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35 ABSTRACT: A facile efficient synthetic tool, Buchwald-Hartwig cross-coupling reaction, for the functionalization of 1,2,4,5-te-
36 trazines is presented. Important factors affecting the Buchwald-Hartwig cross-coupling reaction have been optimized. Seven new
37 donor-acceptor tetrazine molecules (TA1-TA7) were conveniently prepared in good to high yields (61%-72%). They have been
38 subsequently engaged in inverse Electron Demand Diels-Alder (iIEDDA) reaction with cyclooctyne. The photophysical and electro-
39 chemical properties of the new pyridazines have been studied. Some are fluorescent acting as turn-on probes. More importantly two
40 pyridazines (DA3 and DAG) exhibit room temperature phosphorescence (RTP) properties.
41
42
43 INTRODUCTION phatic nitrile precursors.?® More recently, our group has devel-
44 The synthesis of 1,2,4,5-tetrazine, or s-tetrazine has attracted oped an efflc_lent and metal-freg synthetic approa_ch toﬂprepare
45 a significant interest since the inception of fast bioconjuga- 3-monosubstituted unsymmetrical 1,2,4,5-tetrazines.™ How-
46 tion.>2 Applications spanning biological imaging and detection, ever, these methods are generally limited in the scope of sub-
47 cancer targeting, drug delivery and biomaterials science have strates. The 'harsh conditions are not compatible with S.e"erg’"
48 been recently demonstrated.®** Moreover, for the past several fragile functional groups such as carbonyls and alky! halides.
49 decades electron-deficient 1,2,4,5-tetrazine molecules have Post-modification on simple tetrazine building blocks has
50 been found particularly useful in various fields™ such as organic thus been widely used to prepare tetrazines with reactive or
51 electronics (e.g., OPVs, OFETSs),'5%" energetic materials,81 complex functional groups, including commonly used fluoro-
52 coordination chemistry,”? electrofluorochromism? and total ~ phores for bio-imaging application.*** Nucleophilic aromatic
53 synthesis of natural products.?% substitution (SnAr) on readily avallaple 1,2,4,5-tetrazme pre-
54 The most widely used method for the synthesis of 1,2,4,5- (Z:(L;Ir?f_rsl)s_ugi; gSG-Sd?r;:jelt%hIIC'EL?(-)’-S?t’St-r?zSi%SeIS-ﬁallrsnelghnyl-tgéﬁy:g:
55 tetrazines is a two-step procedure starting from the addition of ardegas one c’)f the mog/t owerful meth’ods o rg are func-
56 hydrazine to nitrile precursors, followed by the oxidation of the ? lized 1.2.4 5-tetrazi pf . i tp P 14 How-
resulting 1,2-dihydrotetrazine.'* In 2012, Devaraj et al. reported lonalized 1,2,4,o-tetrazines for various applications. ow
>7 a metal-catalyzed one-pot procedure to prepare both symmet- ever, to prepare z-conjugated 1,2,4,5-tetrazines, metal-cata-
58 rical and unsymmetrical tetrazines from either aromatic or ali- lyzed cross-coupling reactions on a simple tertrazine precursor
59 are more useful. Although several examples of metal-catalyzed
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cross-coupling reactions have been reported on tetrazine, most
of them still suffer from low yields and limited scope regarding
the tetrazine substrates.®?%%2 This can be explained by the fact
that the nitrogen atoms in the tetrazine ring can act as ligands
for a metal and deactivate their catalytic activity or the tetrazine
core can be reduced by metals followed by the decomposition
of the ring.203®

Herein we studied an important synthetic tool, Buchwald-
Hartwig cross-coupling reaction, for the functionalization of te-
trazine compounds. Buchwald-Hartwig cross-coupling reaction
is of considerable importance in modern synthetic chemistry, as
numerous pharmaceuticals, natural products and novel materi-
als have been synthesized by this methodology.***® However,
there is no detailed study of Buchwald-Hartwig coupling reac-
tion in the tetrazine chemistry to date. The only report describ-
ing Buchwald-Hartwig reaction on tetrazine molecules came
from our group; however, the scope is limited to only two ex-
amples. In addition, the reaction conditions were not optimized
and only moderate yields (40% and 47%) were observed after
prolonged heating (36 hours and 6 days).*® In this report, we
present a systematic study of Buchwald-Hartwig coupling reac-
tion applied to tetrazine molecules, and successfully prepared a
series of novel donor-acceptor 1,2,4,5-tetrazine molecules in
good to high yields (61%-72%). The important factors influenc-
ing the Buchwald-Hartwig cross-coupling reaction for tetrazine
functionalization are discussed. Those conditions could be of
practical importance for researchers performing Buchwald-
Hartwig coupling reaction on other difficult substrates. The
methodology provided here not only offers a facile and efficient
pathway to prepare new donor-acceptor 1,2,4,5-tetrazine mole-
cules, but is also expected to facilitate the future applications of
1,2,4,5-tetrazines as electron-deficient components in organic
electronics and as valuable intermediates for the synthesis of
natural products.

