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Abstract

The cycloaddition reaction is one of the most common reactions in organic chemistry. It
has been applied in various fields. Herein, we focus on the application of cycloaddition
reactions in investigating biological molecules and materials using magnetic resonance tech-
niques. To facilitate magnetic resonance studies such as electron paramagnetic resonance
(EPR) spectroscopy and paramagnetic nuclear magnetic resonance (NMR) spectroscopy,
there is often a requirement to attach spin labels and paramagnetic tags to the system
of interest. The cycloaddition reaction is one of the ways to tether these spin labels and
paramagnetic tags. In this review, we highlight the applications of various cycloaddition
reactions such as the Cu(I)-catalyzed azide–alkyne cycloaddition (CuAAC) reaction, the
strain-promoted azide–alkyne cycloaddition (SPAAC) reaction and the Diels–Alder reac-
tion in the interdisciplinary field of magnetic resonance studies of biomolecules, including
proteins, nucleic acids, carbohydrates, lipids and glycans, as well as materials.

Keywords: cycloaddition reaction; spin label; paramagnetic tag; azide–alkyne cycloaddition;
click chemistry

1. Introduction
In synthetic organic chemistry, the cycloaddition reaction is one of the most favored

tools to get easy access to cyclic compounds [1–9]. The applications of cycloaddition reac-
tions transcend various fields of chemistry and biology. In this review, we showcase the
application of cycloaddition reactions towards magnetic resonance studies of biological
molecules and materials. The purpose of this review is to underscore the interplay among
the apparently independent fields—cycloaddition reactions and magnetic resonance studies
of biomolecules and materials. This review article intends to present a comprehensive sur-
vey of the cycloaddition reactions that are employed to attach spin labels and paramagnetic
tags to biomolecules and materials to facilitate the magnetic resonance studies on them.
Given the interdisciplinary nature of the topic, we briefly introduce the key topics at the
beginning of the review, spanning three sections. In the first section, we provide a superfi-
cial view of each topic, emphasizing the terms that we come across in this review. We cite
relevant review articles and book chapters that can be used to gain a deep understanding
of the respective topics. In the second section, we discuss the azide–alkyne cycloaddition
(AAC) reaction—emphasizing the Cu(I)-catalyzed azide–alkyne cycloaddition (CuAAC)
reaction and the strain-promoted azide–alkyne cycloaddition (SPAAC) reaction—and the
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Diels–Alder reaction, which are frequently employed to stich spin labels and paramagnetic
tags. In the third section, the use of electron paramagnetic resonance (EPR) and paramag-
netic nuclear magnetic resonance (NMR) spectroscopies to study biomolecules is presented.
In the following section, the features of spin labels and paramagnetic tags are elaborated
upon. In the fourth section, we summarize the applications of cycloaddition reactions such
as CuAAC, SPAAC, and the Diels–Alder reactions to tailor biomolecules such that they are
ready for EPR and paramagnetic NMR studies. We note that, in the schemes throughout
this article, the moieties involving the cycloaddition reactions are highlighted with orange
color, while the spin label and paramagnetic tag moieties are highlighted with light blue
color. Finally, conclusions and an outlook are provided.

2. Cycloaddition Reactions
Cycloaddition reactions are a class of organic reactions that are very useful in synthetic

organic chemistry. Definition, classification, and applications of cycloaddition reactions
have been elaborated upon in detail in the literature [10,11]. The AAC reaction and the
Diels–Alder reaction belong to the class of cycloaddition reactions. These reactions have
been leveraged for tethering the spin labels and paramagnetic tags to biological systems as
well as materials.

