategy for TCO-modified peptide synthesis 

(Figure 2) works as intented, the CCO-ethers of L-tyrosine and L-serine (Scheme 5, 49 

and 50) described in Chapter 6 could be subjected to photochemical isomerization, 

alkaline deprotection[23] and Fmoc functionalization to obtain Fmoc-protected TCO-

ether amino acids 51 and 52. It would also be of interest to subject L-threonine methyl 

Scheme 5 Proposed synthesis of TCO-ether protected amino acids for Fmoc SPPS. 
Reagents/conditions: (a) methyl benzoate, hv (254 nm), Et2O/isopropanol, rt; (b) KOH, MeOH, 
H2O, rt; (c) Fmoc-OSu, Na2CO3, dioxane, H2O, rt; (d) ethyl trifluoroacetate, Et3N, MeOH, 0°C to rt; 
(e) 39, TfOH, DCM, -40°C to rt. 
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ester 53 to N-trifluoroacetyl protection[24] and subsequent CCO-etherification to obtain 

54, which can also be transformed into the corresponding Fmoc-protected TCO-ether 

amino acid (55). It is conceivable that competing β-elimination necessitates a modified 

protecting group strategy for compounds 52 and 55. 

The synthesis of a TCO-ether protected αGalcer derivative (56) would provide a means 

to directly interfere with recognition of the exposed galactose moiety in the CD1d-TCR 

interface (Scheme 6). Orthogonally protected thioglycoside donor (57) could be 

Scheme 6 Proposed synthesis of TCO-ether protected αGalcer (56). Reagents/conditions: (a) i. 
Bu2SnO, toluene, 105°C; ii. benzyl bromide, TBABr, toluene, 70°C; (b) DTBS(OTf)2, pyridine, DMF, 
-40°C; (c) TBS-OTf, DMAP, pyridine, 0°C to rt; (d) 57, NIS, TMS-OTf, DCM, -40°C; (e) PtO2, H2 (g), 
THF, rt; (f) hexacosonoic acid, EDC · HCl, DIPEA, DMAP, DCM; (g) Pd(OH)2/C, H2 (g), EtOAc, rt; (h) 
39 or 44, TfOH, DCM, -40°C to rt; (i) methyl benzoate, hv (254 nm), Et2O/isopropanol, rt; (j) LiOH, 
THF, H2O, rt; (k) Et3N · 3HF, THF, rt. 
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accessed from thioglycoside 58 by regioselective introduction of a benzyl group using 

stannylene-acetal chemistry to obtain 59,[25,26] followed by installation of the 4,6-DTBS 

protecting group to give 60. Silylation in the presence of TBSOTf would then provide 

57. NIS/TMSOTf-mediated glycosylation between 57 and 61 (Chapter 5) would afford 

intermediate 62, which can be selectively hydrogenated in the presence of PtO2 to 

obtain 63. Installation of the amide bond to obtain 64 would be followed by 

hydrogenation in the presence of Pearlman’s catalyst to obtain 65. Installation of the 

CCO-ether moiety in the presence of cyclooctene imidates 39 or 44 and TfOH would 

give 66, which is amenable for photoisomerization towards TCO-ether 67. 

Saponification of the cyclic carbonate moiety would afford 68 and subsequent 

desilylation would result in TCO-ether protected αGalcer 56. 
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7.2 Experimental procedures  

General methods: Commercially available reagents and solvents were used as received. 

Moisture and oxygen sensitive reactions were performed under N2 atmosphere (balloon). DCM, 

toluene, THF, dioxane and Et2O were stored over (flame-dried) 4 Å molecular sieves (8-12 mesh). 

Methanol was stored over (flame-dried) 3 Å molecular sieves. DIPEA and Et3N were stored over 

KOH pellets. TLC analysis was performed using aluminum sheets, pre-coated with silica gel 

(Merck, TLC Silica gel 60 F254). Compounds were visualized by UV absorption (λ = 254 nm), by 

spraying with either a solution of KMnO4 (20 g/L) and K2CO3 (10 g/L) in H2O, a solution of 

(NH4)6Mo7O24 · 4H2O (25 g/L) and (NH4)4Ce(SO4)4 · 2H2O (10 g/L) in 10% H2SO4, 20% H2SO4 in 