RESULTS AND DISCUSSION

We initially chose 3-(4-bromophenyl)-1,2,4,5-tetrazine 1 as
the tetrazine substrate, because 3-monosubstituted unsymmet-
rical tetrazines are useful for bio-orthogonal click chemistry due
to their fast cycloaddition reaction rate with strained unsatu-
rated cycloalkanes. Tetrazine 1 was prepared by the metal-free
synthetic approach recently developed in our group.?” Mole-
cules with strong electron donating abilities (carbazole, phenox-
azine, phenothiazine and 9,10-dihydro-9,9-dimethylacridine)
have been chosen for this study, because donor-acceptor mole-
cules are of particular interest in organic electronics, due to the
charge transfer (CT) excited states induced by the electron do-
nor-acceptor system.®® The reaction conditions were opti-
mized by using 1 and carbazole as the starting materials (Table
1). Firstly, the choice of base is crucial for the outcome of this
reaction. When strong bases such as '‘BuONa (pKa. = 17) or lith-
ium hexamethyldisilamide (LHMDS, pK, = 26) were used, the
tetrazine precursor 1 quickly degraded resulting in no target
product (entries 1 and 2). However, when the weak base NEt;
(pKa = 11) was chosen, it did not promote the hydrogen bromide
elimination, resulting in no reaction at all (entry 5). Fortunately,
weak inorganic carbonate bases (pKa = 10) which could react
heterogeneously in non-polar solvent were found to promote the
hydrogen bromide elimination successfully (entries 3 and 4),
and cesium carbonate (Cs,CO3) was found to be the most reac-
tive resulting in a high yield of the expected product (72%, entry
3). Secondly, the choice of the catalyst and ligand played an

important role in the reaction yield. We found out that
tris(dibenzylideneacetone)dipalladium(0) (Pd.(dba)s) was the
most effective catalyst tested and 2-dicyclohexylphosphino-
2’4’ 6°-triisopropylbiphenyl (XPhos) gave much better results
than other ligands (P('Bu)s, 1,1'-Bis(diphenylphosphino)ferro-
cene (DPPF), entries 6 and 7).

The optimization of the amount of palladium catalyst and lig-
and loading is summarized in Table S1. It is important to note
that excess amount of XPhos relative to Pdx(dba)s; was neces-
sary to achieve a high yield, and 4 equivalents XPhos to
Pdz(dba); was found to give the best yield. This is probably be-
cause excess amount of ligand is able to sufficiently stabilize
the palladium catalyst and prevents the binding of catalyst to
the nitrogen atoms on tetrazine which potentially deactivates
the palladium catalyst. The amount of Pdz(dba); and XPhos
loading were finally optimized to 3% and 12%, respectively, to
give the best yield (72%). Additionally, the influence of the re-
action temperature and time was also examined. It was found
that both high temperature and a prolonged reaction time are not
preferable for this reaction, therefore heating at 100 °C for 2
hours was found to give the best result (Table S2).

Table 1. Optimization of the reaction conditions®.

Q Pd, Ligand O
N=N Base N=N
(S B+ HN — s { N
N-N Toluene N-N
100°C,2h

1 TA1
Entry Pd, Ligand Base Yield (%)®

1 Pd,(dba)s, Xphos ‘BuONa

2 Pd,(dba)s, Xphos LHMDS

3 Pd,(dba)s, Xphos Cs,COs 72
4 Pd,(dba)s, Xphos K,COs 35
5 Pd,(dba)s, Xphos NEt; 0
6 Pd,(dba)s, P(Bu)s Cs,CO05 15
7 Pd,(dba)s, DPPF Cs,CO05 10
8 Pd(OAc),, Xphos Cs,COs 56

(a) All reactions were carried out on a 0.2 mmol scale in 10 ml of toluene. Pd
= palladium catalyst. (b) Yields (isolated) based on the tetrazine precursor 1.

With these optimized parameters in hand, we intended to ex-
tend the scope of this synthetic strategy with other electron rich
amines. Three new donor-acceptor 3-monosubstituted unsym-
metrical tetrazines TA2-TA4 were successfully prepared in
good to high yields (61%-71%) using phenoxazine, phenothia-
zine or 9,10-dihydro-9,9-dimethylacridine as a donor instead of
carbazole (Scheme 1). Moreover, donor-acceptor 3,6-disubsti-
tuted symmetrical tetrazines TA5-TA7 were also prepared in
good to high yields (61%-69%) by Buchwald-Hartwig coupling
reaction using bifunctional tetrazine precursor 2 (Scheme 2). In
this case, it was initially found that using the above mentioned
optimized conditions only led to a low yield of product (less
than 10%), while a large amount of tetrazine precursor 2 was
recovered. This suggested that the tetrazine precursor 2 is less
reactive than tetrazine 1, therefore the stronger base 'BuONa
was used to increase the product yields. It was found that te-
trazine precursor 2 is more chemically stable to bases compared
to tetrazine 1 (tetrazine 2 only degrades slowly in the presence
of 'BuONa), which is important to obtain a high yield of prod-
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uct. As expected, the yield of the reaction significantly in-
creased (up to 69%) using '‘BuONa as a base, along with 6 hours
of heating time (necessary to consume tetrazine precursor 2).

Scheme 1. Synthesis of 3-monosubstituted unsymmetrical te-
trazines TA2-TA4.

3 mol% Pdy(dba)s
12 mol% XPhos

2 equiv Cs,CO;5 N=N
e SO
Toluene N-N

100 °C,2h

/@Br + HN X

1

z7 =z

TA2: X =0, 71%
TA3: X =S, 64%
TA4: X = C(CHa)p, 61%

(1.2 equiv)

Scheme 2. Synthesis of 3, 6-disubstituted symmetrical te-
trazines TA5-TA7.

6 mol% Pd,(dba)s
24 mol% XPhos N
2.4 equiv ‘BuONa

-

o
D
TA5: X =0, 66%

TAB: X =S, 61%
TAT: X = C(CHg)p, 69%

Toluene
110 °C,6 h

N=N

N/

N-N
2

(2.4 equiv)

The electrochemical properties and photophysical properties
of TAL-TAT7 are depicted in Table S3 and Figure S1 and S3.
Two reversible processes were found for TA2-7 molecules in
cyclic voltammetry, which can be ascribed to the oxidation of
the donor moieties and the reduction of the tetrazine acceptor,
respectively. The oxidation peak of TAL is irreversible because
of the carbazole moiety which is known to be irreversibly oxi-
dized (Figure S3).3%4° The influence of the donor group on the
redox potential of the tetrazine is quite insignificant, this being
indicative of a weak conjugation in the ground state between
these two moieties.

