UC Irvine
UC Irvine Previously Published Works

Title
Constructing New Bioorthogonal Reagents and Reactions

Permalink
https://escholarship.org/uc/item/96n7s7zK

Journal
Accounts of Chemical Research, 51(5)

ISSN
0001-4842

Authors

Row, R David
Prescher, Jennifer A

Publication Date
2018-05-15

DOI
10.1021/acs.accounts.7b00606

Peer reviewed

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/96n7s7zk
https://escholarship.org
http://www.cdlib.org/

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Acc Chem Res. Author manuscript; available in PMC 2019 May 15.

-, HHS Public Access
«

Published in final edited form as:
Acc Chem Res. 2018 May 15; 51(5): 1073-1081. doi:10.1021/acs.accounts.7b00606.

Constructing new bioorthogonal reagents and reactions
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CONSPECTUS

Chemical tools are transforming our understanding of biomolecules and living systems. Included
in this group are bioorthogonal reagents — functional groups that are inert to most biological
species, but can be selectively ligated with complementary probes, even in live cells and whole
organisms. Applications of these tools have revealed fundamental new insights into biomolecule
structure and function—information often beyond the reach of genetic approaches. In many cases,
the knowledge gained from bioorthogonal probes has enabled new questions to be asked and
innovative research to be pursued. Thus, the continued development and application of these tools
promises to both refine our view of biological systems and facilitate new discoveries.

Despite decades of achievements in bioorthogonal chemistry, limitations remain. Several reagents
are too large or insufficiently stable for use in cellular environments. Many bioorthogonal groups
also cross-react with one another, restricting them to singular tasks. In this Account, we describe
our work to address some of the voids in the bioorthogonal toolbox. Our efforts to date have
focused on small reagents with a high degree of tunability: cyclopropenes, triazines, and
cyclopropenones. These motifs react selectively with complementary reagents, and their unique
features are enabling new pursuits in biology.

The Account is organized by common themes that emerged in our development of novel
bioorthogonal reagents and reactions. First, natural product structures can serve as valuable
starting points for probe design. Cyclopropene, triazine, and cyclopropenone motifs are all found
in natural products, suggesting that they would be metabolically stable and compatible with a
variety of living systems. Second, fine-tuning bioorthogonal reagents is essential for their
successful translation to biological systems. Different applications demand different types of
probes; thus, generating a collection of tools that span a continuum of reactivities and stabilities
remains an important goal. We have used both computational analyses and mechanistic studies to
guide the optimization of various cyclopropene and triazine probes. Along the way, we identified
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reagents that are chemoselective, but best suited for in vitro work. Others are selective and robust
enough for use in living organisms.

The last section of this Account highlights the need for the continued pursuit of new reagents and
reactions. Challenges exist when bioorthogonal chemistries must be used in concert, given that
many exploit similar mechanisms and cannot be used simultaneously. Such limitations have
precluded many multi-component labeling studies and other biological applications. We have
relied on mechanistic and computational insights to identify mutually orthogonal sets of reactions,
in addition to exploring unique genres of reactivity. The continued development of mechanistically
distinct, biocompatible reactions will further diversify the bioorthogonal reaction portfolio for
examining biomolecules.

Graphical Abstract

Introduction

Over the past twenty years, bioorthogonal chemistries have become a mainstay of chemical
biology. These transformations are routinely used to target individual biomolecules with
imaging agents or other probes, even in live cells and organisms. Key to their success are
functional groups that react reliably and selectively in complex settings (Figure 1).
Considering the breadth of functionality present in cells and tissues, the demands on
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bioorthogonal reactions are enormous.12 The reagents must tolerate aqueous environments
and large concentrations of cellular nucleophiles. While remaining inert to their
surroundings, the functional groups must also react robustly with one another to provide
stable adducts. Despite these stringent criteria, transformations have been identified that are
well recognized as being bioorthogonal. Many have been used for decades to tag proteins
and other biomolecules,3 profile active enzymes,*® and identify drug targets.5.” More recent
advances in bioorthogonal reactions are enabling new pursuits in drug delivery,8° genetic
code expansion,1911 and protein activation.12-16

Even with its impressive résumé, the field of bioorthogonal chemistry is not without
limitation. Few reagents can be used in the harshest cellular confines and in conjunction with
the smallest biomolecules.1” Furthermore, many of the most popular bioorthogonal reagents
cross-react with one another and thus cannot be employed concurrently.18 These and other
drawbacks continue to inspire new explorations for chemistries with potential biological
utility. In our own group, we have focused on constructing reagents that are small in size,
highly stable and tunable—features that can facilitate their widespread adoption. This
Account highlights the development of three such bioorthogonal functional groups:
cyclopropenes, triazines, and cyclopropenones. These motifs can also be used together in
live cells, enabling multicomponent imaging and other multiplexed analyses. Our work is
presented against a backdrop of design considerations for new bioorthogonal reactions.
These principles can guide the continued pursuit of useful chemistries.