EtOH, or phosphomolybdic acid in EtOH (150 g/L), where appropriate, followed by charring at 

ca. 150°C. Column chromatography was performed on Screening Devices b.v. Silica Gel (particle 

size 40-63 µm, pore diameter 60 Å). Celite Hyflo Supercel (Merck) was used to impregnate the 

reaction mixture prior to silica gel chromatography when indicated. 1H, 13C APT, 1H COSY, HSQC 

and HMBC spectra were recorded with a Bruker AV-400 (400/100 MHz) spectrometer. Chemical 

shifts are reported as δ values (ppm) and were referenced to tetramethylsilane (δ = 0.00 ppm) or 

the residual solvent peak as internal standard.  J couplings are reported in Hz.  

LC-MS analysis was performed on a Finnigan Surveyor HPLC system (detection at 200-600 nm) 

with an analytical C18 column (Gemini, 50 x 4.6 mm, 3 µm particle size, Phenomenex) coupled to 

a Finnigan LCQ Advantage MAX ion-trap mass spectrometer (ESI+). The applied buffers were H2O, 

MeCN and 1.0% TFA in H2O (0.1% TFA end concentration). HPLC purification was performed on 

a Gilson HPLC system (detection at 214 nm) coupled to a semi-preparative C18 column (Gemini, 

250 x 10 mm, 5 µm particle size, Phenomenex). The applied buffers were H2O, MeCN and 100 mM 

NH4OAc in H2O (10 mM NH4OAc end concentration). High resolution mass spectra were recorded 

by direct injection (2 µL of a 1 µM solution in H2O/MeCN 1:1 and 0.1% formic acid) on a mass 

spectrometer (Q Exactive HF Hybrid Quadrupole-Orbitrap) equipped with an electrospray ion 

source in positive mode (source voltage 3.5 kV, sheath gas flow 10, capillary temperature 275°C) 

with resolution R = 240,000 at m/z 400 (mass range m/z = 160-2,000) and an external lock mass. 

The high resolution mass spectrometer was calibrated prior to measurements with a calibration 

mixture (Thermo Finnigan).  

Preparation of neutralized silica gel: Unmodified silica gel (500 gram) was slowly dispersed 

into a 3 L round-bottom flask containing a stirring volume of H2O (1.7 L). NH4OH (28% w/w, 100 

mL) was added and the alkaline suspension was stirred for 30 min. The suspension was filtered, 

washed with H2O and the silica gel was dried on aluminium foil overnight at rt. The silica was 

transferred into a glass container and remaining traces of H2O were removed by drying in an oven 

at 150°C overnight. 
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Silver trifluoroacetate complex of axial TCO carbamate 12 

(69): An NMR tube was charged with silver trifluoroacetate 

(19.9 mg, 90 µmol, 1.5 equiv). Axial TCO-carbamate 12 (Chapter 

3; 15.5 mg, 60 µmol, 1.0 equiv) was dissolved in CDCl3 (600 µL) 

and the solution was added to the NMR tube. After vortexing, a 

diastereomeric mixture of axial TCO carbamate-Ag complexes 69 (69A : 69B, 0.55 : 0.40) was 

observed: 1H NMR (400 MHz, CDCl3) δ 7.43 (t, J = 5.6 Hz, 1NH, 69A), 7.37 – 7.21 (m, 5H, 69A + 

69B), 6.17 – 5.99 (m, 1H, 69B), 5.81 (d, J = 15.9 Hz, 1H, 69B), 5.70 (d, J = 15.8 Hz, 1H, 69A), 5.53 (t, 

J = 5.8 Hz, 1NH, 69B), 5.40 (s, 1H, 69B), 5.21 (s, 1H, 69A), 5.12 – 4.93 (m, 1H, 69A), 4.42 – 4.12 (m, 

2H, 69A + 69B), 2.66 (d, J = 8.6 Hz, 1H, 69B), 2.40 (d, J = 11.6 Hz, 1H, 69A), 2.19 – 1.50 (m, 6H, 69A 

+ XB; 1H, 69B), 1.32 – 1.16 (m, 1H, 69A), 1.12 – 0.98 (m, 1H, 69B), 0.92 – 0.61 (m, 1H, 69A + 69B; 

1H, 69A); 13C NMR (101 MHz, CDCl3) δ 162.5 (q, J = 35.2 Hz; TFA), 157.7, 156.1, 139.2, 138.1, 128.8 

(x4), 127.7, 127.6, 127.5, 127.1 (x3), 121.4, 120.3, 119.1, 118.3, 117.4 (q, J = 290.8 Hz; TFA), 75.2, 

74.2, 45.6, 45.2, 40.7, 40.3, 36.4, 36.1, 36.1, 35.7, 28.2, 28.1, 23.3 (x2). 