2.1. Azide–Alkyne Cycloaddition (AAC) Reactions

The typical azide–alkyne coupling reaction (AAC), as illustrated below in Scheme 1,
refers to the cycloaddition reaction between an azide unit and an alkyne unit [12]. The
traditional uncatalyzed AAC reaction was investigated in depth and is referred to as
the 1,3-dipolar cycloaddition by Huisgen [13–15]. This reaction pathway affords both
1-benzyl-4-(phenoxymethyl)-1H-1,2,3-triazole (1,4-BPMT) and 1-Benzyl-5-phenoxymethyl-
1H-[1,2,3]triazole (1,5-BPMT) isomers in almost a 1:1.6 ratio at around 92 ◦C [16]. In the
first decade of this century, a more benign method of AAC reaction using Cu(I) as the
catalyst was initiated and developed independently by Sharpless [16] and Meldal [17]. This
Cu(I)-catalyzed azide–alkyne cycloaddition reaction, known as the CuAAC reaction, is
the most renowned representative of “click chemistry”. Click chemistry—the concept of
simple and straightforward organic transformations with high yield that are specific, quick,
and reliable— was coined by Sharpless in 2001 [18]. In the case of the CuAAC reaction,
it has been reported that it is a 107 times faster reaction than the AAC reaction [19]. Of
particular interest, as far as the CuAAC reaction is concerned, is the circumvention of the
need for higher temperatures. This feature makes the CuAAC reaction one of the most
lucrative options for application in biological samples, which are typically not heat-tolerant.
Another notable feature of CuAAC is that it is a regioselective reaction (only 1,4-BPMT
as the product with a yield of 91%) [16]. Contrary to the above observation, Abu-Orabi
and coworkers reported an uncatalyzed [3+2] cycloaddition between aryl azide and ethyl
propiolate, affording a fully regioselective 1,4-disubstituted 1,2,3-triazole product [20,21].

Subsequently, Bertozzi took this concept to another level by applying click reactions
in vivo [22]. For applications of bioorthogonal chemistry in living systems by circumvent-
ing the biocompatibility issue associated with Cu (I), Bertozzi and coworkers developed
“Cu-free click chemistry”, in which, in the absence of a Cu(I) catalyst, a strained-cyclooctyne
moiety, by playing the role of an alkyne component, facilitates the AAC reaction; it is re-
ferred to as the strain-promoted azide–alkyne cycloaddition (SPAAC) reaction [22,23]. Sub-
sequently, SPAAC was applied to label biomolecules such as proteins [24], nucleotides [25],
carbohydrates [26], and lipids [27]. The contributions to these interdisciplinary fields were
recognized by awarding the Nobel Prize in Chemistry to Professors K. Barry Sharpless,
Morten Meldal, and Carolyn R. Bertozzi in 2022 [28]. Recently, Bauer and coworkers
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showcased the recent applications of click chemistry in radiopharmaceutical chemistry in
an excellent review article [29].

Scheme 1. Uncatalyzed and Cu(I)-catalyzed AAC reactions.

2.2. Diels–Alder Reaction

The Diels–Alder reaction, an important type of C–C bond-forming organic reaction
under the class of cycloaddition reaction, was discovered by Otto Diels and Kurt Alder,
who won the Nobel prize in 1950 for their remarkable work [30]. A diene (electron-rich and
can be either acyclic or cyclic) and a dienophile (electron-deficient) are combined together
to form a six-membered cyclic compound in which three ∏ bonds break, and two new σ

bonds form along with one ∏ bond (Scheme 2). The stereochemical aspect was successfully
depicted as retaining the configuration with respect to the reactants [31], whereas, in a
recently studied example, it was lost [32]. Moreover, diradical and zwitterionic intermediate
proposals have been put forward and evaluated with the help of a computational study [33].
These facts dictate changes in the mechanistic pathway, which are governed by the nature
of the substituents present in the diene and dienophile, thereby controlling the reactivity of
the system. Using advanced computational techniques, such as molecular electron density
theory (MEDT), Domingo and coworkers revisited the mechanistic pathways for this
reaction, providing deeper insights into the Diels–Alder reaction mechanism [34,35]. The
intra-molecular Diels–Alder reaction is depicted in Scheme 3, where diene and dienophile
are present in the same molecule, and normally there should be a three-carbon distance
between them.

