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Annealing 1,2,4-triazine to iridium(III) complexes
induces luminogenic behaviour in bioorthogonal
reactions with strained alkynes†

Lydia Cooke,a Katie Gristwood, b Kate Adamson,a Mark T. Sims, a

Michael E. Deary, a Dawn Bruce,a Antony N. Antoniou, a Hannah R. Walden,a

James C. Knight, b Timothé Antoine-Brunet,c Marie Joly,c David Goyard,c

Pierre-Henri Lanoë, c Nathalie Berthet c and Valery N. Kozhevnikov *a

A phenanthroline-type ligand containing an annealed 1,2,4-triazine ring was used to prepare novel Ir(III)

complexes 3 and 4. The complexes are non-luminescent but show luminogenic behaviour following the

inverse electron demand Diels–Alder (IEDDA) reaction with bicyclononyne (BCN) derivatives. It was

observed that the complexes react with BCN-C10 faster than the corresponding free ligands. The magni-

tude of this accelerating metal-coordination effect, however, is less profound than in previously reported

Ir(III) complexes of 1,2,4-triazines, in which the triazine was directly coordinated to the Ir(III) metal centre.

Nevertheless, luminogenic behaviour opens prospects for the use of such complexes in bioimaging appli-

cations, which was demonstrated by developing a convenient methodology using the “chemistry on the

complex” concept for labelling antibodies with luminescent Ir(III) complexes. The bioorthogonal reactivity

of complex 4 was demonstrated by metabolically labelling live cells with BCN groups, followed by a lumi-

nogenic IEDDA reaction with the triazine iridium complex.

Introduction

Bioorthogonal chemistry emerged as a powerful tool in
luminescence bioimaging that relies on the use of lumines-
cent click reagents. Some of these probes demonstrate
‘switch-on’ luminescence following a conjugation
reaction.1–4 Luminogenic probes are highly desirable, as the
non-conjugated probe generates no luminescent back-
ground, ensuring high sensitivity of the probe without the
need for laborious washing protocols. Phosphorescent cyclo-
metallated iridium(III) complexes enrich the field of lumine-
scence bioimaging by offering unique characteristics and
several advantages over traditional organic probes.5,6 They
are easy to prepare, highly tuneable, and photostable, and
their long lived excited states provide opportunity for time-
delayed elimination of the background luminescence as
well as for luminescence lifetime imaging.7 The interaction

of the complexes in the excited state with oxygen is of
interest for intracellular and in vivo oxygen sensing due to
their oxygen-dependent emissions,8,9 while sensitisation of
singlet oxygen is utilised in photodynamic therapy.10 In
addition to luminescence, the presence of the heavy metal
centre allows the use of additional complementary detec-
tion techniques such as X-ray fluorescence, ICP-MS and
electron microscopy.11,12

Phosphorescent cyclometallated iridium(III) complexes were
developed as bioorthogonal reagents incorporating a variety of
click groups.3 The inverse electron demand Diels–Alder
(IEDDA) reaction is the fastest in the repertoire of bioorthogo-
nal chemistry13 and several examples of metal complexes have
been reported in the literature.14 Of particular interest are
complexes in which the coordination of the Ir(III) metal centre
to the diene facilitates the reaction kinetics. For example, Lo
et al. demonstrated this effect in tetrazine complexes,4 while
we describe similar behaviour of Ir(III) complexes of 1,2,4-
triazines.15,16 Importantly, both the tetrazine and the triazine
systems also show luminogenic behaviour in reactions with
BCN derivatives.4,15

Here, we report the synthesis and evaluation of novel
iridium(III) complexes that can participate in the IEDDA reac-
tion. The novelty of these complexes arises from the 1,2,4-tri-
azine fragment that is annealed to a phenanthroline-type
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ligand through a C5–C6 bond. This feature distinguishes the
1,2,4-triazine from 1,2,4,5-tetrazines as there is no possibility
of annealing phenanthroline or any other units to the tetrazine
ring due to the absence of carbon–carbon bonds.