*Note: After 72 h the diastereomeric mixture of axial TCO carbamate-Ag complexes was analyzed 

once again with NMR to obtain identical 1H and 13C spectra.  

Stability NMR experiment with silver trifluoroacetate complex of axial TCO carbamate 12 

(69) - 5% v/v TFA-D in DCM - incubation 90 min - quenching with pyridine D5: Axial TCO-

carbamate 12 (Chapter 3; 15.5 mg, 60 μmol, 1.0 equiv) was dissolved in CDCl3 (570 μL) in an NMR 

tube. After measuring a reference spectrum (1H NMR), silver trifluoroacetate (19.9 mg, 90 μmol, 

1.5 equiv) was added. After vortexing for 1 min and measuring a reference spectrum (1H NMR), 

additional silver trifluoroacetate (19.88 mg, 90 μmol, 1.5 equiv) was added. After vortexing for 1 

min and measuring a reference spectrum (1H NMR), TFA-D (30 μL, 0.39 mmol, 6.5 equiv) was 

added to obtain a 0.1 M solution of 69 in 5% TFA-D (v/v in CDCl3). The mixture was vortexed for 

1 min, and subsequently characterized with NMR (1H, 13C, COSY, HSQC). After 90 min, the mixture 

was neutralized by adding pyridine-D5 (63 μL, 0.78 mmol, 13 equiv), vortexed for 1 min and 

characterized with NMR (1H, 13C, COSY, HSQC). 

MSc-SIINFEK(NHS-bTCO)L (14): MSc-

SIINFEKL (Chapter 4; 13, 116.8 mg, 105 

µmol, 1.0 equiv) and NHS-bTCO (1, 52.9 

mg, 125 µmol, 1.2 equiv) were combined in 

a 50 mL tube and dissolved in anhydrous 

DMF (10 mL) under N2. Anhydrous DIPEA 

(73 µL, 418 µmol, 4.0 equiv) was added and 
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the reaction mixture was shaken for 19 h at room temperature. The tube was shielded with 

aluminum foil during the reaction. The crude reaction mixture was purified by HPLC (MeCN in 

H2O with 10 mM NH4OAc) to obtain 14 (17.59 mg, 12.0 µmol, 12%) as a solid after lyophilization: 

LC-MS (linear gradient 10 → 90% MeCN, 0.1% TFA, 12.5 min): Rt (min): 6.39 (ESI-MS (m/z): 

1420.27 (M+H+)); HRMS: calculated for C64H99N11O23S 710.83125 [M+2H]2+; found 710.83120. 

Dihydrotetrazines 70 and 71: Synthesis was performed 

according to a modified procedure.[16] 2-Pyridine carbonitrile 

(2.78 mL, 28.8 mmol, 1.0 equiv), 5-amino-2-pyridine carbonitrile 

(15, 3.43 g, 28.8 mmol, 1.0 equiv) and hydrazine monohydrate 

(5.59 mL, 115 mmol, 4.0 equiv) were combined in a microwave 

tube. The tube was briefly purged with N2 before capping the 

tube and stirring the reaction mixture at 90°C (oil bath) for 16 h. 

Subsequently, the reaction mixture was cooled to 0°C (ice bath). 

A precipitate formed, which was collected by filtration and 

rinsed with cold H2O.  The filtrate was cooled to 0°C (ice bath) and additional precipitate was 

collected by filtration. The residue was co-evaporated with toluene (3x) to obtain the crude 

mixture of dihydrotetrazines 70 and 71 (4.31 g, ≥ 17.02 mmol, 59%) as an orange solid which 

was used for the next step without further purification.  