How many bioorthogonal reactions are ultimately necessary? A strong case for hundreds can
be made, based on analogy to other classes of synthetic organic transformations. Dozens of
distinct methods exist to construct amides and other classic bonds, with each having its pros
and cons. The approach selected is dictated by the individual experiment. Similar parallels
exist in bioorthogonal chemistry. Each transformation has its strengths and weaknesses, with
no single reaction type being suitable for all applications. In some cases, the fastest-reacting
probes are necessary; in others, slower, but more selective reagents should be employed.
Some reagents exhibit background reactivities with cellular nucleophiles and other
instabilities, hindering /n vivo applications. Such liabilities can often be mitigated via steric
and electronic tuning, and dozens of examples exist among the major classes of
bioorthogonal ligations. The time invested to fine-tune and optimize bioorthogonal scaffolds
is often critical to their long-term success. Thus, it is important to appreciate the
bioorthogonal “workbench” just as much as the tools in the toolbox.

Laying the foundation

At the outset of new reaction development, it is important to tackle a fundamental question:
what does it mean to be bioorthogonal? Quite literally, bioorthogonal reagents and
transformations are orthogonal to (i.e., independent of) biology. Thus, in the strictest sense,
the functional groups must not be present in living systems. This type of “bioorthogonality”
is rarely (if ever) achieved, as many of the classic motifs have precedence in microbial
natural products and other metabolites. “Bioorthogonal”, in practice, tends to be more
loosely applied to reagents that minimally interfere with the system under study. Even with
this broader definition, perfect compatibility can be difficult to achieve. Nearly all
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bioorthogonal reagents have liabilities in certain cellular environments.! Such drawbacks do
not necessarily lessen the impact of a given probe, but can provide motivation to optimize
and develop new reactions that address the inherent shortcomings.

Our work to build better bioorthogonal reactions (via the latter definition) has often been
inspired by nature. The diversity of chemical functionality present in natural products and
other metabolites is immense (Figure 2). Many of the motifs are not found in higher
eukaryotes, making them “bioorthogonal” in a heterologous context. The groups also
possess some degree of stability in cellular environments, owing to their presence in living
systems. Thus, they can be ideal starting points for new reaction development and eventual
translation /in vivo. One of the best examples of a naturally occurring bioorthogonal
functional group is the terminal alkyne.1920 Alkynes comprise numerous small molecule
metabolites (often as part of di-yne or poly-yne scaffolds) in sponges and other organisms.
The stability and unique reactivities of this functional group have rendered it one of the most
widely used labels in all of bioorthogonal chemistry.

We took additional cues from nature in developing bioorthogonal chemistries based on
cyclopropenes,?1-26 triazines,2’~2% and cyclopropenones.30-33 All three motifs are found in
natural product structures, suggesting that they were suitable starting points for probe
development. Indeed, the native scaffolds inspired our initial choices of model probes and
analogs to prepare. Further optimization to tune stabilities and reactivities was guided by
physical organic principles and computation (described below). We anticipate that continued
mining of natural product structures will uncover new functionality and reaction platforms to
pursue.