Synthesis

To compare the rate constants of our new complexes with pub-
lished examples, we prepared complex 3 that has the same
auxiliary ligand, cyclometallated 2-(2,4-difluorophenyl)-pyri-
dine (Fig. 1). In addition to complex 3, we also prepared
complex 4 employing cyclometallated 2-phenylquinoline to
achieve more red-shifted absorption and emission spectra that
are desirable in luminescence bioimaging due to the improved
penetrability of longer wavelength light.17 Ligand 7 was syn-
thesised in 48% yield in one step by the condensation of 1,10-
phenanthroline-5,6-dione with in situ generated
formamidrazone.18,19 Complexes 3 and 4 were then derived by
the reaction with the corresponding dichloro-bridged inter-
mediates based on well-known chemistries in 40% and 26%
yields, respectively. The complexes were isolated as chloride
salts rather than more traditional, but less water-soluble, hexa-
fluorophosphate analogues. The details of the synthesis and
all analytical data can be found in the ESI.†

Kinetic studies

Strained bicyclo[6.1.0]nonyne (BCN) is a well-established
bioorthogonal reagent that can be used as a dienophile in
IEDDA reactions.20 We had chosen BCN in our studies because
the product of the IEDDA reaction with 1,2,4-triazine is an aro-
matic pyridine. The pyridine is part of the conjugated system
of the metal complex and is beneficial for its luminescence
properties. While there are several studies using TCO
derivatives,21–24 to the best of our knowledge, there are only
two reports evaluating the kinetics of the reaction of 1,2,4-triai-
zine with BCN. In 2015, Webb et al. reported a second-order
rate constant of 3.8 × 10−4 M−1 s−1 for the reaction of 3-substi-
tuted-1,2,4-triazine with benzoyl-protected BCN.25 We pre-
viously reported that the coordination of 1,2,4-triazine to Ir(III)
significantly boosts the reaction rates.15 For example, the
second order rate constant of ligand 6 was determined to be
0.059 M−1 s−1, whereas the corresponding iridium complex 2
reacts with BCN two orders of magnitude faster, with a rate
constant of 7.87 M−1 s−1 (Fig. 1).

BCN-C10 was selected as the dienophile for kinetics ana-
lysis. It is a crystalline compound and has a long storage life-
time compared to liquid or amorphous BCN derivatives. The
second order rate constants for ligand 7 and complex 3 in reac-
tions with BCN-C10 were determined to be 0.0025 and 0.0081

Fig. 1 Examples of iridium(III) complexes that demonstrate accelerated kinetics in the IEDDA reaction with BCN derivatives compared to the corres-
ponding uncoordinated ligands. The second order rate constants k2 (in M−1 s−1) are shown in brackets. Reaction conditions: for 1 and 2,
CH3CN : H2O (1 : 1, v/v) at 25 °C and BCN-OH; for 2 and 6, MeOH at 25 °C and BCN-OH; and for 3 and 7, MeOH at 25 °C and BCN-C10. All IEDDA
reactions are strongly luminogenic. Complex 8 was isolated for detailed analysis of the photophysical properties of the IEDDA reaction of complex 4
with BCN.
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M−1 s−1 respectively, demonstrating that coordination to the
Ir(III) metal ion facilitates the IEDDA reaction. However, the
magnitude of the metal coordination effect in the 7/3 pair is
much less profound than in 6/2 analogues (Fig. 1). Complex 4
showed a rate constant k2 = 0.0059 M−1 s−1. The rationale
underpinning these observations is discussed below, with
reference to computational analysis. The relatively low reaction
rate of complexes 3 and 4 limits their bioorthogonal appli-
cations in vivo unless either reagent is present in large excess.
Nevertheless, the reaction is still feasible for in vitro bioortho-
gonal chemistries, showing reaction rates of the same order as
the well-known Staudinger ligation.

Computational analysis

DFT calculations were performed to gain insight into the
underlying causes of the variation in the observed rate con-
stants between complexes 2 and 3 and corresponding ligands
6 and 7. Table 1 lists experimentally derived and calculated
activation energies, ΔGact, and the details of the calculated
transition state geometries are given in the ESI.†
Experimentally, both the directly bound triazine species, 2/6,
and the phenanthroline species, 3/7, show a lowering of the
activation energy on complexation, which is also reflected in
the calculations. Additionally, the experimental trend of the
phenanthroline species having higher activation energies than
the equivalent directly bound triazine species is confirmed by
the calculations, along with a larger drop in activation energy
on complexation for the directly bound triazine than the
phenanthroline.