All the TA molecules show an absorption band in the visible
region with a maximum located near 550 nm and a rather small
extinction coefficient (540-700 dm®-mol2-cm), which is typi-
cal of the n-n* transition common to all tetrazine derivatives.**
The second band located around 400 nm is probably the charge
transfer one as it has been shown with similar derivatives.%4
In addition, all the TA molecules are non-emissive because all
the S; nn* molecules transit into the CT triplet state by inter-
system crossing according to the EI-Sayed's rule, and finally re-
lax non-radiatively to the ground state.*>%®

Furthermore, we were interested in applying the inverse Elec-
tron Demand Diels-Alder (iIEDDA) reaction to the obtained do-
nor-acceptor tetrazine molecules. The Diels-Alder cycloaddi-
tion of tetrazines with electron rich dienophiles was first re-
ported in 1959.4 Since then, this chemistry has been utilized in
a number of studies for preparing biologically active molecules,
including a number of studies in total synthesis of natural prod-
ucts, 24254546 a5 well as the recently developed fast bio-conjuga-
tion 3413

Cyclooctyne was chosen as the dienophile to react with te-
trazine compounds TA1-TA7, because the triple bond in cy-
clooctyne allowed us to obtain the pyridazine products directly
in one step without the need for further oxidation and tedious
purification steps. In addition, the very fast cycloaddition reac-
tion rate of cyclooctyne with tetrazines*” gave molecules DA1-
DAY in almost quantitative yields (Scheme 3, 4). Compounds
TAL-TA4 react with cyclooctyne in dichloromethane (DCM) at

room temperature within minutes to give DA1-DA4, while the
reactions of TA5-TA7 with cyclooctyne were performed at 50
°C for 1 hour to give DA5-DA7. This is in accordance with the
reported superior cycloaddition reaction rate of 3-monosubsti-
tuted unsymmetrical tetrazines compared to those of 3, 6-disub-
stituted symmetrical ones.®*

Scheme 3. Synthesis of pyridazines DA1-DA4.

| — ;\ />j—< R
O DCM, rt N-N

92 9 O

R= —N —N s —N

<l e Sl Ty

DA1, 98% DA4, 99%

Scheme 4. Synthesis of pyridazines DA5-DA7.

()
DCM, 50 °C

Q

R= —N O — S N
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DAS, 98% DA7, 99%

o~

N=N
O
N-N

DA2, 99% DA3, 98%

DAS5, 97%

As mentioned above, all the TA molecules are non-emissive;
however, photoluminescence appears upon reaction with cy-
clooctyne in all cases. The reaction of TA2 with cyclooctyne is
exemplified here to show the fluorescence turn-on performance
of our donor-acceptor tetrazines (Figure 1). After the addition
of cyclooctyne, the red color of tetrazine solution quickly dis-
appeared and nitrogen gas evolved, resulting in a colorless and
highly cyan emissive solution (Figure 1c). The X-ray single
crystal structures of both TA2 and DA2 are shown in Figure
1b. The fluorescence turn-on property was studied by recording
fluorescence spectra during the course of the reaction. The grad-
ual increase in emission intensity indicates the formation of the
pyridazine moiety (Figure 2a). The reaction initially proceeded
rapidly (90% conversion of TA2 to DA2 in 10 minutes), and
completed when it reached a plateau approximately 18 minutes
after the addition of cyclooctyne (Figure 2b).

7/
n O O O
N= N> —_ = = > ( ;> N;ﬁo
N © — - & 2> )
L F T S Wan Wa Nl
W N, \ 7/
TA2, Fluoroscence off DA2, Fluoroscence on

&

c)

7

Figure 1. a) iEDDA reaction of TA2 with cyclooctyne. b) X-ray crystal-
lographic structure of the initial tetrazine (left) and the product (right). c)
Photos of the initial compound (left) and the adduct product under 365 nm
UV-irradiation (right).
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Table 2. Photophysical and electrochemical properties of DA1-DA7.

Apps (NM)@ e (NM)® | Appos (NM)© Dp @ Eox Vs Fc/Fc* (V)® | Eq (V)P | HOMO (eV)@ | LUMO (eV)®
DAl 238, 292, 326, 340 346, 362 485 <0.01 0.73 3.52 -5.83 -2.31
DA2 240, 324 536 455, 481 0.15 0.21 3.46 -5.31 -1.85
DA3 258, 314 558 500, 526 0.04 0.21 3.38 -5.31 -1.93
DA4 288 487 488 0.04 0.38 3.32 -5.48 -2.16
DAS5 240, 323 577 482 0.02 0.25 3.31 -5.35 -2.04
DA6 258, 317 602 505, 532 0.01 0.29 3.30 -5.39 -2.09
DA7 286 522 478 <0.01 0.43 3.34 -5.53 -2.19

(a) Absorption maxima recorded in DCM (1x10°> M) at room temperature. (b) Emission maxima recorded in DCM (1x10-°> M) at room temperature. (c) Phospho-
rescence maxima recorded in Zeonex 1% (w/w) at 80 K with a delay of 10 ms after excitation pulse. (d) Photoluminescence quantum yield recorded in DCM at room
temperature. (Standard: 9,10-diphenylanthracene in cyclohexane, ®p_ = 0.68) (€) Onset of the oxidation peak recorded in DCM /0.1 M BusNPFg supporting electrolyte
at room temperature by cyclic voltammetry. (f) Optical energy gap in DCM calculated form the onset of the absorption spectra. (g) Highest occupied molecular orbital
energy estimated from the onset of the oxidation peak, Enomo ev = -(Eox v + 5.1). (h) Lowest unoccupied molecular orbital energy estimated using optical band gap

ELumo = Enomo + Eg.

PL Intensity (@.u.)

0 200 400 600 800 1000 1200
Wavelangth (nm) Time (s)

Figure 2. a) Fluorescence spectra recorded during the course of the
iEDDA reaction of TA2 with cyclooctyne in DCM at room temperature. b)
Plot of fluorescence intensity (integration of the area of each spectrum) as
a function of time.