Tetrazine 16: Synthesis was performed according to a modified 

procedure.[16] The crude mixture of dihydrotetrazines 70 and 71 

described in the previous step (1.00 g, 3.95 mmol, 1.0 equiv) was 

suspended in anhydrous DCM (50 mL) before adding (Diacetoxyiodo)benzene (BAIB, 2.60 g, 8.07 

mmol, 2.0 equiv). The reaction mixture was stirred for 3 h at room temperature. The crude 

reaction mixture was applied directly onto a silica gel column (neutralized silica gel) and purified 

using column chromatography (DCM → 1% MeOH in DCM → 1.5 % MeOH in DCM) to obtain 16 

(104 mg, 0.41 mmol, 10%) as a red solid: Rf = 0.2 (5% MeOH in DCM); 1H NMR (400 MHz, DMSO) 

δ 8.90 (ddd, J = 4.7, 1.7, 0.9 Hz, 1H), 8.53 (dt, J = 7.9, 1.0 Hz, 1H), 8.36 (d, J = 8.6 Hz, 1H), 8.23 (d, J 

= 2.7 Hz, 1H), 8.12 (td, J = 7.8, 1.8 Hz, 1H), 7.69 (ddd, J = 7.6, 4.7, 1.1 Hz, 1H), 7.13 (dd, J = 8.7, 2.8 

Hz, 1H), 6.39 (s, 2NH);  13C NMR (101 MHz, DMSO) δ 162.9, 162.6, 150.5, 148.0, 137.7, 137.2, 

136.0, 126.2, 125.7, 123.7, 119.0. Spectroscopic data was in agreement with literature.[17,27,28] 

Tetrazine 17: This compound was encountered as a crude byproduct 

during column chromatography purifications of compound 16. 

Purification using silica gel chromatography (DCM → 1% MeOH in DCM) 

afforded 17 as a pink solid: Rf = 0.3 (5% MeOH in DCM); 1H NMR (400 MHz, DMSO) δ 8.99 – 8.91 

(m, 2H), 8.62 (d, J = 7.9 Hz, 2H), 8.17 (td, J = 7.8, 1.7 Hz, 2H), 7.74 (ddd, J = 7.6, 4.7, 1.0 Hz, 2H); 13C 

NMR (101 MHz, DMSO) δ 163.3 (x2), 150.7 (x2), 150.1 (x2), 137.9 (x2), 126.7 (x2), 124.4 (x2); 1H 

NMR (400 MHz, CDCl3) δ 9.05 – 8.96 (m, 2H), 8.81 – 8.73 (m, 2H), 8.03 (td, J = 7.8, 1.7 Hz, 2H), 

7.60 (ddd, J = 7.6, 4.8, 1.0 Hz, 2H); 13C NMR (101 MHz, CDCl3) δ 164.0 (x2), 151.2 (x2), 150.2 (x2), 

137.7 (x2), 126.8 (x2), 124.7 (x2). Spectroscopic data was in agreement with literature.[1] 
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Tetrazine 18: Synthesis was performed according to a 

modified procedure.[27] Tetrazine 16 (30 mg, 0.119 

mmol, 1.0 equiv) and glutaric anhydride (68 mg, 0.597 

mmol, 5.0 equiv) were combined in a 25 mL round-

bottom flask and suspended in anhydrous dioxane (7 mL) under N2. The flask was sealed and the 

reaction mixture was stirred for 48 h at 60°C (oil bath). Additional glutaric anhydride (68 mg, 

0.60 mmol, 5.0 equiv) was added and the reaction mixture was stirred for 48 h at 70°C (oil bath). 

The crude reaction mixture was concentrated in vacuo and purified by successive sonication, 

centrifugation and decanting steps in anhydrous DCM (3 x 14 mL) and distilled EtOAc (14 mL), 

respectively, to obtain 18 (28 mg, 77 µmol, 64%) as a pink solid: LC-MS (linear gradient 0 → 50% 

MeCN, 0.1% TFA, 12.5 min): Rt (min): 6.67 (ESI-MS (m/z): 366.07 (M+H+)); 1H NMR (400 MHz, 

DMSO) δ 12.14 (br s, 1OH), 10.58 (s, 1NH), 9.04 (d, J = 2.2 Hz, 1H), 8.93 (d, J = 4.3 Hz, 1H), 8.60 

(dd, J = 11.5, 8.3 Hz, 2H), 8.43 (dd, J = 8.7, 2.4 Hz, 1H), 8.15 (td, J = 7.8, 1.5 Hz, 1H), 7.72 (dd, J = 

