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Comparing coordination uranyl(vi) complexes with
2-(1H-imidazol[4,5-b]phenazin-2-yl)phenol and
derivativesy

Four derivatives of 2-(1H-imidazol[4,5-b]phenazin-2-yl)phenol have been synthesized and characterized
structurally using X-ray crystallography. Coordination complexes with uranyl (UO,%*) and copper (Cu?*)
were prepared and absorption/emission spectra detailed. We observed increased fluorescence upon
uranyl binding, in stark contrast to rapid quenching observed with the addition of copper. These phenom-
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Introduction

Imidazole and benzimidazole-containing ligands are naturally
present in biomolecules and have been found to be pertinent
to biological and medical applications demonstrating anti-
inflammatory and anti-tumour activities."”> Complexes with
two such ligands display - interactions,® while benzimida-
zole derivatives have been used in polymer enhancing catalysis
and as fluorescent probes to detect Fe(m) and nitric oxide.*”
Imidazole-containing d- and f-block metal complexes have
been reported for use in organic light-emitting diodes
(OLEDs).®? Specific benzimidazole derivatives act as bidentate
ligands exhibiting an N-C-C-C-O binding motif (N and O
atoms connected with a three-C bridge coordinate to the
metal). Complexes with these ligands have been reported with
first row transition metals such as copper, nickel, and
iron.’®'" Other research has demonstrated that ligands can
take advantage of soft donors like imine nitrogens such as
these in coordination of the actinides."*™*°

The ligand  2-(1H-imidazo[4,5-b]phenazin-2-yl)phenol
(dubbed “salimidizine”) represents a class of benzimidazole
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ena have been further examined by DFT computational methods.

derivatives with extended conjugation and presents a potential
means to investigate coordination by comparing emission pro-
perties. This ligand was first reported by Amer and co-workers
in 1999," and it was later spectroscopically characterized in
2011 by Lei and co-workers with various substituents on the
terminal benzene ring (X = H, CH;0, CH,OH, Br, and Cl)."®
Here, we report crystal structures and spectroscopic character-
ization for this ligand and its coordination complexes with
uranyl (UO,>") and copper (Cu®"). These ligand frameworks
have been shown to be good fluorescence sensors for both
organic molecules and metal ions, in most cases as a “turn
off” sensor.”’®? In this study, we demonstrate the ability of
uranyl coordination to enhance the emission intensity of the
system to help distinguish between metal ions. Uranyl and
copper were selected for comparison in this study because of
their +2 oxidation states, their similar charge to ionic radius
ratios, and their competitive binding behavior in an attempt to
characterize clear distinctions between the two metal ions. We
observed that upon coordination of uranyl, fluorescence inten-
sity increases, but decreases dramatically for copper coordi-
nation showing a marked difference which is notable in other
systems proposed or characterized with an interest in uranyl
detection.”'>*

Salimidizine, and three derivatives thereof, were prepared
through a condensation reaction between a salicylaldehyde
and 2,3-diaminophenazine followed by a subsequent intra-
molecular cyclization reaction, affording L1 (salimidizine), L2
(¢-butylsalimidizine), L3 (cyanosalimidizine), and L4 (methoxy-
salimidizine) in moderate yields (Scheme 1). To understand
better the different ligand-metal interactions with UO,>" and
Cu**, quantum chemical calculations were performed to
describe the ground and excited electronic states of their com-
plexes with L1.
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Scheme 1 Synthetic scheme for ligands L1, L2, L3, L4.

Results and discussion
Crystallographic data

Projections of the free-base ligands L1 and L2, as crystalized
from slow evaporation of THF, are shown in Fig. 1 and 2,
respectively. The O1-N1 distance in[L1]UO,(OAc)(DMSO)
is 2.767(9) A, which is larger in comparison to the O1-N1
distance of 2.587(19) A in L1. Upon binding of this
bidentate O-N binding site, the O-N distance expands to
accommodate the metal. The O1-N1 distance in L2 is 2.557
(18) A, which is comparable to L1. Complete crystallographic
data tables and all bond lengths and angles are available
in ESL. ¥