Filling the voids

Many applications of bioorthogonal chemistry involve profiling or visualizing small targets,
including metabolites and drugs. In these cases, there is a clear need for functional groups
that minimally perturb the systems under study. Even with proteins and larger targets, it is
often desirable to use small tags to preserve native functions and interactions. When steric
considerations are important, the azide and terminal alkyne have long dominated as the
bioorthogonal reagents of choice (Figure 3). Comprising just a few atoms, these groups have
been ubiquitously employed in chemical biology. Both are well tolerated in biological
systems and can be readily detected via copper-catalyzed azide-alkyne cycloaddition
(CUAAC).34 The azide and alkyne are also quite “user friendly”. Many popular azido- and
alkynyl-functionalized probes are commercially available or otherwise easily constructed.
Consequently, they have found widespread application in bioconjugation, materials
chemistry, drug discovery, and many other areas.3 Limitations of CUAAC in cellular
environments also drove numerous efforts to improve the scope and biocompatibility of
azide-alkyne cycloadditions.34:35

Inspired by the versatility of small and stable reagents, we set our sights initially on
cyclopropenes as candidate bioorthogonal reagents. As noted earlier, cyclopropenes are
found in some natural products, suggesting compatibility with living systems. While slightly
larger than both azides and alkynes, cyclopropenes are the smallest of the isolable strained
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alkenes. This class of reactants includes the venerable frans-cyclooctene (TCO), a motif that
has emerged as a powerful and versatile addition to the bioorthogonal toolkit. Strained
alkenes react with tetrazines via inverse electron-demand Diels—Alder (IED-DA) reactions,
exhibiting remarkably fast kinetics.36-39 The TCO-tetrazine ligation is unrivaled in its
reaction speed, and such rapid reactivity has enabled applications in rodent models and other
large organisms—settings where only minimal reaction times and reagent concentrations are
tolerated.

While TCO is routinely used for IED-DA reactions, it is roughly double the size of a
standard cyclopropene (Figure 3B), making it less attractive for some applications. We were
motivated to examine the utility of the smaller strained alkene for bioorthogonal labeling. In
early work, we synthesized a small panel of substituted cyclopropenes.?! Methyl-substituted
scaffolds were found to be stable in a variety of biological environments, even in the
presence of common nucleophiles. The reactivities of the probes with various tetrazines
were also measured, and the fastest reactions were observed with the least sterically
congested cyclopropenes. Complementary studies were performed by the Devaraj group.
40.41 Rapid reactions were also observed in more polar solvents and with cyclopropenes with
reduced electron-withdrawing character at C-3, consistent with the inverse electron-demand
of the cycloaddition.

The cyclopropene-tetrazine reaction rates are markedly slower than the corresponding
ligations with TCO. Nonetheless, the reaction has been applied in numerous biomolecule
tagging experiments, including protein and nucleic acid visualization,*2-4° cell surface
labeling,647 and in vivo proteomics.#849 Importantly, the small size of the cyclopropene
has enabled experiments that would be difficult to achieve with larger motifs. One poignant
example includes metabolic targeting of cellular glycans with functionalized
monosaccharides. The enzymes involved in glycan biosyntheses can be quite stringent,
allowing only minimally perturbed scaffolds to be processed. The fact that cyclopropene
sugars were metabolized on par with analogous azido substrates is a testament to the
potential broad utility of the new bioorthogonal reagent.2146.50

The small size of the cyclopropenes has also been a boon to genetic code expansion efforts.
This powerful technology enables noncanonical amino acids (ncAAS) to be site-specifically
installed into target proteins in response to a stop codon (Figure 4).3 The key step involves
an orthogonal aminoacyl-tRNA synthetase (AARS) that charges the ncAA onto a cognate
tRNA. The tRNA is similarly orthogonal to the cell’s endogenous machinery. To identify an
appropriate AARS/tRNA pair, large libraries of mutants must typically be screened and
extensive optimization for use in mammalian cells must be performed.51:52 |nterestingly,
ncAAs bearing cyclopropene motifs can be efficiently processed by a native pyrrolysine
AARS from archaebacteria, without the need for additional mutagenesis.#8:3:54 This feature
has enabled cyclopropenes to be immediately applied in a variety of contexts, including cell-
specific proteome labeling in flies and mouse brain tissue.#8:%5 More recent work has
capitalized on cyclopropene ncAAs for dual protein labeling experiments.56:57

Acc Chem Res. Author manuscript; available in PMC 2019 May 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Row and Prescher Page 6