The distortion–interaction model, which is routinely
implemented to gain insight into the underlying influences on
activation energies, was used for the calculated transition
states of 6, 2, 7 and 3, the results of which are shown in Fig. 2
(with tabulated values provided in the ESI, Table S1†).
Differences in the distortion energies are evident, revealing
that phenanthroline species 7 and 3 have larger distortion
energies than triazines 6 and 2. The distortion energy accounts
for the main difference between the activation energies of
ligands 7 and 6, providing a rationale for the lower observed
rate constant of 7.

The changes in activation energy on complexation are
dominated by the calculated interaction energies, with com-
plexes 2 and 3 exhibiting significantly more negative inter-
action energies than the free ligands, 6 and 7. This decrease is
significantly greater for 2 than for 3, consistent with the experi-
mentally derived activation energies.

Calculations of frontier orbital energies revealed a signifi-
cant reduction of the energy gaps on complexation, providing
further explanation for the faster reaction rates of the com-
plexes (Fig. 3). The greater reduction in the energy gap on com-
plexation for the directly bound triazine species compared to
the phenanthroline provides a rationale for the greater
increase in the experimentally observed reaction rate. The ana-
lysis of frontier orbital overlap integrals showed little differ-
ence between the directly bound triazine and phenanthroline
on complexation, suggesting that the orbital energy differences
have the most profound impact on the reaction rate. The
details of the frontier molecular orbitals (Fig. S11†) and tabu-
lated values (Table S2†) are provided in the ESI.†

Table 1 Experimentally derived and calculated activation energies of
reactions with BCN

ΔGact/kJ mol−1

Compound Experimental Calculated

Complex 2 67.8a 70.0c

Ligand 6 79.9a 99.8c

Complex 3 85.0b 85.2c

Ligand 7 87.9b 103.3c

aDetermined in water/acetonitrile, 1/1. bDetermined in methanol.
c Calculated using a methanol solvent field.

Fig. 2 Results of the distortion–interaction model for the calculated
transition states of the reactions of ligands 6, 7 and their Ir(III) complexes
2 and 3 with BCN.

Fig. 3 Calculated frontier orbital energies and energy gaps between
them for triazines 6, 7, 2, and 3, and BCN, determined from the calcu-
lated transition state geometries.
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Photophysical properties

In bioimaging, luminogenic probes that ‘switch on’ after
binding are of great interest due to the absence of luminescent
background signals from non-conjugated probes, thereby elim-
inating the need for washing steps prior to imaging. While
both complexes 3 and 4 showed strong luminogenic behaviour
upon reaction with BCN, the shorter wavelength spectral
profile of complex 3 rendered it largely unsuitable for bio-
imaging due to overlap with tissue autofluorescence and the
limited availability of excitation sources in this region.
Therefore, as the spectral profile of complex 4 demonstrated
absorption at 488 nm, a commonly utilised wavelength for bio-
imaging, this complex was carried forward for further exper-
imentation. To better understand changes in photophysical
properties before and after the click reaction, complex 8 was
isolated following the IEDDA reaction (Fig. 1) with BCN-C10. It
should be noted that both complex 8 and BCN-C10 derivatives
are chiral and a mixture of stereoisomers is formed during the
reaction. The triazine complex 4 is only very weakly emissive
with a maximum at 593 nm in CH2Cl2, so no emission
quantum yield could be estimated (i.e. Φ < 0.01). In contrast, the
product of the reaction, complex 8, is highly emissive in deaerated
EtOH (Φ = 0.23) and CH2Cl2 (Φ = 0.65) with emission maxima at
563 nm and 559 nm, respectively (ESI†). The lifetimes of emission
are in the µs range and the complex is sensitive to the presence
of oxygen (k[O2] = 0.31–0.61 × 109/L mol−1 s, in EtOH and CH2Cl2,
respectively). The emission is slightly sensitive to the solvent
polarity with a 4 nm (∼194 cm−1) bathochromic shift from
CH2Cl2 to EtOH. Furthermore, at low temperature in a glassy solu-
tion in benzonitrile, complex 8 displays a structured emission
accompanied by a small bathochromic shift (see the ESI†). Thus,
the emission can be attributed to the radiative deactivation of a
mixture of 3IL/3MLCT excited states to the ground state. Such
interplay between excited states is well documented in cyclometal-
lated iridium(III) complexes. The photophysical parameters and
emission profile, i.e. λem and Φ, are highly similar to those
observed for similar complexes with a phenanthroline ancillary
ligand and 2-phenylquinoline as the cyclometallating ligand
(Table 2).26