Metal complexes with these ligands were obtained through
layering of a metal salt solution with a solution of the free
base ligand L1. Fig. 3 shows a projection of [L1]UO,(OAc)
(DMSO), which was crystallized through slow diffusion of
hexanes into a layered solution of free base ligand L1 dissolved
in DMSO and UO,(OAc), in EtOH. The uranium center in [L1]
UO,(OAc)(DMSO) is seven coordinate and shown to have a pen-
tagonal bipyramidal geometry. Six oxygen atoms in total and
one nitrogen atom occupy these seven coordination sites. The
first two coordinating oxygen atoms are the terminal oxo
groups of the UO,>" subunit; the three additional oxygen
atoms can be accounted for by the coordination of a DMSO
solvent molecule and an acetate anion. The remaining oxygen
and nitrogen atoms that fill the coordination sphere of the
uranium are from the salimidizine ligand. The U-N distance is
observed at 2.558(6) A. The U-O distance is observed at 2.220

Fig. 1 Projection of the asymmetric unit of L1. Atoms as shown are
labelled: H in white, O in red, N in blue, and C in grey.
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Fig. 2 Projection of the asymmetric unit of L2. Atoms as shown are
labelled: H in white, O in red, N in blue, and C in grey.

Fig. 3 Projection of the asymmetric unit of [L1]JUO,(OAc)(DMSO).
Atoms shown are labelled: H in white, O in red, N in blue, C in grey, S in
yellow, U in green.

(6) A. These distances are quite comparable to other Schiff
base complexes that are found to contain 5 coordinate uranyl
metal centers (Table 1).">>>¢

UV-vis spectral data

Because of low solubility, solution studies were performed
using a batch titration method for all four ligands. Stock
solutions of L1, L2, L3, and L4 were made to 0.001 M solution
of ligand in 40 mL of dimethylformamide (DMF). Metal stock
solutions of both Cu®' and UO,*" as the acetate salts were
made to be 0.001 M in 25 mL of DI H,0. Each batch of ligand
measurements contained a ligand blank solution with no
metal followed by 14 additional samples containing 1 equi-
valent of ligand, subsequently introducing 0.1 equivalents of
metal stock solution up to 1 equivalent of metal. After reach-
ing 1 equivalent of metal, additional equivalents were
added until achieving 5 equivalents of metal. All samples
were prepared, and 1 pL of 0.1 M trimethylamine (TEA) in
DMF was added to each of the samples to facilitate deproto-
nation. All samples were diluted to 5 mL in volume such that
they contained 10% H,O0 in DMF. The samples were prepared,
and then allowed to sit for 24 hours before spectra were
collected.

This journal is © The Royal Society of Chemistry 2021
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Table 1 Crystallographic data fr L1, L2 & UO;[L1](OAc)-DMSO

[L1]UO,(0Ac)
Parameters L1 L2 (DMSO)
Formula C1oH1,N,O C31H;33N,O5 C,5H,6N,0,S,U
Formula weight ~ 312.33 514.65 796.65
Crystal system Monoclinic Triclinic Monoclinic
Space group P2,/n P1 P2,/n
a[A] 6.6597(6) 9.0812(5) 8.585(5)
b[A] 30.064(3) 9.9887(5) 20.419(11)
c[A] 7.2617(6) 16.3825(9) 16.091(9)
al°] 90° 103.5190(10)°  90°
B1°] 108.293(2)° 103.2200(10)°  101.633(8)°
r[°] 90° 99.4900(10)°  90°
VA% 1380.4(2) 1368.65(13) 2763(3)
h, k, 1 (max) 8,39,9 12,13, 21 10, 25, 20
zZ 4 2 4
Peale g €M 1.5027 1.249 1.915
F(000) 648.3 552 1536
0 Min-Max [°] 5.42-54.96 2.15-28.70 3.26-53.14
Independent 3173 7073 4613
reflections
Riing 0.0386 0.0336 0.0639
Final R indexes R, = 0.0582, R, = 0.0489, R, = 0.0450, WR,
[1> 26(D)] WR,=0.1239  WR,=0.1266  =0.1157
Final R indexes R; = 0.0784, R, = 0.0686, R, = 0.0602, WR,
[all data] WR, = 0.1332 WR, = 0.1411 =0.1281
GOF on F* 1.067 1.054 1.069

Additional titration experiments with the bare ligand, sali-
midizine (L1), were performed with UO,>" and with Cu*'.
Some of the individual spectra were removed for clarity but full
spectra can be seen in the Fig. S9-S18 in the ESL.{ The UV-vis
spectra showed a peak at 439 nm characteristic of the bare
ligand, and no additional shifts were detected after sub-
sequent additions of UO,>", even after the addition of 5 full
equivalents of metal and 24 hours of reaction time. The only
observed spectral change involved a small increase in absor-
bance with each equivalent of metal added (Fig. S12f). The
Cu*" titration showed a much more dramatic shift in the
spectra as Amax shifted bathochromically from 416 nm to
455 nm after addition of the first 0.1 equivalent and remains
unchanged until a ratio of 1:1 ligand to metal was reached.
Between addition of the second equivalent of metal and up to
5 equivalents Ay shifts hypsochromically to 325 nm (Fig. 5).
Although there was no significant shift in the spectra that
would suggest binding of the uranyl by L1 under these con-
ditions, we were able to obtain a crystal structure of the L1
ligand bound to the uranyl.