Hammering out the details

Understanding the stability and reactivity profiles of bioorthogonal reagents is critical to
their successful application in vitro, in cells, and /n vivo. Such analyses are often aided by
detailed investigations of reaction mechanism and substituent effects. Ideally, these studies
provide insight on how to tune scaffolds for desired reaction speeds, biocompatibilities, or
other parameters. In our work, a deep dive into reaction mechanism has been best
exemplified in studies of the other half of the IED-DA reaction: the electron-deficient diene.
To date, tetrazines have dominated in this role. Tetrazines react robustly with cyclopropenes,
TCO, and a variety of other strained dienophiles. Like other families of bioorthogonal
reagents, tetrazines have been tuned to achieve desired levels of reactivity (Figure 5).
Electron-withdrawing substituents at the 3 or 6 positions lower tetrazine LUMO energies
and increase reaction rates.8 Steric effects can also play a role in tetrazine reactivity, with
less encumbered scaffolds displaying the fastest rates. Improvements in speed, though, often
come at the expense of stability. For many applications this is a fair trade, but for others it is
desirable to minimize background labeling.

The need for additional tuning inspired our search for new dienes. In particular, we were
drawn to triazine scaffolds. 1,2,4-Triazines have been identified in microbial natural
products and pigments, suggesting that they were stable in physiological environments.
Density functional theory (DFT) calculations performed by the Houk group further
suggested that 1,2,4-triazines would exhibit enhanced stability relative to tetrazines, yet
retain reactivity with TCO (Figure 5). Based on these observations, we hypothesized that
triazines would be good candidates for bioorthogonal reaction development. We synthesized
a small panel of triazine probes, and found them to be highly stable to aqueous conditions
and cellular thiols. Importantly, they were still reactive with dienophiles such as TCO and
some strained alkynes.27:59 Because triazines require fewer substituents than analogous
tetrazines for long-term stability, they can leave a smaller footprint. We capitalized on these
features to showcase the utility of triazines for recombinant protein production.2” The long
incubation times required in this process are not compatible with many tetrazines and other
bioorthogonal scaffolds. Triazines have also found recent application in labeling nucleic
acids,%0 and further tuning has identified fluorogenic analogs.51

The increase in stability gained with triazines comes at the expense of decreased reaction
rates. Modifications to the triazine core (e.g., electron-withdrawing substituents) can recover
some of the reactivity and even small modifications were found to have dramatic impacts.2”
Further calculations predicted that 1,2,4-triazines would be nonreactive with other strained
alkenes, including cyclopropenes and norbornene. These results were verified
experimentally and set the stage for mutually orthogonal reaction development,27:62

Mechanistic studies and computational analyses further enabled efficient reagent tuning in
the case of the cyclopropenes. Our initial investigations revealed that cyclopropene-tetrazine
reactions occur from the least hindered face of the cyclopropene. The adducts can undergo
additional rearrangements to produce mixtures of diastereomers.2! Computational analyses
predicted that the addition of a single methyl group at C-3 would be sufficient to impede
tetrazine reactivity (Figure 6A).%3 The methyl substituent was predicted to engender a steric
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clash that could control cycloaddition preference. Indeed, 3,3-disubstituted cyclopropenes
(3,3-Cp) were refractory to tetrazine ligation, while their 1,3-disubstitued counterparts (1,3-
Cp) reacted robustly. Both scaffolds were readily ligated with less sterically encumbered
1,3-dipoles (e.g., nitriles imines). The unique reactivity profiles of the isomeric
cyclopropenes enabled tandem labeling of biomolecules in a single pot (Figure 6B). Recent
work by the Lin group has uncovered a more strained 3,3-disubstituted cyclopropene that
can be effectively ligated with tetrazines, suggesting that even more finely tuned reagent
pairs will be uncovered.>3

Thinking outside the (tool)box

As the number of bioorthogonal tools continues to expand, their application to multi-
component labeling becomes feasible. Such studies require reactions that are not only
bioorthogonal, but also orthogonal to one another. The challenges in this context are
immense, considering the number of potential side products (Figure 7). Additionally, most
bioorthogonal reactions, and nearly all reported in recent years, comprise cycloadditions.!
Many of the underlying reagents are incompatible with one another and cannot be used
concurrently.18:64 In some cases, differences in rate can be exploited for sequential labeling.
However, such strategies often require the removal of excess reagents from the first reaction,
before the second can be initiated. Our initial work with isomeric cyclopropenes®3
(described above) enabled in-tandem labeling, but only with sequential reagent addition.