Scheme 2. Inter-molecular Diels–Alder reaction.
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Scheme 3. Intra-molecular Diels–Alder reaction.

The functionalization of graphene and graphite employing the Diels–Alder reactions
has been investigated both experimentally and computationally [36–40].

3. Magnetic Resonance Studies
NMR spectroscopy is the most widely known magnetic resonance technique that is

employed to study the structure and properties of molecules and materials. Nevertheless,
the presence of a paramagnetic center in the sample creates complications in the NMR
spectra by broadening the resonance signals, and it is little wonder. EPR spectroscopy
was simultaneously developed to study the paramagnetic samples. On the other hand,
paramagnetic NMR has been developed to study samples containing paramagnetic centers
by converting drawbacks into advantages.

3.1. Electron Paramagnetic Resonance (EPR)

EPR spectroscopy is one of the best analytical techniques to study paramagnetic
samples. EPR spectroscopy detects the unpaired electron spins and provides geometric
and electronic environmental information around the locus of the paramagnetic center.
The theory and applications of EPR have been explored in numerous books [41–45]. The
applications of EPR in various biological systems have been documented in many books
and review articles; of particular interest, a book chapter on the EPR of metalloproteins
was written by Palmer [46], a special edition of the Chemical Review on radical enzymes was
edited by Banerjee [47], and book chapters on the EPR of B12-dependent enzymes were
written by Pilbrow [48] and Gerfen [49]. Continuous wave EPR spectroscopy that operates
at the X-band (9.8 GHz) is the most common EPR technique. Recently, high-frequency
EPR methods have also been increasingly used to understand the paramagnetic systems.
Moreover, advanced EPR techniques such as double-electron electron resonance (DEER),
also known as pulsed electron double resonance (PELDOR), electron nuclear double reso-
nance (ENDOR), electron spin echo envelope modulation (ESEEM), and hyperfine sublevel
correlation (HYSCORE) have been routinely used to investigate complex systems [50]. The
parameters obtained from EPR lineshape analysis provide information about the motions
of the spin label. These parameters can be correlated with protein conformation and dy-
namics [51]. Spin–lattice (longitudinal) and spin–spin (transverse) relaxation processes
modulate the EPR lineshapes. The implications of spin–spin relaxation time in distance
measurements by pulsed EPR were discussed by Jeschke and coworkers [52,53], while
the dependence of spin–lattice relaxation on molecular motions was portrayed by Eaton
and Eaton [54]. DEER spectroscopy has been proven to be an excellent tool to investigate
protein dynamics, especially in membrane proteins, by estimating long-range distances
between the two paramagnetic centers [55–58].

3.2. Paramagnetic NMR

Sacconi and coworkers, who used the paramagnetic NMR technique to analyze Ni(II)
complexes with Schiff bases in solution, published their work for the first time in two
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consecutive articles in 1966 [59,60]. Since then, various research groups have been actively
working in this area to convert the inherent disadvantages—the line broadening, fast relax-
ation, and hyperfine interactions—into a fruitful manner for understanding the structure
and chemistry of paramagnetic organometallic complexes and proteins, and to extract the
useful information about dynamics in solution in terms of time scale [61,62]. Paramagnetic
centers exert various effects on the NMR spectra. The major paramagnetic parameters
include (1) the shift in resonances of the NMR-active nuclei, called hyperfine shifts, which
are composed of two parameters—pseudocontact shifts (PCSs) and Fermi-contact shifts;
(2) paramagnetic relaxation enhancements (PREs); and (3) paramagnetic residual dipolar
couplings (pRDCs). In the context of protein structural determinations, these paramagnetic
parameters are referred to as paramagnetic restraints. Ravera and coworkers elaborated
on how these paramagnetic restraints allow the refinement of protein structures [63]. The
role played by paramagnetic NMR in gaining insights into the structure and dynamics of
membrane proteins was recorded in several published works [55,64,65].