7.8, 4.7 Hz, 1H), 2.47 (t, J = 7.3 Hz, 2H), 2.32 (t, J = 7.3 Hz, 2H), 1.86 (p, J = 7.3 Hz, 2H); 13C NMR 

(101 MHz, DMSO) δ 172.0, 163.1, 162.8, 150.6, 150.2, 143.8, 141.3, 138.5, 137.8, 126.6, 126.2, 

124.9, 124.2, 35.4, 32.9, 20.2. Spectroscopic data was in agreement with literature.[27] 

Carbonitrile 19: 5-Amino-2-pyridine carbonitrile (15, 1.19 g, 10.0 mmol, 1.0 

equiv) was dissolved in anhydrous THF (12 mL) under N2. The solution was 

cooled to 0°C (ice bath) before adding Et3N (6.97 mL, 50.0 mmol, 5.0 equiv), DMAP 

(61 mg, 0.5 mmol, 5 mol%) and Boc2O (2.32 mL, 10.0 mmol, 1.0 equiv). The 

reaction mixture was gradually heated to 60°C (oil bath) and stirred for 20 h. The 

reaction mixture was diluted with H2O (10 mL) and extracted with EtOAc (10 mL). 

The organic layer was dried over MgSO4, filtered and concentrated in vacuo. The crude product 

was purified by silica gel chromatography (5% EtOAc in pentane → 20% EtOAc  in pentane) to 

obtain 19 (1.00 g, 4.56 mmol, 46%) as a white solid: Rf = 0.5 (10% EtOAc in pentane); 1H NMR 

(400 MHz, DMSO) δ 10.15 (s, 1NH), 8.73 (d, J = 2.4 Hz, 1H), 8.11 – 8.02 (m, 1H), 7.92 (dd, J = 8.6, 

3.0 Hz, 1H), 1.49 (s, 9H); 13C NMR (101 MHz, DMSO) δ 152.4, 141.0, 139.7, 129.6, 124.8, 124.3, 

117.8, 80.7, 27.9 (x3). 

Dihydrotetrazine 20: Carbonitrile 19 (110 mg, 0.5 mmol, 1.0 

equiv), pyrimidine-2-carbonitrile (53 mg, 0.5 mmol, 1.0 

equiv), dioxane (98 µL) and hydrazine monohydrate (98 µL, 

2.0 mmol, 4.0 equiv) were combined in a microwave tube. The 

tube was briefly purged with N2 before capping the tube and 

stirring the reaction mixture at 90°C (oil bath) for 19 h. An orange precipitate had formed, which 

was suspended in cold H2O, filtered, washed with cold H2O and dried in vacuo. The crude product 

was dissolved in THF, impregnated with Celite and concentrated in vacuo. The impregnated crude 

product was purified by silica gel chromatography (DCM → 3% MeOH in DCM) to obtain 20 (76 

mg, 0.21 mmol, 43%) as an orange solid: Rf = 0.5 (3% MeOH in DCM); 1H NMR (400 MHz, DMSO) 

δ 9.89 (s, 1NH), 9.03 (s, 1H), 8.92 (d, J = 4.9 Hz, 2H), 8.87 (s, 1H), 8.67 (d, J = 1.9 Hz, 1H), 8.03 (dd, 

J = 8.8, 2.5 Hz, 1H), 7.89 (d, J = 8.6 Hz, 1H), 7.61 (t, J = 4.9 Hz, 1H), 1.49 (s, 9H). 
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Tetrazine 21: Dihydrotetrazine 20 (76 mg, 0.21 mmol, 1.0 

equiv) was suspended in anhydrous DCM (1.0 mL) before 

adding (Diacetoxyiodo)benzene (BAIB, 104 mg, 0.32 mmol, 

1.5 equiv). The reaction mixture was stirred for 2 h at room temperature and was subsequently 

concentrated in vacuo. The crude product was purified by silica gel chromatography (DCM → 3% 

MeOH in DCM) to obtain 21 (54 mg, 0.153 mmol, 72%) as a red solid: Rf = 0.3 (2% MeOH in DCM); 
1H NMR (400 MHz, DMSO) δ 10.14 (s, 1NH), 9.20 (d, J = 4.8 Hz, 2H), 8.99 – 8.89 (m, 1H), 8.62 (d, J 

= 8.7 Hz, 1H), 8.26 (d, J = 8.5 Hz, 1H), 7.83 (t, J = 4.7 Hz, 1H), 1.53 (s, 9H); 13C NMR (101 MHz, 

DMSO) δ 162.9, 162.8, 159.2, 158.6 (x2), 152.7, 142.8, 140.7, 139.3, 125.4, 125.0, 123.1, 80.6, 28.1 

(x3). 