The ability of complex 8 to sensitize cytotoxic singlet
oxygen was measured by a comparative method using phenale-
none (ϕΔ(CHCl3) = 0.97 ± 0.02) as a reference.27 The quantum
yield of 1O2 generation was found to be 0.68. The 1O2 species
facilitate cell death through oxidation of surrounding bio-
molecules, leading to the production of cytotoxic agents.

Usually, cell death occurs through the initiation of apoptotic
and necrotic pathways, and less frequently through oncosis or
ferroptosis, all of which are mechanisms that underpin PDT
for the treatment of cancer.28,29

The viability of utilising brightly luminescent complex 8 for
bioimaging applications using a 488 nm excitation source was
first assessed through flow cytometry analysis. Initial experi-
ments indicated that the treatment of T lymphocyte Jurkat
cells (ATCC® TIB-152™) with 1 µM solution of complex 8 in
PBS buffer led to uptake of the complex by 97% of the cells
within 30 minutes (ESI†), confirming that complex 8 is
capable of staining live mammalian cells in vitro. Complex 8
was next evaluated for its potential use as a cellular stain using
an immortalised cervical epithelial cell line, HeLa. These cells
were first incubated with complex 8 and subsequently counter-
stained with DAPI, a very commonly used nucleus stain.
Comparison between the luminescence signal from complex 8
and the fluorescent DAPI signal revealed that complex 8
demonstrates intracellular localisation (Fig. S17†). Further
staining of HeLa cells using the membrane potential-depen-
dent mitochondrial stain, MitoSpy Red, following incubation
with complex 8 revealed co-distribution of the two signals,
suggesting that complex 8 may localise to the mitochondria
(Fig. S18†). Superimposition of images collected through both
the channel used for complex 8 (488 nm) and the 561 nm
channel was possible due to the lack of spectral overlap
between the two emissive compounds.

“Chemistry on the complex” to
prepare luminescent antibody
conjugates

Amine-reactive luminescent metal complexes30 can be used to
label a variety of biomolecules, such as antibodies.31 However,
the amine-reactive groups are unstable in solution and have a
tendency to degrade over time. In a ‘chemistry on the complex’
approach, the amine-reactive metal complex was synthesised
through an in situ reaction of the triazine complex with the
amine-reactive BCN derivative, prior to bioconjugation
(Scheme 1). Such an approach is very convenient for testing
libraries of novel Ir(III) complexes in the search for the most
efficient luminescent probes. Triazine complex 3 was added to
the amine-reactive BCN-PNP and incubated overnight at 50 °C
to synthesise amine-reactive complex 9 (Scheme 1). The IEDDA

Table 2 Selected photophysical properties

Complex Solvent λem/nm Φa,b [air] τb/µs [air] kr 10
5/s−1 Σknr 10

5/s−1 k[O2]
c 109/L mol−1 s−1 ΦΔ

d

8 CH2Cl2 559e, 585 0.65 [0.15] 2.50 [0.55] 2.6 1.4 0.61 0.68
8 EtOH 563e, 588 0.23 [0.13] 1.20 [0.71] 1.9 6.42 0.31 —
4 CH2Cl2 562, 593e <0.01 — — — — —

a Ru(bpy)3
2+ in air equilibrated CH3CN was used as a reference. b In deaerated solution, unless otherwise mentioned. cWith [O2] = 2.2 mM in di-

chloromethane. dDetermined in an air equilibrated solution of CHCl3, using perinaphthenone as a standard in CHCl3.
e The most intense band.
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reaction was performed in an NMR tube using DMSO-d6 as
the solvent, facilitating both the monitoring of the reaction
and the preparation of the amine-reactive Ir(III) complex for
subsequent bioconjugation. DMSO is routinely utilised to dis-
solve fluorophores for antibody labelling due to the relatively
high tolerance of DMSO by antibodies, documented to be
approximately 10% v/v. An excess of 3 with respect to BCN-PNP
was used to make sure that only amine-reactive complex 9 con-
jugated to the antibody. 1H NMR confirmed that the reaction
had run to completion (100% conversion with respect to
BCN-PNP) due to the absence of signals of BCN-PNP to give a
mixture of 74% of desired product 9 with the remaining
portion being starting complex 3. However, the presence of the
triazine starting material is not problematic as it is incapable
of reacting with an antibody due to the lack of the amine-reac-
tive handle and is easily removed after the conjugation reac-
tion during protein purification.