Upon further examination, the UV-Vis data of solutions con-
taining the ditertbutyl-salimidizine ligand were most promis-
ing in terms of metal coordination. The addition of base was
required to facilitate coordination, as was made evident from
the observed spectral shifts. Ditertbutylsalimidizne (L2)
coordination with UO,>" was observed by batch titration, and
the following features were observed: the ligand free base
showed a peak centred at 421 nm and after the first 0.1 equiva-
lents of metal were added, a shift to 440 nm was noticed. This
change intensified, but was not fully defined, until 0.3 equiva-
lents were added to the sample (Fig. 4). This bathochromic
shift seemed to demonstrate that a binding event had

This journal is © The Royal Society of Chemistry 2021
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Fig. 4 Ditertbutylsalimidizine (L2) titration with Cu(i) acetate and
triethylamine.
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Fig. 5 Salimidizine (L1) titration with Cu®* and triethylamine.

occurred; however, the solutions showed no visible colouri-
metric change as all samples exhibited a similar pale yellow
colour (Fig. S127).

This ligand (L2) also demonstrated some affinity for Cu>".
The titrations of L2 with copper showed significant changes
with increases in metal ion concentration. Upon addition of
0.1 to 0.7 equivalents of Cu®* the resulting solutions retained a
yellow colour. With the additions of 0.8 to 1.0 equivalents of
metal, there was a 64 nm bathochromic shift in the spectral
trace, and the solutions turned a rose gold colour. From 2.0 to
5.0 equivalents of metal the solutions went back to a yellow
colour, although this was different than the earlier colour-
ation. Further examination of the UV-vis spectra (Fig. 6)
demonstrated that the initial signal of the ligand centred at
421 nm demonstrated a bathochromic shift when the first 0.1
equivalents of metal was added. Upon addition of 0.4 equiva-
lents, the initial signal was completely shifted with a
maximum absorptivity now located at 485 nm. Looking at the
absorbance vs. equivalents graph (Fig. S87) it is evident that
the shift starts after base and the first 0.1 equivalent of metal
solution were added. The addition of base was needed to help
with deprotonation of the ligand. The subsequent spectral
shifts either were not observed or occur at a very slow rate
without further addition of base.

Further examination of methoxysalimidizine (L3) titrated
with Cu®" showed a Amay for the ligand centred at 425 nm

Dalton Trans.
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Fig. 6 Ditertbutylsalimidizine (L2) titration with UO,?* acetate and
triethylamine.

(Fig. S157). After the addition of the first equivalent of metal,
it was found to shift bathochromically to its new location at
463 nm. Along with this shift, after 2 full equivalents of metal
are added the molar absorptivity in the A.,. Starts to decrease
in intensity. When titrated with UO,>", the peak initially had a
Amax centred at 425 nm and after the first addition of metal,
the peak shifts to 441 nm where it was found to remain,
regardless of the subsequent additions.

Fluorescence data

These ligand frame works have been shown to have excellent
fluorescence characteristics due to their highly conjugated
structure. There are a few important details observed in the
fluorescence spectra that should be noted. These titrations
were carried out in DMF with 10% H,O for Cu®"(OAc), and
UO0,*" (OAc) similar to the batch UV-vis titrations. The bare sal-
imidizine ligand showed some interesting features upon the
introduction of metal. For the ligand alone, with excitation at
408 nm, a major peak was produced at 536 nm. After the first
addition of Cu®" solution (0.1 equivalents), the emission inten-
sity starts to decrease from 100 Raw Fluorescence Units (RFU)
and this continues with each addition of the metal solution to
the lowest point at 15 RFU after the addition of 5 equivalents
of metal (Fig. 7).