4. Spin Labels and Paramagnetic Tags
EPR and paramagnetic NMR have been used to extract information from systems

containing a paramagnetic center. The dynamics of biomolecules can be uncovered using
EPR experiments by measuring the distance between two paramagnetic centers present in
the system. For example, in the case of vitamin B12-dependent enzymes, many mechanistic
insights, including the evidence for the requirement of large-scale conformational move-
ments during the catalysis, were obtained from EPR and ESEEM experiments by measuring
the distance between the two paramagnetic centers [47,66–76]. Similarly, paramagnetic
NMR has emerged as a powerful tool for studying metalloproteins [63,77–79]. It provides
valuable data to enhance structural resolution as well as to investigate protein dynamics.
Nevertheless, the presence of paramagnetic centers in biological systems is rather scarce,
thus making EPR and paramagnetic NMR redundant in the vast cases of biomolecules. To
circumvent this, the concept of introducing foreign paramagnetic centers into the diamag-
netic systems was mooted. Spin labels and paramagnetic tags refer to molecules that have
unpaired electrons, which can be attached to macromolecules to introduce paramagnetic
effects. The term spin label is commonly used in the realm of EPR studies, while the term
paramagnetic tag is used in the field of NMR studies. Sometimes, there were instances of
cross-domain references. Nonetheless, throughout this review, we follow the convention
mentioned above.

4.1. Spin Labels

The term spin labels stems from the purpose these molecules serve. These molecules
are employed to label a system of interest with an unpaired electron spin. Site-directed
spin labeling (SDSL) for EPR refers to the technique in which a spin probe is attached to a
specific site on a biomolecule. SDSL was first developed for proteins and later extended
to other systems. Traditionally, a free cysteine residue of a protein is identified and chem-
ically linked to the spin probe. A nitroxide radical serves the purpose of the spin probe.
Methanethiosulfonate nitroxide radical spin label (MTSL) reacts with the sulfhydryl group
of the cysteine side chain by forming a disulfide bond to graft the nitroxide spin label onto
the protein (Scheme 4) [57]. Later, the SDSL technique was extended beyond disulfide
coupling. Another way to introduce spin labels to the protein is the genetic encoding of
noncanonical amino acids (ncAAs) [80]. Genetically encoded nitroxide amino acids were
used as spin labels for distance measurements by EPR spectroscopy [81]. Paredes and
coworkers reported a rapid method to label RNA using CuAAC [82]. SDSL EPR studies of
nucleic acids were documented in a book chapter by Shelke and Sigurdsson [83]. The utility
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of the toolkit comprising SDSL and EPR spectroscopy for exploring protein backbone dy-
namics was highlighted in the review articles by Columbus and Hubbell [84], while Roser
and coworkers summarized its applications to protein distance determinations in cells [85].
Early advances in the employment of SDSL in conjunction with DEER spectroscopy were
tracked by Fanucci and Cafiso [51].

Scheme 4. Attachment of MTSL to the protein.

4.2. Paramagnetic Tags

Metal ions containing unpaired electrons are capable of exerting paramagnetic effects,
thereby making them the automatic choices to be part of the paramagnetic tags. Metal
ions belonging to the 3d block and the 4f block are of particular interest. Mn(II), Co(II),
and Fe(III) of the 3d block have been studied thoroughly, while the Gd(III) ion of the 4f
block has exceptional properties to act as a paramagnetic tag. Gd(III) ion possesses a strong
isotropic magnetic susceptibility and produces exceptionally strong PREs. Thus, the most
popular choice of the paramagnetic tag is a Gd(III) ion coordinated with organic ligands.
Fe(II) tags coordinated to various [2,2′:6′,2′′-terpyridine]-6,6′′-dicarboxylic acid ligands
bearing a thiol-reactive phenylsulfonyl group were conjugated to a protein that produces
sizable PCSs [86]. A comprehensive survey of paramagnetic tags was provided by Miao
and coworkers in 2022 [87].