Carbonitrile 22: Synthesis was performed according to a modified 

procedure.[18] 5-Amino-2-pyridine carbonitrile (15, 596 mg, 5.00 mmol, 1.0 

equiv) and glutaric anhydride (2.85 g, 25.0 mmol, 5.0 equiv) were 

combined in a 100 mL round-bottom flask and suspended in anhydrous 

dioxane (20 mL) under N2. The flask was sealed and the reaction mixture 

was stirred for 72 h at 80°C (oil bath). The reaction mixture was allowed to 

cool down to room temperature and was subsequently concentrated in vacuo. The crude product 

was refluxed in anhydrous MeOH to precipitate the product, followed by filtration. The residue 

was collected and the filtrate was allowed to crystallize overnight to collect additional residue. 

Carbonitrile 22 (937 mg, 4.02 mmol, 80%) was obtained as a solid: 1H NMR (400 MHz, DMSO) δ 

10.67 (s, 1NH), 8.84 (d, J = 2.6 Hz, 1H), 8.26 (dd, J = 8.6, 2.6 Hz, 1H), 7.96 (d, J = 8.6 Hz, 1H), 2.44 

(t, J = 7.4 Hz, 2H), 2.26 (t, J = 7.3 Hz, 2H), 1.80 (p, J = 7.3 Hz, 2H); 13C NMR (101 MHz, DMSO) δ 

174.3, 172.3, 141.8, 139.1, 129.7, 125.7, 125.6, 117.8, 35.5, 33.1, 20.2. Spectroscopic data was in 

agreement with literature.[18]  

 Cyclooctene reagent 44: Cyclooctenol 43 (Chapter 3 and 6; 138 mg, 1.09 

mmol, 1.0 equiv) was dissolved in anhydrous THF (1.0 mL) under N2. The 

solution was cooled to 0°C (ice bath) before adding sodium hydride (70 mg, 

1.75 mmol, 1.6 equiv). After 15 min, (Z)-2,2,2,-trifluoro-N-

phenylacetimidoyl chloride (309 mg, 1.49 mmol, 1.4 equiv) was dissolved in anhydrous THF (2.0 

mL) under N2 and was slowly added to the reaction mixture. The reaction mixture was stirred for 

16 h and allowed to warm to room temperature. The reaction mixture was concentrated in vacuo 

and the crude product was purified by silica gel chromatography (pentane → 2% Et2O in pentane) 

to obtain 44 (269 mg, 0.91 mmol, 83%) as a yellow oil: Rf = 0.8 (2% Et2O in pentane); 1H NMR 

(400 MHz, CDCl3) δ 7.33 – 7.19 (m, 2H), 7.10 – 6.98 (m, 1H), 6.80 (d, J = 7.8 Hz, 2H), 5.78 (br s, 

1H), 5.68 (q, J = 9.1, 8.4 Hz, 1H), 5.62 – 5.47 (m, 1H), 2.38 – 1.85 (m, 3H), 1.76 – 1.22 (m, 7H); 13C 

NMR (101 MHz, CDCl3) δ 144.8, 130.4, 130.1, 128.8 (x2), 123.8, 119.7 (x2), 116.5 (q, J = 285.2 Hz), 

76.2, 34.5, 28.8, 26.5, 25.9, 23.3. 