A potentially more general approach to developing mutually orthogonal reactions involves
focusing on transformations that operate via distinct mechanisms (Figure 8). In early work,
we showed that the cyclopropene-tetrazine ligation is compatible with azide-alkyne
cycloadditions. We used these reactions to simultaneously tag cell surface glycans for
downstream imaging applications.#® The compatible ligations have also enabled concurrent
labeling of multiple bacterial targets.5® In recent years, additional orthogonal reactions have

been reported that promise to bolster multi-parameter imaging and other applications.
18,62,66-69

In our own group, we have begun examining polar reactions—chemistries that are likely
compatible with existing bioorthogonal ligations based on their unique mechanisms. In one
area, we have been exploring the reaction between cyclopropenones and bioorthogonal
phosphines.3%:70 Mono-substituted cyclopropenones are found in some natural products
(Figure 2), suggesting that they were suitable candidates for biocompatible reaction
development.31:33 We synthesized a panel of cyclopropenones, and analyzed their stabilities
in aqueous solution and in the presence of cellular nucleophiles.’? The most stable scaffolds
were structurally similar to bioorthogonal cyclopropenes, yet exhibited unique manifolds of
reactivity. Cyclopropenones react with phosphines to generate ketene-ylides; these
intermediates can be trapped by pendant nucleophiles on the phosphine probe (Figure 9). We
demonstrated that this ligation can be performed on model proteins in vitro and in cell
lysate. The cyclopropenone-phosphine reaction also holds promise for multi-component
labeling, as the reagents are not expected to interfere in common cycloadditions. Indeed,
preliminary work in our lab has shown that cyclopropenones and phosphines do not interfere
with tetrazines, cyclopropenes, or TCO.
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Ongoing work in the field has also revealed new platforms for “orthogonal bioorthogonal”
labeling. Davis and others have demonstrated that radical reactions can be employed for
bioconjugation reactions.”1:72 Other transformations that are garnering attention include
metal-catalyzed ligations’3~76 and bioorthogonal cleavage reactions.12 It should also be
noted that many bioorthogonal chemistries can be triggered with light or other exogenous
stimuli, enabling spatiotemporal control of reactivity.*>77

Paving the way for new discoveries

The application of bioorthogonal reactions to diverse problems has not only revealed new
and often unanticipated discoveries, but also driven the development of new tools and
synthetic methods.”8 For example, bioorthogonal transformations have been used to
expediently prepare diverse libraries of complex molecules.”® Mild methods to affix azides
and other bioorthogonal motifs to complex drugs and natural products have also been
reported.80-81 Systematic efforts to tune and optimize biocompatible reactions will continue
to provide probes with novel capabilities; these tools, in turn, will spur new advances. This
iterative cycle of tool development and discovery will continue as the field expands. We are
still in the midst of establishing a fleet of sensitive, selective reagents that will bolster
chemistries in living systems and thus enable new research directions.

As the number of bioorthogonal reagents and their spectrum of reactivities grows, new
challenges are emerging. The sheer number of possible reagents and conditions can be
daunting to the non-specialist. Unlike other areas of organic chemistry, where organized
catalogs of reaction conditions exist, there is no comparable “Larock book” of bioorthogonal
transformations. Tool users must wade through an ever expanding and complex body of
literature to identify reagents best suited for their applications. Thus, knowing which probes
to select for a given experiment remains difficult. Additionally, while numerous chemical
tools have been developed in recent years, their transition to the broader scientific
commmunity—and widespread adoption—have often been quite sluggish. This is due, in
part, to limited probe accessibilities. Many of the best reagents for a given application are
not commercially available or require complex syntheses. Renewed efforts to develop more
accessible probes will ease the transition of these reactions from the hands of the toolmaker
to the tool user.

There is also an ongoing need to fill gaps along the continuums of reactivity and stability.
Few reagents meet the strict requirements for use in living animals. Such probes must often
be both exquisitely stable and potently reactive with complementary functionality. Further
advances in reagent design will likely address this challenge and broaden the scope of
possible applications. Along the way, probes that fall short of the bar for in vivo will likely
be useful in other contexts. Already, many reagents that are insufficiently stable for
intracellular application have found utility in antibody-drug conjugate formation and
materials research.82 Recent developments in methionine labeling,83 cysteine conjugations,
84 and carbony! ligations82-87 are also addressing the need for diverse chemical
transformations.
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Conclusions

Bioorthogonal chemistries have become indispensible tools for modern chemical biology
research. These reactions enable biomolecules to be studied in real time and in their native
environments. Despite decades of achievements in crafting biocompatible reagents and
reactions, though, limitations remain. Only a few probes are suitable for use in intracellular
labeling experiments. Even fewer are small enough to traverse native biosynthetic pathways.
Many popular probes also cross-react with one another, limiting applications in multi-
component studies. Others and we have been addressing these challenges in recent years, by
focusing on small and stable reagents that react via unique mechanisms.