The electrochemical and photophysical properties of DAL-
DAY are depicted in Table 2 and Figure S2, S4-S11. Only one
redox signal can be found in all DA molecules in cyclic voltam-
metry, corresponding to the oxidation of the donor moiety (Fig-
ure S2) while the parent TA compounds also display the reduc-
tion signal of the tetrazine moiety (Figure S1). For all DA mol-
ecules, the reduction signal of the acceptor unit was not ob-
served and it is presumed to lie outside the electrochemical win-
dow. The electrochemical behavior of DA molecules is very
different when comparing the phenoxazine DA2, DA5 and phe-
nothiazine DA3, DAG derivatives on one hand with the carba-
zole DA and acridine DA4, DAT derivatives. The first series
show a reversible pure electron transfer with a very slight an-
odic shift of the oxidation potential for the disubstituted com-
pounds vs. the monosubstituted. Conversely, DA1, DA4 and
DAY all display a more complicated response with two succes-
sive peaks in forward oxidation and backward reduction. This
strongly suggests a radial coupling following the first electron
transfer and leading to a dimer or oligomers that precipitate on
the electrode surface. Indeed, in absence of heteroatom on the
intermediate cycle, the spin density can be delocalized on the
terminal positions of the phenyl rings thus favouring the radical
coupling. This behavior can also be observed on the parent com-
pounds TA1, TA4 and TA7 (see Figure S1), the oxidation of
TAL being even fully irreversible. The disubstituted compound
DAY behaves similarly to the monosubstituted DA4 with a very
slight anodic shift of its oxidation potential as for the first series.
Phenoxazine and phenothiazine substituted DA2, DA3, DA5
and DAG6 have a lower oxidation potential than the carbazole
substituted DAL and acridine substituted DA4 and DAY in
agreement with the stabilization of the cation radical by the do-
nor effect of the heteroatom.

A clear positive solvatochromic effect was found in fluores-
cence for DA2, DA3, DA5 and DAG indicating that the emis-
sion originates from a charge transfer (CT) excited state (Fig-
ure S6, S7, S9, S10). However, no such effect could be ob-
served for DAL, DA4 and DAY because these compounds are
emissive in DCM but very weakly or not-emissive in other sol-
vents (Figure S5, S8, S11). In addition, the phosphorescence
spectra of all the DA compounds were recorded in Zeonex 1%
(w/w) at 80 K at a delay of 10 ms after excitation pulse (Figure
S5-S11) and data are summarized in Table 2.

All the molecules are luminescent to some extent, but most
of them remain purely fluorescent. Interestingly, DA3 and DA6
exhibit clear room temperature phosphorescence (RTP) proper-
ties (Figure 3 and Figure S12) due to an efficient intersystem
crossing to a long-lived triplet excited state that is promoted by
the phenothiazine donor attached to the pyridazine acceptor
core.”®%® Phenothiazine (due to the involvement of sulfur’s
atomic orbitals) not only induces higher triplet formation yield,
but also increases radiative decay rate of the triplet state. RTP
materials have attracted intensive interests because of their rel-
atively long decay lifetimes and large Stoke shifts, which have
already been reported to be useful in many fields such as or-
ganic light-emitting diodes (OLEDs),**%! bioimaging and sens-
ing® or organic photovoltaics (OPV).5

The photoluminescence spectrum of DA3 in Zeonex 1%
(w/w) in vacuum shows an additional signal (A = 500-550 nm)
compared to the spectrum in air-equilibrated condition, which
can be attributed to the room temperature phosphorescence
(Figure 3b). The time-resolved spectra and photoluminescence
decay of DA3 indicate that this additional signal has a long ra-
diative decay lifetime which corresponds to the phosphores-
cence of the molecule (Figure 3c, 3d). The ratio of the room
temperature phosphorescence component to the fluorescence
one was determined to be 0.68. In addition, the singlet and tri-
plet energy levels were estimated to be 3.16 eV and 2.63 eV
respectively (Figure 3c).
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Figure 3. a) Chemical and crystal structure of DA3. b) Photolumines-
cence spectra of DA3 in Zeonex 1% (w/w) in vacuum (red) and air-equili-
brated (blue) conditions at room temperature. c) Time-resolved spectra of
DA3 in Zeonex 1% (w/w) at room temperature in vacuum. The blue spec-
trum corresponds to the fluorescence and the red one to the phosphores-
cence. d) PL decays of DA3 in Zeonex 1% (w/w) at room temperature in
vacuum.

In conclusion, we have extended the scope of the Buchwald-
Hartwig cross-coupling reaction to the functionalization of
1,2,4,5-tetrazine derivatives. We have shown that this reaction
can be used for the preparation of symmetrical and more im-
portantly rather fragile unsymmetrical 3-monosubstituted te-
trazines with various electron-rich aromatic secondary amines.
This synthetic methodology should largely improve the access
to various functionalized 1,2,4,5-tetrazines. Donor-acceptor te-
trazine molecules (TAL1-TA7Y) were thus conveniently prepared
in good to high yields (61%-72%) which were shown to act as
new tetrazine turn-on luminescent probes by iEDDA reaction
with cyclooctyne. Moreover, the cycloaddition products pyri-
dazines DA3 and DAG6 have been found to exhibit promising
RTP properties.

EXPERIMENTAL SECTION

General Methods. All chemicals were received from com-
mercial sources and used without further purification. Thin
layer chromatography (TLC) was performed on silica gel. Flash
column chromatography purification was performed on a Com-
biFlash-Rf system with a variable wavelength UV detector. All
mixtures of solvents are given in v/v ratio. NMR spectra were
recorded on a JEOL ECS (400 MHz) spectrometer. *C NMR
spectra were proton decoupled. HRMS spectra were measured
either on an UPLC/ESI-HRMS device (an Acquity Waters
UPLC system coupled to a Waters LCT Premier XE mass spec-
trometer equipped with an electrospray ion source), or a Q-TOF
mass spectrometer (Q-TOF 6540, Agilent) equipped with an
APPI ion source. Melting points (m.p.) were determined on a
Reichert Kofler Heizbank melting point apparatus and a
KRUSS melting point meter M5000.