Informed by NMR data confirming the successful formation
of complex 9, complex 10 was next synthesised through the
same methods by combining complex 4 with BCN-PNP,
although this reaction was carried out in non-deuterated
DMSO. As the resulting click product is luminogenic, the reac-
tion can be monitored visually through observation of the reac-
tion tube under a UV lamp (λex 365 nm) (Fig. S19†). The solu-
tions containing the in situ generated amine-reactive com-
plexes were then used in this unmodified condition for conju-
gation to the HER2-specific immunoglobulin G (IgG) antibody,
trastuzumab. Luminescent iridium(III) immunoconjugates 11
and 12 were synthesised through stochastic modification of
the endogenous lysine residues in the antibody structure via
amide bond formation at ε-amino positions in a bicarbonate
buffer (Scheme 1). A 30-fold molar excess of amine-reactive
complex 9/10 yielded degrees of labelling (DOLs) of 1.7 ± 0.3

and 2.3 ± 0.8, respectively, which are determined using UV-vis
measurements of the purified conjugates. The long wavelength
absorption and emission characteristics of conjugate 12 are
very similar to those of model compound 8.

Antibody conjugates were analysed by sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE) to quali-
tatively validate bioconjugation products 11 and 12 (Fig. 4).
The colocalisation of the luminescence from the iridium(III)
immunoconjugates (red) with the fluorescence from the
stained antibody at 150 kDa (green) indicates the attachment
of the iridium(III) complex to trastuzumab.

In vitro evaluation of the immunoconjugates on breast
cancer cell lines and the potential application of the conju-
gates for photodynamic therapy will be reported in due course.

Cytotoxicity and bioorthogonal
reactivity of the complexes

Bioorthogonality requires compounds to be stable and non-
toxic at experimentally-relevant concentrations. Testing the
stability of complexes 3 and 4 in PBS at pH 7.4 (the pH of the
cell culture media) and at 37 °C showed no degradation even
after 48 h of incubation (Fig. S21†). The cytotoxicity of iridium
complexes 3 and 4 has been investigated on human melanoma
A-375 cells and non-cancer HFF-1 cells (human foreskin fibro-
blasts) by MTT cell viability assays. The results obtained after
24 h, 48 h and 72 h of incubation are summarized in Table 3.

IC50 values determined for both complexes on A-375 cancer
cells indicated higher toxicity for 4 compared to 3 after 24, 48
and 72 h of incubation. Interestingly, complex 4 demonstrated
significantly lower toxicity on non-cancerous HFF-1 cells com-
pared to the melanoma A-375 cell line (Table 3). However, for

Scheme 1 In situ preparation of amine-reactive iridium(III) complexes 9 and 10 and their conjugation with trastuzumab. Reaction conditions: (i)
DMSO-D6 (for 3) or DMSO (for 4), 50 °C, and 16 hours; (ii) 30 mol equivalents of complex 9 or 10, trastuzumab (1 mol eq.), 0.1 M NaHCO3 (pH =
8.3), 37 °C, and 1 hour; yield of purified conjugate 11 (50%) and 12 (30%); and degree of labelling 11 (1.7) and 12 (2.3).
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complex 3, similar cytotoxic properties were determined on
both cell lines (Table 3). Increased toxicity towards cancer cells
over healthy cells is highly desirable for compounds used for
therapeutic or diagnostic applications.