Crafting new bioorthogonal reactions is not trivial, but successful examples can illuminate
some guiding principles. In many cases, new transformations have been inspired by natural
product structures. Such scaffolds often comprise unique functional groups, that when used
in heterologous hosts, exhibit bioorthogonal character. These naturally occurring motifs thus
offer advantageous starting points for developing new reactions Further optimization can be
achieved via classic physical organic studies or computational analyses. Together, these
approaches can reveal unanticipated modes of reactivity and guide new reaction
development. Embracing a spectrum of reactivity will encourage the development and
application of new reactions without the unrealistic constraints of a one-size-fits-all
transformation. Reactions that operate via distinct mechanistic pathways will further enable
simultaneous labeling of multiple targets. As new biological questions continue to emerge,
the demand for new probes will grow. We anticipate that efforts to expand the collection of
bioorthogonal tools will not only enable new pursuits in biology, but also push the frontiers
of chemistry.
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Figurel.
Bioorthogonal chemistries comprise reagents (blue circle and arc) that react reliably and

with high specificity in complex environments. These reactions enable target biomolecules
to be covalently ligated with fluorophores, affinity tags, or other probes (red star).
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Many popular bioorthogonal motifs (blue) are found in natural products. The functional
groups highlighted here have been re-purposed for selective tagging reactions in

heterologous environments.
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1 —C(O)NH-iPr -H PBS/CH,CN 51207
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3 —-CH,OH -H N/A N.D.?
4 —-CH,OH —CH, PBS/CH,CN 15+2
5 —-CH,OC(O)NH-iPr -H PBS/DMSO 277.8 +36.6
6 —CH,OC(O)NH-iPr —-CH, PBS/CH,CN 35+0.5
“Rates not measured due to cyclopropene instability
Figure 3.

Bioorthogonal reagents come in all shapes and sizes. A) Sample probes are shown, arranged
by approximate size. Volumes were estimated using atomic radii measurements in Spartan.
B) Cyclopropenes can be tuned for reaction with tetrazines. Minimally substituted

cyclopropenes exhibit the fastest rates.
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Figure 4.
Genetic code expansion with bioorthogonal functional groups. Using an orthogonal AARS/

tRNA pair, ncAAs can be site-specifically incorporated into proteins of interest. A variety of
small bioorthogonal motifs (including cyclopropenes) have been installed via the pyrrolysine
synthetase (PyIRS) machinery.
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Figureb.
Bioorthogonal reagents can be tuned for downstream applications. A panel of tetrazine and

triazine motifs have been developed that exhibit a wide range of stabilities and reactivities.
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Figure 6.
Cyclopropene isomers exhibit unique reactivity profiles. A) Predicted transition state

geometries indicated a steric clash in the reaction of a 3,3-disubstituted cyclopropenes (3,3-
Cp) with tetrazine.53 The unfavorable interaction was predicted to markedly the diminish
reaction rate compared to the 1,3-disubstituted isomer (1,3-Cp). B) The unique reactivities
of 1,3-Cp and 3,3-Cp enabled tandem labeling of distinct biomolecules.
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Figure7.
Mutually orthogonal reactions enable simultaneous tagging of multiple biomolecules. The

reagents and products in such transformations must exhibit no off-target or cross-reactivities.
Even in the simplest case (two targets, A and B) the large number of undesirable reactions
that must be avoided is large.

Acc Chem Res. Author manuscript; available in PMC 2019 May 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Row and Prescher

reaction types

polar reactions

[ = H» @-E—Nu—§

cross-coupling reactions

catalyst

X Y ¥ ——@Xx-Y—3

Figure 8.

Examples of bioorthogonal chemistries that exploit distinct reaction mechanisms.
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Figure9.
The cyclopropenone-phosphine ligation. Cyclopropenones react with phosphines to generate

ketene-ylide intermediates. The ketenes are subject to intramolecular trapping by pendant
nucleophiles. Subsequent protonation and elimination steps provide carbonyl products.
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