Tetrazine 1,%” 2** and cyclooctyne were prepared according
to published procedures.

X-ray diffraction data for compounds TA2, TA3, DA2 and
DA3 were collected by using a VENTURE PHOTON100
CMOS Bruker diffractometer with Micro-focus luS source Mo
Ka radiation. Crystal was mounted on a CryoLoop (Hampton

Research) with Paratone-N (Hampton Research) as cryoprotect-
ant and then flashfrozen in a nitrogen-gas stream at 100 or 250
K. The temperature of the crystal was maintained at the se-
lected value by means of an N-Helix to within an accuracy of
+1K. The data were corrected for Lorentz polarization, and ab-
sorption effects. The structures were solved by direct methods
using SHELXS-97% and refined against F2 by full-matrix least-
squares techniques using SHELXL-2018% with anisotropic dis-
placement parameters for all non-hydrogen atoms. All calcula-
tions were performed by using the Crystal Structure crystallo-
graphic software package WINGX.%

The crystal data collection and refinement parameters are
given in Table S4. ORTEP drawing of the compounds are
shown in Figure S13-S16.

CCDC 1937098-1937101 contains the supplementary crys-
tallographic data for this paper. These data can be obtained free
of charge from the Cambridge Crystallographic Data Centre via
http://www.ccdc.cam.ac.uk/Community/Requestastructure.

Photophysics. Zeonex ® 480 blends were prepared from tol-
uene solutions by the drop-cast method and dried in a vacuum
(Zeonex ® 480 is a type of Cyclo Olefin Polymer (COP) devel-
oped by ZEON CORPORATION). All solutions were investi-
gated at 10° mol dm concentration and were degassed using
five freeze/pump cycles. Absorption and emission spectra were
collected using a UV-3600 double beam spectrophotometer
(Shimadzu), and a Fluoromax fluorescence spectrometer (Jobin
Yvon) or QePro fluorescence spectrometer (Ocean Optics).
Photoluminescence quantum yields in DCM solution were
measured using 9,10-diphenylanthracene in cyclohexane (@p.
= 0.68) as the standard.

Phosphorescence and prompt fluorescence (PF) spectra and
decays were recorded using nanosecond gated luminescence
and lifetime measurements (from 400 ps to 1 s) using either
third harmonics of a high-energy, pulsed Nd:YAG laser emit-
ting at 355 nm (EKSPLA) or a N2 laser emitting at 337 nm.
Emission was focused onto a spectrograph and detected on a
sensitive gated iCCD camera (Stanford Computer Optics) of
sub-nanosecond resolution. PF/DF time-resolved measure-
ments were performed by exponentially increasing gate and de-
lay times.

Electrochemistry. The electrochemical cell comprised of
platinum electrode with a 1 mm diameter of working area as a
working electrode, an Ag electrode as a reference electrode and
a platinum coil as an auxiliary electrode. Cyclic voltammetry
measurements were conducted at room temperature at a poten-
tial rate of 50 mV/s and were calibrated against ferrocene/fer-
rocenium redox couple. All voltammograms were recorded on
a CHinstruments Electrochemical Analyzer model 660 potenti-
ostat. Electrochemical measurements were conducted in 1.0
mM concentrations for all cyclic voltammetry measurements.
Electrochemical studies were undertaken in 0.1 M solutions of
BusNPFs, 99% in dichloromethane (DCM) at room tempera-
ture.

Synthesis.

9-(4-(1,2,4,5-tetrazin-3-yl)phenyl)-9H-carbazole (TA1)

Procedure A: To a 100 ml two-neck round bottom flask
equipped with a stir bar, tetrazine 1 (0.2 mmol, 47.6 mg), car-
bazole donor (0.24 mmol, 40.1 mg), cesium carbonate (0.4
mmol, 130 mg) and 10 ml of anhydrous toluene were added.
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The reaction mixture was degassed by bubbling through nitro-
gen for 15 min under vigorous stirring. Then Pdx(dba)s; (0.006
mmol, 5.5 mg) and XPhos (0.024 mmol, 11.5 mg) were added
and degassed for another 15 min. The reaction mixture was
heated to 100 °C on a heat-on reaction block under a nitrogen
atmosphere and stirred for 2 h. The reaction mixture was then
cooled down to room temperature, extracted with dichloro-
methane. The organic phase was dried over anhydrous magne-
sium sulfate (MgSQ.), filtered and concentrated under reduced
pressure. The product was purified using flash column chroma-
tography (Petroleum ether:CH,Cl,= 3:1) to give 46.5 mg of
TAL1 as a red solid (yield: 72%). *H NMR (400 MHz, CDCl;,
8): 10.27 (s, 1H), 8.89 (d, J = 8.24 Hz, 2H), 8.17 (d, J = 7.80
Hz, 2H), 7.88 (d, J = 8.24 Hz, 2H), 7.56 (d, J = 7.80 Hz, 2H),
7.46 (t,J=7.80 Hz, 2H), 7.34 (t, J = 7.80 Hz, 2H) ppm; BC{*H}
NMR (100 MHz, CDCls, 8): 166.1, 158.0, 142.6, 140.3, 130.10,
130.06, 127.4, 126.4, 124.1, 120.8, 120.7, 110.0 ppm; HRMS
[M+H]* m/z calcd. for [CxH14Ns]* 324.1249, found 324.1253;
m.p. 180 °C.