To demonstrate the bioorthogonal reactivity and lumino-
genic behaviour of complex 4 we employed metabolic labelling
using BCN-modified Ac4ManNBCN.32 This modified monosac-
charide has been reported to be efficiently metabolized via the
sialic acid biosynthesis pathway, thus leading to a high level of

reporter group expression on the surface of cell organelles.33

Once expressed into the cell, the BCN group can then react via
the IEDDA reaction with triazine metal complex 4. This
bioorthogonal ligation will be accompanied by the appearance
of luminescence. Complex 4 was selected for this experiment as
this click product is excitable using a 488 nm laser, due to simi-
larities between its absorption spectrum and that of model com-
pound 8. Therefore, to investigate the luminescence behaviour
of triazine iridium complex 4 following a click reaction, A-375

Fig. 4 SDS-PAGE of iridium complex immunoconjugates. (A) Unmodified trastuzumab (lane 2) and immunoconjugate 11 (lane 3) compared to a
protein ladder. (B) Unmodified trastuzumab (lane 2) and immunoconjugate 12 (lane 3) compared to a protein ladder. The gel was stained with
Coomassie Fluor™ Orange and analysed through fluorescence imaging. The luminescence of the Ir(III) complex was recorded using excitation λex. =
302 nm collecting emission in the range of λem. = 535–645 nm.

Table 3 IC50 values (µM) for complexes 3 and 4. The concentration leading to a 50% decrease in cell viability compared to untreated cells (IC50)
was determined on melanoma A-375 cells and human fibroblasts HFF-1. Triplicate data are shown as mean ± SD of three independent experiments

IC50 (μM)

A-375 HFF-1

Complex 24 h 48 h 72 h 24 h 48 h 72 h

3 23.9 ± 0.1 24.7 ± 0.4 24.9 ± 0.8 24.9 ± 0.7 21.1 ± 0.4 15.4 ± 0.3
4 3.6 ± 0.5 1.9 ± 0.2 1.9 ± 0.3 9.1 ± 0.1 6.4 ± 0.3 5.7 ± 0.8

Fig. 5 Confocal fluorescence microscopy images of A-375 cells after treatment with Ac4ManNBCN and 4. (a) Cells without treatment. (b) Cells
incubated with Ac4ManNBCN (50 μM). (c) Non-BCN-labelled cells treated with 10 μM 4. (d) Cells incubated with Ac4ManNBCN (50 μM) and then
treated with 10 μM 4. Differential Interference Contrast (DIC) is shown in the left column and luminescence is shown on the right for each condition.
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cells were incubated with 50 μM BCN-sugar for 48 h prior to
treatment with 10 μM complex 4 for 30 min at 37 °C, and sub-
sequently imaged by fluorescence confocal microscopy. Cells
without treatment or treated only with Ac4ManNBCN or complex
4 were implemented as negative controls. Strong luminescence
was detected for cells treated successively with Ac4ManNBCN
and 4 (Fig. 5d), while much weaker fluorescence was measured
for cells not pre-incubated with BCN-sugar (Fig. 5c). Analysis by
fluorescence-activated cell sorting (FACS) of cells treated with
increasing concentrations of 4 (0.5 to 50 μM) showed an
increase of luminescence signals for cells pre-labelled with
Ac4ManNBCN (Fig. S20†). The control cells without pre-labelling
with Ac4ManNBCN did not show luminescence. These results
demonstrate successful Ac4ManNBCN glycometabolism by
A-375 cells, as well as a bioorthogonal luminogenic reaction to
visualise metabolically glycosylated cells using complex 4.

Conclusion

Phenanthroline iridium(III) complexes containing an annealed
1,2,4-triazine ring were prepared for the first time. Such
annealing of the click group is unique to 1,2,4-triazines and it
is not possible in 1,2,4,5-tetrazines. The inverse electron
demand Diels–Alder reaction with BCN derivatives was found
to be strongly luminogenic with the increase of quantum yield
from a nearly non-emissive state to 13% in aerated ethanol
solution. As the 1,2,4-triazine ring is not directly coordinated
to the metal centre, the IEDDA reaction is facilitated to a lesser
extent in comparison with directly coordinated 1,2,4-triazines.
The reaction is nevertheless a convenient tool for preparing
luminescent bioconjugates as well as for in vitro bioorthogonal
luminescent cell labelling. Many other phenanthroline metal
complexes containing an annealed 1,2,4-triazine ring can be
envisaged as click reagents in IEDDA reactions offering an
efficient pathway for the functionalisation of biomolecules and
other substrates with metal-based properties.
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