5. Incorporation of Spin Labels and Paramagnetic Tags
5.1. AAC Reactions
5.1.1. Nitroxide Spin Labels

To realize in-cell DEER distance estimation, SDSL at two sites of green fluorescent
protein (eGFP) was performed by the CuAAC reaction on double ncAA para-ethynyl-
phenylalanine (pENF) mutants of eGFP with an azide derivative of a nitroxide spin label
(3-(azidomethyl)-2,2,5,5-tetramethyl-1-pyrrolidinyloxyl, az-proxyl) (Figure 1) [88].

2′-N3-G-modified guanosine-5′-triphosphate (GTP) was reacted with 4-(Prop-2-yn-
1-ylamino)-2,2,6,6-tetramethylpiperidin-1-oxyl, a propargylated derivative of TEMPO, in
the presence of tris-[(1 benzyl-1H-1,2,3-triazol-4-yl)methyl] amine (TBTA) complexed with
Cu(I) to avoid in situ generation of Cu(I) [89]. Later, spin-labeled guanosine was attached
to the 2′-OH group of internal adenosines in RNA through a DNA-catalyzed formation of a
2′,5′-phosphodiester bond. As displayed in Figure 2, 2′-triazolyl nitroxide spin labeling of
DNA was performed for structural analysis by employing DEER experiments [90]. In this
method, a 2′-alkynyl modification was introduced to the uridine units of Dickerson–Drew
dodecamer variants, followed by reaction with an azide derivative of either TEMPO (5-Me)
or (6-Me) to furnish spin-labeled duplexes 5 or 6. DEER-derived interspin distances are
shown in panel B of Figure 2.
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Figure 1. Schematic overview of the in vivo spin labeling approach via CuAAC followed by in-cell
DEER distance determination. Reproduced from reference [88] under Creative Commons Attribution
3.0 Unported License.

Figure 2. Synthesis of spin–labeled Dickerson–Drew dodecamer variants and DEER experiments.
(A) Synthesis of spin-labeled DNA duplexes by modification of the 9-position in duplex 1 as a 2′-
alkynyluridine (2), and incorporation of nitroxide radicals 3 (5-Me) and 4 (6-Me) into the spin–labeled
duplexes 5 and 6. (B) DEER-derived interspin distance distributions for duplexes 5 and 6 (200 µM
ssDNA); the most probable interspin distances are 3.12 nm (5) and 2.99 nm (6). Data were analyzed
using DeerAnalysis2016. Reproduced from reference [90] under Creative Commons CC BY license.

Similarly, five different nitroxide spin labels were site-specifically incorporated to DNA
duplexes by means of CuAAC [91]. Interspin distances obtained from DEER experiments
shed light on the structure and dynamics of the labeled DNA duplexes. Then, 25-mer
parallel-stranded (ps) and antiparallel-stranded (aps) DNA conjugated with two spin labels
were synthesized through the CuAAC reaction of 4-azido-2,2,6,6-tetramethylpiperidine-1-
oxyl with 7-ethynyl-7-deaza-2′-deoxyadenosine or 5-ethynyl-2′-deoxyuridine. Interspin
separations of spin-labeled residues obtained from PELDOR spectroscopy reveal differential
positioning of spin labels in ps DNA with respect to aps DNA [92,93]. In another instance,
the SDSL of DNA was accomplished by a CuAAC reaction of 5-ethynyl-2′-dU with an
azide derivative of an isoindoline nitroxide radical. This SDSL DNA was subjected to EPR
spectroscopy to elucidate local conformational changes in DNA [94]. The azide derivative
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of the isoindoline nitroxide radical was clicked with ethynyl-bearing uracil and cytosine
to furnish triazole-linked spin labels of the respective pyrimidines [95]. 5-Ethynyl-2′-dU-
modified RNA was reacted with an azide-functionalized nitroxide radical solution in DMSO
containing Cu(I) and tris(3-hydroxypropyltriazolylmethyl)-amine (THPTA) to furnish dU-
spin-labeled RNA (Scheme 5) [96]. PELDOR measurements provided information on the
distances between spin labels and the relative orientations of the spin labels.