10-(4-(1,2,4,5-tetrazin-3-yl)phenyl)-10H-phenoxazine
(TA2)

TA2 was prepared following Procedure A using phenoxa-
zine as a donor. A deep red solid was obtained after flash col-
umn chromatography (Petroleum ether:CH,Cl, = 3:1) (48.1 mg,
yield: 71%). Single crystal of TA2 was grown from slow evap-
oration of petroleum ether/CH.Cl, (3:1) mixture. *H NMR (400
MHz, CDCls, 3): 10.28 (s, 1H), 8.87 (d, J = 8.24 Hz, 2H), 7.63
(d, J = 8.24 Hz, 2H), 6.79-6.59 (m, 6H), 6.05 (dd, J = 7.80 Hz,
J = 1.50 Hz, 2H) ppm; BC{*H} NMR (100 MHz, CDCls, §):
166.1, 158.0, 144.2, 144.1, 133.8, 132.0, 131.6, 131.2, 123.5,
122.1, 1159, 1135 ppm; HRMS [M+H]" m/z calcd. for
[C20H14N50]* 340.1198, found 340.1192; m.p. 243 °C.

10-(4-(1,2,4,5-tetrazin-3-yl)phenyl)-10H-phenothiazine
(TA3)

TAS3 was prepared following Procedure A using phenothia-
zine as a donor. A deep red solid was obtained after flash col-
umn chromatography (Petroleum ether:CH.Cl, = 3:1) (45.4 mg,
yield: 64%). Single crystal of TA3 was grown from slow evap-
oration of petroleum ether/CH,Cl, (3:1) mixture. *H NMR (400
MHz, CDCls, 8): 10.13 (s, 1H), 8.56 (d, J = 8.24 Hz, 2H), 7.37
(d, J=7.80 Hz, 2H), 7.32 (d, J =8.24 Hz, 2H), 7.24 (d, J = 7.80
Hz, 2H), 7.17-7.10 (m, 4H) ppm; BC{*H} NMR (100 MHz,
CDCls, 8): 166.2, 157.5, 148.9, 141.9, 130.7, 130.2, 128.6,
127.4, 125.8, 125.6, 124.1, 120.1 ppm; HRMS [M+H]* m/z
calcd. for [CxH14NsS]* 356.0970, found 356.0977.

10-(4-(1,2,4,5-tetrazin-3-yl)phenyl)-9,9-dimethyl-9,10-dihy-
droacridine (TA4)

TAA4 was prepared following Procedure A using 9,10-dihy-
dro-9,9-dimethylacridine as a donor. A red solid was obtained
after flash column chromatography (Petroleum ether:CH,Cl, =
3:1) (44.4 mg, yield: 61%). *H NMR (400 MHz, CDCls, 3):
10.28 (s, 1H), 8.89 (d, J = 8.24 Hz, 2H), 7.62 (d, J = 8.24 Hz,
2H), 7.49 (dd, J = 7.80 Hz, J = 1.80 Hz, 2H), 7.05-6.95 (m,
4H), 6.40 (dd, J = 7.80 Hz, J = 1.80 Hz, 2H) ppm; BC{*H}
NMR (100 MHz, CDCls, 8): 166.2, 158.0, 146.4, 140.6, 131.9,
131.1, 131.0, 126.6, 125.5, 121.4, 114.6, 36.3, 31.2 ppm;
HRMS [M+H]* m/z calcd. for [CsHzoNs]* 366.1719, found
366.1725.

3,6-bis(3-(10H-phenoxazin-10-yl)phenyl)-1,2,4,5-tetrazine
(TA5)

Procedure B: To a 100 ml two-neck round bottom flask
equipped with a stir bar, tetrazine 2 (0.2 mmol, 78.4 mg), phe-
noxazine donor (0.48 mmol, 87.9 mg), sodium tert-butoxide
(0.48 mmol, 46.1 mg) and 15 ml of anhydrous toluene were
added. The reaction mixture was degassed by bubbling through
nitrogen for 15 min under vigorous stirring. Then Pdy(dba)s
(0.012 mmol, 11 mg) and XPhos (0.048 mmol, 23 mg) were
added and degassed for another 15 min. The reaction mixture
was heated to 110 °C on a heat-on reaction block under a nitro-
gen atmosphere and stirred for 6 h. The reaction mixture was
then cooled down to room temperature, extracted with dichloro-
methane. The organic phase was dried over anhydrous magne-
sium sulfate (MgSQ.), filtered and concentrated under reduced
pressure. The product was purified using flash column chroma-
tography (Petroleum ether:CH,Cl.= 4:1) to give 78.3 mg of
TAS5 as a purple solid (yield: 66%). *H NMR (400 MHz, CDCls,
d): 8.77 (d, J = 8.24 Hz, 2H), 8.69 (t, J = 1.80 Hz, 2H), 7.87 (t,
J=8.24 Hz, 2H), 7.67 (d, J = 8.24 Hz, 2H), 6.77-6.56 (m, 12H),
6.00 (dd, J = 7.80 Hz, J = 1.80 Hz, 4H) ppm; BC{*H} NMR
(100 MHz, CDCls, 8): 163.6, 144.1, 140.6, 135.8, 135.0, 134.1,
1324, 131.1, 128.2, 123.5, 121.9, 115.8, 113.4 ppm; HRMS
[M]* m/z calcd. for [CssH24N6O,]* 596.1961, found 596.1947;
m.p. >260 °C.

3,6-bis(3-(10H-phenothiazin-10-yl)phenyl)-1,2,4,5-tetrazine
(TAB)

TAG6 was prepared following Procedure B using phenothia-
zine as a donor. A red solid was obtained after flash column
chromatography (Petroleum ether:CH.Cl, = 4:1) (76.3 mg,
yield: 61%). *H NMR (400 MHz, CDCls, §): 8.74-8.67 (m, 4H),
7.81 (t, J=8.24 Hz, 2H), 7.66 (d, J = 8.24 Hz, 2H), 7.11 (dd, J
=7.80 Hz, J = 1.80 Hz, 4H), 6.97-6.85 (m, 8H), 6.44 (dd, J =
7.80 Hz, J = 1.80 Hz, 4H) ppm; BC{*H} NMR (100 MHz,
CDCls, 8): 163.7, 143.8, 143.0, 134.5, 134.0, 131.8, 129.1,
127.3,127.2,127.1, 123.4, 122.4, 117.6 ppm; HRMS [M]* m/z
calcd. for [CssH24NeS2]* 628.1504, found 628.1500; m.p. >260
°C.