Note: the 13C signal associated with the imidate moeity (C=O) was not reported due to a lack of 

resolution in the spectrum of 44. 
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Nederlandse samenvatting 

Chemische strategieën hebben de opheldering van nieuwe elementen van de biologie 

mogelijk gemaakt door nauwkeurige controle uit te oefenen op processen in cellen en 

zelfs in hele organismen. Dit is mogelijk dankzij bio-orthogonale chemie: reacties die 

gemakkelijk en selectief optreden onder fysiologische omstandigheden zonder te 

interfereren met natuurlijke biochemische processen. De ‘inverse electron demand 

Diels-Alder’ (IEDDA) pyridazine eliminatie ontstond in 2013 als een nieuwe bio-

orthogonale reactie en vormt een goed voorbeeld van wat nu bekend staat als 

dissociatieve bio-orthogonale chemie. Het onderzoek dat in dit Proefschrift wordt 

beschreven, beoogt om synthetische strategiën te ontwikkelen die het mogelijk maken 

om de IEDDA pyridazine eliminatie als een veelzijdige ‘toolbox’ te benutten in de 

chemische biologie. Zo beschrijft het de modificatie van antigene (MHC-I) peptiden en 

(CD1d) glycolipiden met een trans-cyclo-octeen (TCO) om chemische controle over de 

herkenning van deze biomoleculen door immuuncellen mogelijk te maken. 

Synthetische vorderingen die de volledige reikwijdte van de IEDDA pyridazine 

eliminatie omvatten, worden aanvullend beschreven. 

Hoofdstuk 1 introduceert de IEDDA pyridazine eliminatie in de context van 

dissociatieve bio-orthogonale chemie. Mechanistische aspecten van de reactie worden 

besproken, evenals verschillende toepassingen waar deze techniek voor is gebruikt. 

Een overzicht van andere nieuwe bio-orthogonale reacties, waarbij eveneens covalente 

bindingen worden verbroken, wordt gepresenteerd.  

Hoofdstuk 2 beschrijft een geoptimaliseerde synthese van een bifunctioneel TCO-

reagens dat veelvuldig is toegepast voor ‘click to release’ chemie. Een belangrijke 

wijziging van bestaande literatuurprocedures is de kristallisatie van een iodolacton 

intermediair na initiële functionalisatie van 1,5-cyclo-octadieen. Transesterificatie van 

het bicyclische lacton werd vervangen door een één pot, twee-staps verzeping-

methylering procedure om de gewenste methyl ester te verkrijgen. Foto-isomerisatie 

leverde een mengsel van twee TCO isomeren op, dat kon worden gescheiden na een 

selectieve verzepingsreactie van de axiale isomeer. N-hydroxysuccinimide (NHS) 

functionalisatie van deze isomeer werd versneld met behulp van nucleofiele katalyse. 

De equatoriale isomeer werd na NHS functionalisatie onderworpen aan een trans-naar-

cis isomerisatie om het corresponderende cis-cyclo-octeen reagens te verkrijgen. Het 

bifunctionele TCO reagens werd eveneens uitgerust met een EDANS-fluorofoor en een 
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DABCYL-quencher om een fluorogene ‘TCO-reporter-quencher’ te verkrijgen voor 

kinetische analyse van de IEDDA pyridazine eliminatie.  

Hoofdstuk 3 beschrijft de poging tot ontwikkeling van een op ‘Fmoc solid phase 

peptide synthesis’ (Fmoc SPPS) gebaseerde strategie voor TCO-gemodificeerde 

peptidesynthese. Een model verbinding, een axiaal, allylisch gesubstitueerde TCO-

carbamaat, werd bestudeerd in aanwezigheid van gedeutereerd trifluoroazijnzuur 

(TFA-D) met behulp van 1H en 13C nucleaire magnetische resonantie (NMR). De 

waargenomen stabiliteit onder verdunde TFA concentraties (<10% v/v) werd 

toegeschreven aan preferentiële protonering op C3 en anchimere assistentie van de 

carbamaatgroep naar C2 van het verkregen kation. Een Fmoc-Lys(TCO)-OH bouwsteen 

werd gesynthetiseerd en geïncorporeerd in de SIINFEKL-peptidesequentie op vaste 

drager. Globale ontscherming van dit peptide leidde tot substantiële TCO-isomerisatie 

en zelfs carbamaat hydrolyse onder verdunde TFA concentraties (bijvoorbeeld 5% v/v) 

die wel leken te worden verdragen in de NMR-stabiliteitsexperimenten.  