 

Scheme 5. Spin labeling of RNA on CPG support with azide-functionalized nitroxide using
CuAAC reaction.

Site-directed spin labeling of RNA was accomplished through the CuAAC reaction
to enable the study of the conformations adopted by gem-diethyl and gem-dimethyl
isoindoline nitroxide spin labels using PELDOR spectroscopy [97]. A nitroxide spin label,
DBCO-SL, bearing a strained cyclic alkyne was synthesized for the SPAAC reaction with
metabolically engineered glycans on the cell surface (Figure 3). EPR investigation on
these spin-labeled glycans demonstrated distinct mobility of glycans in different cells [98].
Using a similar strategy, sialoglycans modified with C9-azido sialic acid were reacted with
DBCO-SL via the SPAAC reaction to produce a spin-labeled cell surface that is ready for
EPR spectroscopic investigations [99]. Subsequently, the same approach was extended to
study the spin-labeled HeLa cells using EPR spectroscopy [100,101].

Figure 3. SPAAC reaction of DBCO-SL with metabolically engineered azido-glycans. Adapted with
permission from reference [98] under Creative Commons Attribution 3.0 Unported License.
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An alkyne-derivatized 1-oxyl 2,2,6,6-tetramethylpiperidine (TEMPO) spin label was
tethered, via the CuAAC reaction, to the nanodiamond surface functionalized with silyl
azides (ND-O-SiN3) to study the dynamics of TEMPO radicals by X-band and 230 GHz
EPR spectroscopy [102]. As depicted in Figure 4, silyl azide modification of hydroxy-
lated nanodiamond was carried out in two steps, while an alkyne-derivatized TEMPO
was obtained in a single step from 4-hydroxy-TEMPO. A dibenzocyclooctyne (DBCO)
moiety bearing a TEMPO derivative was tethered to ND-O-SiN3 employing SPAAC to
facilitate high-frequency EPR for investigating the dynamics of TEMPO radicals in aqueous
solution [103].

Figure 4. CuAAC approach for grafting TEMPO radicals on the ND surface. Reproduced with
permission from reference [102].

5.1.2. Paramagnetic Metal Tags

Iminodiacetic acid- and nitrilotriacetic acid-based lanthanide binding tags having
alkyne functionalization were designed to conjugate through the CuAAC reactions with
proteins—ubiquitin and GB1—comprising p-azido-l-phenylalanine mutations obtained by
introducing an amber stop codon site-specifically in the gene of the target protein [104].
These click-modified mutants form complexes efficiently with lanthanide ions such as
Tb(III), Tm(III), and Y(III), of which the first two afford the paramagnetic tags while the
third delivers a diamagnetic tag. The Tb(III) and Tm(III) paramagnetic tags generated
substantial PCSs.

As displayed in Scheme 6, lanthanide ion chelating moieties diethylene-triamine-
tetraacetate propyl-1-yne (DTTA-C3-yne) and diethylene-triamine-tetraacetate butyl-1-yne
(DTTA-C4-yne) were synthesized and clicked with p-azido-l-phenylalanine (pAzF) mutants
of proteins ubiquitin and EIIB. 1H–15N hyperfine single quantum coherence (HSQC) NMR
experiments with these conjugated mutants coordinated with paramagnetic Tb(III) and
Tm(III), as well as diamagnetic Lu(III), allowed the extraction of PCS values [105]. Double-
pAzF mutants of E. coli aspartate/glutamate binding protein (DEBP) were reacted with
a C3–Gd(III) tag bearing an azide moiety via the CuAAC reaction to site-specifically
position the Gd(III) spin label, thereby enabling distance measurements using W-band
DEER spectroscopy [106].

https://doi.org/10.3390/reactions7010012
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Scheme 6. Schematic for attaching lanthanoid tags through unnatural amino acid pAzF. (a) DTTA-
C3-yne or (b) DTTA-C4-yne reacts with the azide group of pAzF via CuAAC reaction.