3,6-bis(3-(9,9-dimethylacridin-10(9H)-yl)phenyl)-1,2,4,5-te-
trazine (TA7)

TAY7 was prepared following Procedure B using 9,10-dihy-
dro-9,9-dimethylacridine as a donor. A red solid was obtained
after flash column chromatography (Petroleum ether:CH.Cl, =
4:1) (89.9 mg, yield: 69%). *H NMR (400 MHz, CDCls, §): 8.81
(d, J=8.24 Hz, 2H), 8.67 (t, J = 1.80 Hz, 2H), 7.90 (t, J = 8.24
Hz, 2H), 7.66 (d, J = 8.24 Hz, 2H), 7.49 (dd, J =7.80 Hz, J =
1.80 Hz, 4H), 7.03-6.91 (m, 8H), 6.34 (dd, J =7.80 Hz, J = 1.80
Hz, 4H), 1.72 (s, 12H) ppm; *C{*H} NMR (100 MHz, CDCls,
d): 163.7, 142.6, 140.8, 136.4, 134.9, 132.1, 131.4, 130.4,
127.9, 126.6, 125.5, 121.0, 114.1, 36.2, 31.3 ppm; HRMS
[M+H]* m/z calcd. for [CH37Ng]* 649.3080, found 649.3093;
m.p. >260 °C.

Procedure for synthesis of DA1-DA4

To a 50 mL round bottom flask equipped with a stir bar, 0.1
mmol of TA1-TA4, and 10 mL of DCM were added. Then 4
equivalents of cyclooctyne (50 pL) was added with stirring at
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room temperature. The color of the solution turned from red to
colorless after several minutes and N gas evolved. The reaction
mixture was allowed to stir for another 20 min. All the volatiles
were evaporated under vacuum and the residue was purified us-
ing flash column chromatography.

9-(4-(5,6,7,8,9,10-hexahydrocycloocta[d] pyridazin-1-
yl)phenyl)-9H-carbazole (DA1)

A white solid was obtained after flash column chromatog-
raphy (Petroleum ether:EtOAc = 2:3) (39.6 mg, yield: 98%). *H
NMR (400 MHz, CDCls, 6): 8.96 (s, 1H), 8.17 (d, J = 8.24 Hz,
2H), 7.78-7.68 (m, 4H), 7.51 (d, J =7.80 Hz, 2H), 7.44 (t, J =
7.80 Hz, 2H), 7.32 (t, J = 7.80 Hz, 2H), 2.94-2.85 (m, 4H),
1.90-1.80 (m, 2H), 1.76-1.66 (m, 2H), 1.54-1.40 (m, 4H) ppm;
BC{*H} NMR (100 MHz, CDCls, §): 161.3, 151.8, 141.6,
140.8, 138.9, 138.3, 137.0, 130.8, 126.9, 126.2, 123.7, 120.5,
120.3, 109.9, 31.3, 30.6, 29.7, 26.8, 26.1, 25.6 ppm; HRMS
[M+H]* m/z calcd. for [CasH26N3s]™ 404.2127, found 404.2127,;
m.p. 251 °C (dec.).

10-(4-(5,6,7,8,9,10-hexahydrocycloocta[d] pyridazin-1-
yl)phenyl)-10H-phenoxazine (DA2)

A white solid was obtained after flash column chromatog-
raphy (Petroleum ether:EtOAc = 2:3) (41.5 mg, yield: 99%).
Single crystal of DA2 was grown from slow evaporation of pe-
troleum ether/EtOAc (2:3) mixture. *H NMR (400 MHz,
CDCls, 3): 8.97 (s, 1H), 7.73 (d, J = 8.24 Hz, 2H), 7.48 (d, J =
8.24 Hz, 2H), 6.76-6.57 (m, 6H), 6.01 (d, J = 7.80 Hz, 2H),
2.95-2.81 (m, 4H), 1.89-1.79 (m, 2H), 1.71-1.61 (m, 2H),
1.55-1.38 (m, 4H) ppm; *C{*H} NMR (100 MHz, CDCls, §):
161.3, 151.3, 144.1, 142.2, 139.7, 139.6, 137.8, 134.3, 132.0,
131.0, 1234, 121.7, 115.7, 113.5, 31.3, 30.5, 29.8, 26.9, 26.1,
25,5 ppm; HRMS [M+H]* m/z calcd. for [CasH26N30]*
420.2076, found 420.2090; m.p. 182 °C.

10-(4-(5,6,7,8,9,10-hexahydrocycloocta[d] pyridazin-1-
yl)phenyl)-10H-phenothiazine (DA3)

A light yellow solid was obtained after flash column chroma-
tography (Petroleum ether:EtOAc = 2:3) (42.6 mg, yield: 98%).
Single crystal of DA3 was grown from slow evaporation of pe-
troleum ether/EtOAc (2:3) mixture. *H NMR (400 MHz,
CDCls, 3): 8.94 (s, 1H), 7.71 (d, J =8.24 Hz, 2H), 7.49 (d, J =
8.24 Hz, 2H), 7.07 (d, J = 7.80 Hz, 2H), 6.96-6.82 (m, 4H),
6.38 (d, J = 7.80 Hz, 2H), 2.93-2.81 (m, 4H), 1.89-1.78 (m,
2H), 1.71-1.61 (m, 2H), 1.54-1.38 (m, 4H) ppm; BC{*H} NMR
(100 MHz, CDCls, 8): 161.3, 151.7, 144.1, 141.9, 141.5, 138.8,
137.4, 131.6, 129.9, 127.08, 127.05, 123.0, 121.5, 117.1, 31.3,
30.5,29.7, 26.8, 26.1, 25.6 ppm; HRMS [M+H]* m/z calcd. for
[C23H26N3S]+ 436.1847, found 436.1855; m.p. 204 °C.