More interesting observations that can be made from the
fluorescence spectra come from the UO,*" titrations with the

Ligand Blank
0.1eqCu
02eqCu
03eqCu
04eqCu
05eqCu
06eqCu
07eqCu
08eqCu
09eqCu
1.0eqCu
20eqCu
30eqCu
40eqCu
50eqCu

wavelength (nm)

Fig. 7 Fluorescence spectra of salimidizine (L1) with Cu®" acetate in
DMF/10% H,0.
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Fig. 8 Fluorescence spectra of salimidizine (L1) with UO,>" acetate in
DMF/10% H,O.

salimidizine ligand. In this case, the initial peak is centred at
540 nm with an intensity of 100 RFU. Upon addition each
aliquot of metal solution, the signal intensified to reach 140
RFU (Fig. 8). It can also be noted that this trend holds across
all the functionalized salimidizines and can be further exam-
ined in the ESI Fig. S19-S26.1 Overall, the distinctive change
in fluorescence intensity is quite remarkable in comparing the
copper and uranyl complexes.

Calculations

To explain the opposite activity of the uranyl and copper(u)
metal ions upon complexation, we first optimized the structure
of the two complexes with L1 at their singlet (uranyl) and
doublet (copper) ground states. To complete the first coordi-
nation sphere of the metals, we added an acetate (AcO) and/or
a water (W) ligand, constructing totally four complexes:
L,UO0,*" (AcO), L;UO,*" (AcO)(W), L;Cu** (AcO), and L,Cu**
(AcO)(W). The copper and uranyl structures used for the calcu-
lations were derived from the crystal structure of [L1]UO,(OAc)
(DMSO). Both metals were coordinated by the ligand and an
(AcO) counter ion to achieve a neutral species. The water is
placed to better reflect the conditions of the spectroscopy
experiments and is also needed in the case of the uranyl to fill
its fifth coordination site. This enabled us to see the possible
effect of the coordination of different solvent molecules. All of
our optimized geometries are given in the ESI (Table S17).
Using this geometry, we employed TD-DFT to identify the state
with the highest oscillator strength in the region of the absorp-
tion frequency used for the experiments (416 nm). The tenth
state showed the only non-zero oscillator strength in this
region for all cases except L;UO,>" (AcO)(W), for which it was
the eleventh state (always of the same spin as the ground
state). The theoretical absorption wavelengths were 415 and
419 nm for the two uranyl complexes, and 455, 466 nm for the
copper ones. These numbers show the little effect of the
solvent coordination.

Next, we optimized the geometry of this excited state, and
we calculated the emission wavelength as the excitation energy
of this state at its optimal geometry. It should be mentioned
that, after optimization, the highest oscillator strength state is

This journal is © The Royal Society of Chemistry 2021
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the fifth and sixth excited state for the uranyl and copper com-
plexes, respectively. In every case, the excitation corresponds to
a ligand-ligand electron transfer. The contours of the natural
transition orbitals for the L;UO,>" (AcO)(W) and L,;Cu*" (AcO)
molecules shown in Fig. 8 are representative for the uranyl and
copper systems, respectively. For copper, the electron tran-
sition is clearly a ligand-to-ligand transition. For uranyl, the
same ligand to ligand transition has substantial involvement
of some f-orbital or uranium.

The geometries of the two states differ mainly in the dis-
tances of the metal and connected oxygen or nitrogen atoms
belonging to L1. Going from the ground to the excited state
geometry, U-O distances increase by about 0.2 A but U-N
shorten by 0.04 A. Likewise, Cu-O distances increase by 0.08 A
for both L;Cu®" (AcO) and L,Cu** (AcO)(W) complexes, but the
Cu-N distances are not affected at least within 0.01 A.

The calculated emission wavelengths of 562 (L;Cu>" (AcO)),
600 (L,Cu** (AcO)(W)), 599 (L;Cu** (AcO)), and 607 (L,UO,**
(AcO)(W)) nm are overestimated relative to the experimental
peak maxima, but are in reasonable agreement given the
absence of solvent effects and the accuracy of TD-DFT. We
then, constructed the potential energy profile of the first ten or
eleven electronic states of each complex along the “reaction”
coordinate connecting the minima of the ground and high
oscillator strength excited electronic state (see Fig. 9). As in
Fig. 8, the L,U0,*" (AcO)(W) and L;Cu** (AcO) molecules have
been selected for Fig. 9. Comparison of the two potential
energy profiles makes clear the reason for the observed fluo-
rescence quenching in the copper case. For uranyl, the initial
excitation (left orange arrow) to the non-zero oscillator strength
excited state is followed by relaxation to its minimum via a
series of conical intersections (upper grey arrow). Radiative
decay to ground state (right yellow arrow) generates the
recorded fluorescence signal and the system returns to the
global minimum of the ground state in a non-radiative
manner (lower grey arrow). The same process can, in principle,
occur for copper, but the minimum of the pertinent excited
state is shallow. The molecule after a small energy barrier goes
to a lower minimum of the same potential energy surface,

L,UO,2*(AcO)(W)
ST~
L,Cu?*(AcO)

Fig. 9 Natural transition orbitals corresponding to the excitation from
the ground state to the lowest excited state of L;UO,%* (AcO)(W) and
L;Cu®* (AcO) with non-zero oscillator strength.