1,4,7,10-tetraazacyclododecane (cyclen)-based C3-lanthanide tags comprising Yb(III)
and Y(III) were attached to pAzF mutants of the disulfide bond formation protein B (DsbB),
an α-helical integral membrane protein (IMP), via CuAAC (Scheme 7). These were subjected
to 1H-15N TROSY-HSQC NMR spectroscopy to record pronounced PCSs [107].

Scheme 7. CuAAC reaction with pAzF DsbB mutant for attaching a paramagnetic cyclen-based
C3-lanthanide tag.

Metal-based paramagnetic tags were introduced to RNA using a click chemistry proto-
col [82] to study RNA–protein interactions by paramagnetic NMR [108,109]. A macrocyclic
cyclen ligand equipped with a terminal alkyne group was employed to coordinate metals
such as Cu(II) and Co(II). The 15N HSQC NMR spectra of NCp-RNA1 bearing a Cu(II)-
cyclen paramagnetic tag and of NCp7-RNA2, which is unlabeled, the extent of attenuation
of cross-peak intensities, and the protein backbone map are displayed in Figure 5. A metal
ion chelator, ethylenediaminetetraacetic acid (EDTA), was tagged with tetrahyaluronans by
employing click chemistry [110]. Paramagnetic tags were constructed by loading Mn(II)
and Cu(II) ions onto this tag. These spin labels were employed to study the glycosamino-
glycans (GAG) binding site of a signaling protein cytokine named interleukin-10 using PRE
NMR. In this protocol, as shown in Scheme 8, tetrahyaluronan azide was reacted with N-
propargyl-propaneamide in the presence of copper(II) sulfate, sodium ascorbate, and TBTA.
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Next, nonasulfated tetrahyaluronanyl triazole was obtained by hydrolyzing the tetramethyl
ester with 1N NaOH, followed by sulfation with the sulfur trioxide pyridine complex.

 
Figure 5. (A) The overlay of 1H-15N HSQC spectrum for NCp7-RNA 1 containing Cu(II)-cyclen
paramagnetic tag (red) and NCp7-RNA 2, which is unlabeled (blue). The residue experiencing
the strongest attenuation is shown in a box. Asterisks correspond to side chain amides. (B) Ratio
of peak volume change in the cross-peak intensities. (•) Residues that are lowered in intensity
upon binding the unlabeled RNA 2 (F16, W37, K38, M46). They were excluded from the analysis.
(◆) Residue (E42) that was excessively broadened due to proximity to RNA 1 and also removed from
the analysis. The horizontal line differentiates the residues experiencing the strongest attenuation.
(C) Protein backbone map based on the previously reported NMR structure. The amino acid residues
are color-coded based on the extent of attenuation of the HSQC cross-peak intensities. The yellow
circles represent the two zinc atoms bound to zinc finger domains of the protein. Reproduced with
permission from reference [109].

1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA) is often referred to
as the “gold standard” ligand [111] for chelating the trivalent gadolinium ion because of
its ability to achieve eightfold coordination, thereby providing inherent kinetic inertness
and stability to the Gd(III)–DOTA complex it forms. Gd(III)–DOTA complexes bearing an
alkyne group were reacted with azide substrates such as trismethylazido benzene, hex-
akis(azidomethyl) benzene, and heptakis-6-azido-6-deoxy -β-cyclodextrin to furnish multi-
meric magnetic resonance contrast agents [112]. As shown in Scheme 9, two Gd(III)–DOTA
complexes were stitched together into a single molecule having a flexible bistriazolebenzyl
bridge as a spin label to explore distance measurements using DEER [113].
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Scheme 8. Synthesis of nonasulfated tetrahyaluronanyl triazole paramagnetic tags.