10-(4-(5,6,7,8,9,10-hexahydrocycloocta[d] pyridazin-1-
yl)phenyl)-9,9-dimethyl-9,10-dihydroacridine (DA4)

A white solid was obtained after flash column chromatog-
raphy (Petroleum ether:EtOAc = 2:3) (44.1 mg, yield: 99%). H
NMR (400 MHz, CDCls, 8): 8.97 (s, 1H), 7.77 (d, J = 8.24 Hz,
2H), 7.54-7.44 (m, 4H), 7.05-6.91 (m, 4H), 6.37 (d, J = 7.80
Hz, 2H), 2.94-2.84 (m, 4H), 1.89-1.80 (m, 2H), 1.71 (s, 6H),
1.71-1.65 (m, 2H), 1.55-1.40 (m, 4H) ppm; *C{*H} NMR (100
MHz, CDCls, 8): 161.3, 151.8, 141.7, 141.5, 140.9, 138.8,
137.9, 131.8, 131.4, 130.2, 126.5, 125.4, 120.8, 114.2, 36.1,

31.3,31.2,30.4,29.7,26.8, 26.1, 25.5 ppm; HRMS [M+H]* m/z
calcd. for [Ca1H32N3]* 446.2596, found 446.2606; m.p. 194 °C.

Procedure for synthesis of DA5-DA7

To a 50 mL round bottom flask equipped with a stir bar, 0.1
mmol of TA5-TA7, and 15 mL of DCM were added. Then 4
equivalents of cyclooctyne (50 pL) was added with stirring at
room temperature. The reaction mixture was heated to 50 °C on
a heat-on reaction block and allowed to stir for 1 hour. The color
of the solution turned from red to colorless indicating the com-
pletion of the reaction. The reaction mixture was then cooled
down to room temperature. All the volatiles were evaporated
under vacuum and the residue was purified using flash column
chromatography.

1,4-bis(3-(10H-phenoxazin-10-yl)phenyl)-5,6,7,8,9,10-hexa-
hydrocycloocta[d]pyridazine (DA5)

A light yellow solid was obtained after flash column chroma-
tography (Petroleum ether:EtOAc = 2:1) (65.8 mg, yield: 97%).
'H NMR (400 MHz, CDCls, §): 7.75 (t, J = 8.24 Hz, 2H), 7.66
(d, J = 8.24 Hz, 2H), 7.52 (s, 2H), 7.48 (d, J = 8.24 Hz, 2H),
6.74-6.56 (m, 12H), 6.03 (d, J = 7.80 Hz, 4H), 2.84 (s, br, 4H),
1.60 (s, br, 4H), 1.41 (s, br, 4H) ppm; 2C{*H} NMR (100 MHz,
CDCls, 8): 160.4, 144.0, 141.0, 139.7, 139.0, 134.3, 131.7,
1315,131.2,129.6,123.4, 121.6, 115.6, 113.4, 30.4, 27.5, 25.9
ppm; HRMS [M+H]* m/z calcd. for [CasH37N4O,]* 677.2917,
found 677.2923; m.p. >260 °C.

1,4-bis(3-(10H-phenothiazin-10-yl)phenyl)-5,6,7,8,9,10-
hexahydrocycloocta[d]pyridazine (DA6)

A light yellow solid was obtained after flash column chroma-
tography (Petroleum ether:EtOAc = 2:1) (69.3 mg, yield: 98%).
'H NMR (400 MHz, CDCls, §): 7.73 (t, J = 8.24 Hz, 2H), 7.63
(d, J = 8.24 Hz, 2H), 7.54 (s, 2H), 7.51 (d, J = 8.24 Hz, 2H),
7.04 (dd, J=7.80 Hz, J = 1.80 Hz, 4H), 6.93-6.79 (m, 8H), 6.36
(d, J =7.80 Hz, 4H), 2.85 (s, br, 4H), 1.60 (s, br, 4H), 1.40 (s,
br, 4H) ppm; ®C{*H} NMR (100 MHz, CDCls, 3§): 160.5,
144.1, 141.3, 140.6, 139.7, 131.2, 131.0, 130.4, 128.9, 127.1,
127.0, 122.9, 121.0, 116.8, 30.4, 27.5, 25.9 ppm; HRMS
[M+H]* m/z calcd. for [CasH37NaS2]® 709.2460, found
709.2485; m.p. 250 °C.

1,4-bis(3-(9,9-dimethylacridin-10(9H)-yl)phenyl)-
5,6,7,8,9,10-hexahydrocycloocta[d]pyridazine (DA7)

A white solid was obtained after flash column chromatog-
raphy (Petroleum ether:EtOAc = 2:1) (72.1 mg, yield: 99%). H
NMR (400 MHz, CDCls, 8): 7.78 (t, J = 8.24 Hz, 2H), 7.70 (d,
J =8.24 Hz, 2H), 7.52 (t, J = 1.80 Hz, 2H), 7.50-7.43 (m, 6H),
7.03-6.90 (m, 8H), 6.39 (d, J=7.80 Hz, J =1.80 Hz, 4H), 2.94—
2.82 (m, 4H), 1.70 (s, 12H), 1.60 (s, br, 4H), 1.38 (s, br, 4H)
ppm; BC{*H} NMR (100 MHz, CDCls, §): 160.5, 141.2,
141.02, 140.99, 139.4, 132.2, 131.6, 131.3, 130.2, 129.3, 126.6,
125.3, 120.8, 114.2, 36.1, 31.3, 30.3, 27.5, 25.9 ppm; HRMS
[M+H]* m/z calcd. for [CsaHa9N4]* 729.3957, found 729.3975;
m.p. 221 °C.
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