Hoofdstuk 4 beschrijft een nieuwe methode voor in vitro en in vivo chemische controle 

van T-cel activatie. MHC-I epitopen werden ontworpen met allyl-gesubstitueerde TCO-

modificatie op lysine residuen met de aanname dat deze modificatie de herkenning van 

dergelijke epitopen door T-cellen zou belemmeren, terwijl de IEDDA pyridazine 

eliminatie deze herkenning selectief zou kunnen herstellen. In tegenstelling tot de 

synthetische methode die werd onderzocht in Hoofdstuk 3, werd de MHC-I 

peptidesequentie gesynthetiseerd met Fmoc SPPS voordat de TCO-groep werd 

geïnstalleerd. N-terminale bescherming met de base-labiele MSc-groep vóór zure 

afsplitsing van de peptidesequentie maakte regioselectieve TCO-modificatie van de ε-

aminogroep van lysine mogelijk. MSc-ontscherming onder basische omstandigheden 

werd gevolgd door HPLC-zuivering om de gewenste beschermde epitopen te 

verkrijgen. Lysine-beschermde epitopen van OVA257-264 (OT-I, SIINFEKL) en 

DbM187-195 (NAITNAKII) vertoonden binding aan MHC-I terwijl T-cel herkenning 

afwezig was. IEDDA pyridazine eliminatie herstelde effectief de T-cel activatie in vitro 

en in vivo. Bovendien werd de ‘click to release’ benadering toegepast om 

antigeenkruispresentatie te bestuderen met een N-terminaal verlengd epitoop, 

OVA247-264 (DEVSGLEQLESIINFEKL).  

Hoofdstuk 5 beschrijft het ontwerp en de synthese van TCO-beschermde derivaten van 

α-galactosylceramide (αGalCer) en α-galactosylphytosphingosine (αGalPhs). De 

zelfadjuverende strategie door Painter, Hermans en collega’s, waar een inactieve pro-

αGalCer na esterase of protease-activiteit kan omleggen tot αGalCer, vormde de basis 

voor het ontwerp van deze benadering om chemisch geïnduceerde activatie van 

‘invariant natural killer T-cellen’ (iNKTs) te bewerkstelligen. Er werd geredeneerd dat 

de amino-functionaliteit van αGalPhs zou kunnen worden beschermd als een TCO-

carbamaat en dat daaropvolgende acylering met hexacosaanzuur zou resulteren in een 
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TCO-beschermde pro-αGalCer. De belangrijkste stappen van de synthese waren onder 

meer een α-selectieve glycosylering onder NIS / TMSOTf activatie, met behulp van een 

2,3-TBS-4,6-DTBS-beschermde thiogalactoside donor en een 2-azido-3,4-cyclisch 

carbonaat beschermde phytosphingosine, gevolgd door hydrogenering, TCO-

carbamaat formatie en verzeping. Directe desilylering resulteerde in de TCO-

beschermde αGalPhs, terwijl verestering en daaropvolgende ontscherming de TCO-

beschermde pro-αGalCer opleverde.  

Hoofdstuk 6 beschrijft synthetische methodologie voor de synthese van allylische 

TCO-ethers gebruikmakende van twee nieuwe reagentia. Een cyclo-octeen-tert-

butylcarbonaat was ontworpen om CCO-ethers op te leveren na reactie met fenolen 

onder palladiumkatalyse terwijl Lewis-zuur activering van een cyclo-octeen-

trichloroimidaat resulteerde in CCO-ethers uit alifatische alcoholen. Fotochemische 

isomerisatie van de CCO-ether levert de overeenkomstige TCO-ether op. De activiteit 

van een nieuwe ‘lac operon’ inductor (IPG) werd gemanipuleerd door een TCO-

ethergroep aan de 3-OH-positie te bevestigen, waardoor 3-TCO-IPG werd verkregen. 

Recombinante expressie experimenten in E. coli onthulden dat 3-TCO-IPG geen invloed 

had op de expressieniveaus in afwezigheid van 3,6-dimethyl-tetrazine, terwijl 

ontscherming van 3-TCO-IPG in aanwezigheid van 3,6-dimethyl-tetrazine in staat was 

om recombinante eiwitexpressie aan te zetten. 

Tot slot beschrijft Hoofdstuk 7 een gedetailleerde samenvatting van het Proefschrift, 

waarbij na ieder Hoofdstuk aanbevelingen worden gepresenteerd voor 

vervolgonderzoek. 
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