Scheme 9. Bis-Gd(III)–DOTA with flexible bridge.
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In another strategy illustrated in Scheme 10, an azide derivative of Gd-DOTAM
(GDMA) was reacted with an ncAA, a strained-cyclooctyne (SCO)-derivatized L-lysine
(ScoK), to obtain the SCO–Gd–DOTAM spin label [114]. This spin label was attached to the
eGFP protein through a Y39ScoK mutation, followed by a SPAAC reaction with GDMA.
The authors found that CuAAC of Y39PrK, in which Y39 is mutated to a propargyl-L-
lysine, could not furnish sufficient labeling. Thus, SPAAC is the preferred strategy over
CuAAC for labeling with a Gd spin label. The authors demonstrated that SPAAC could be
performed in living E. coli cells, facilitating in-cell EPR detection and paving the way for
protein dynamics studies in cells by employing DEER spectroscopy.

 
Scheme 10. Synthesis of SCO–Gd–DOTAM.

5.2. Diels–Alder Reaction
Nitroxide Spin Label

A tetraethyl-modified maleimido-PROXYL-based (PROXYL: 2,2,5,5-tetramethyl-1-
pyrrolidinyloxy) spin label was introduced to proteins GFP and Escherichia coli oxidore-
ductase thioredoxin (TRX) via inverse-electron-demand Diels–Alder cycloaddition reaction
(DAinv) [115]. In this protocol, a tetrazine moiety in the PaNDA spin label, containing an
o-nitrobenzyl-protected TEMPO derivative, reacts with a cyclooctyne moiety incorporated
into the protein to form pyridazine. Photodeprotection, followed by spontaneous oxidation,
unmasks the TEMPO radical, as illustrated in Scheme 11.

The functionalization of graphene with the nitroxide radical was achieved via the Diels–
Alder reaction [116]. As illustrated in Scheme 12, N-(2,2,6,6,-tetramethyl-4- piperidinyl)
maleimide (TEMP-MI) was reacted with dispersed graphene (DG) to form the Diels–Alder
adduct, which was then oxidized to DG-TEMPO-MI, a nitroxide radical. This redox-active
material was analyzed by X-band EPR spectroscopy at different temperatures. Furthermore,
W-band EPR spectroscopy was used to extract the individual hyperfine coupling constants
of the nitrogen nucleus.
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Scheme 11. Protein labeling with the photoactivatable nitroxide for DAinv reaction.

Scheme 12. The Diels–Alder reaction of DG with TEMP-MI and the subsequent oxidation to DG-
TEMPO-MI.

6. Summary and Outlook
In summary, this article presents a comprehensive portrait of the applications of cy-

cloaddition reactions in tethering spin labels and paramagnetic tags. We have sought to
capture the essence of the individual disciplines within this evolving interdisciplinary field
under a single umbrella. As elaborated above, the CuAAC and SPAAC reactions have
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been leveraged most for this purpose in biomolecular applications, while the Diels–Alder
reaction has also been used sporadically in materials engineering. The integration of cy-
cloaddition reactions with magnetic resonance has progressed considerably. However, a
plethora of potent spin labels and paramagnetic tags remain untapped for bioconjugation
through cycloaddition routes. Innovative designs of the azide and alkyne components
of spin labels and paramagnetic tags would facilitate bioconjugation via the AAC reac-
tions. Of particular interest are diethynyl-triazolyl-phosphine oxides (DTPOs) and ethynyl-
ditriazolyl-phosphine oxides (EDPOs), recently obtained from triethynyl-phosphine oxide
by employing the CuAAC reactions [117]. These reagents were used to afford a cyclic
peptide–protein conjugate. DTPOs and EDPOs are promising candidates as putative linkers
between biomolecules and spin labels and paramagnetic tags. In materials, the applica-
tions of cycloaddition reactions for functionalizing with spin labels and paramagnetic tags
are rather scarce. We anticipate substantial progress in the deployment of the cycload-
dition reactions, particularly the AAC reactions, as tools for conjugating spin labels and
paramagnetic tags to materials in the coming years.
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