This journal is © The Royal Society of Chemistry 2021
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which has nearly zero oscillator strength, and the decay to the
ground state happens in a non-radiative manner. Notice that
uranyl has also a second minimum in the excited state, which
however is higher in energy. The profiles for all four systems
(uranyl/copper acetate and/or water) are shown in the ESLft
Coordination of water destabilizes the excited state geometry
in both cases and enhances the fluorescence quenching in the
copper case (Fig. 10).

Materials and methods

Organic solvents were used as received without additional
purification. 2,3-Diaminophenazine was obtained from Sigma-
Aldrich, salicylaldehyde and 2-hydroxy-4-methoxybenzaldehyde
were obtained from Acros Organics, 3,5-di-tert-butylsalicylalde-
hyde was obtained from TCI and used without further purifi-
cation. 2-Hydroxy-5-cyanobenzaldehyde was prepared following
a procedure from Suzuki and Takahashi.>” Copper(n) acetate
salt was obtained from Strem Chemicals, and uranyl(u) acetate

3.04

2.5

Energy (eV)

2.0~
0.5+

A\

0.0 1

G.S. geometry E.S. geometry

L,U0,2*(AcO)(W)

2.5

2.0 1

Energy (eV)

1.5+

A\

0.0+

G.S. geometry E.S. geometry

L,Cu?*(AcO)

Fig. 10 Potential energy profiles of the lowest lying electronic states of
L,UO,%* (AcO)(W) and L;Cu?* (AcO) along the path connecting the geo-
metries of ground state (G.S. geometry) and the excited state (E.S. geo-
metry) with non-zero oscillator strength. Orange and grey arrows indi-
cate radiative and non-radiative transitions.
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salt was obtained from Polysciences, and these were used
without further purification.

Caution! The UO,(C,H30,),-2H,0 used in this study con-
tained depleted uranium, standard precautions for handling
radioactive materials or heavy metals, such as uranyl nitrate,
and uranyl acetate were followed.

Apparatus

'H and C NMR were recorded on a Bruker AV 400 or
600 MHz spectrometer using (CD;3),SO and DMF-d,
(Cambridge Isotope Laboratories) as indicated. Chemical
shifts are reported in parts per million (5) and are referenced
against residual internal solvent signals or with respect to tet-
ramethyl silane (TMS) as the internal standard. Purities of
compounds have been established via NMR and elemental
analysis. The UV-Vis data was collected on a Varian Cary 50
WinUV spectrophotometer. Infrared spectra were obtained in
the solid state using an attenuated total reflectance (ATR)
method on a Thermo Scientific Nicolet iS50 FT-IR instrument.
Suitable crystals were selected and mounted on a glass fiber
using paratone-n oil and data collection was completed on a
‘Bruker APEX CCD’ diffractometer using Mo Ka radiation. The
crystals were kept at 180(2) K during unit cell and data collec-
tion. SMART (v. 5.624) was used for preliminary determination
of cell constants and data collection control. Determination of
integrated intensities and global cell refinements were per-
formed with the Bruker SAINT software package, and empirical
absorption corrections (SADABS) were applied. The structure
was solved with the ShelXS structure solution program using
Direct Methods*® and refined with the olex2.refine*® refine-
ment package using Gauss-Newton minimization. Projections
were created on Olex2 software.>”

Density Functional Theory (DFT) calculations were per-
formed to obtain the optimal geometry of the L1 complexes
with UO,>" and Cu(u). The B3LYP functional®***' combined
with the cc-pVDZ basis sets**** for C, N, O, H, Cu, and cc-
PVDZ-PP basis set*® for U (60 inner electrons are replaced by
the Stuttgart relativistic pseudopotential). Excited electronic
states were examined with the time dependent DFT (TD-DFT)
approximation. All calculations were done with Gaussian 16.%°

Synthesis and characterization
Ligand synthesis

Synthesis of 2-(1H-imidazo[4,5-b]phenazin-2-yl)phenol (sali-
midizine, L1). 2,3-Diaminophenazine (0.6 mmol; 0.1261 g) was
stirred into 5 ml of DMSO in a 50 mL round bottom flask to
dissolve. Next, salicylaldehyde (0.0006 mol;53 puL) was added to
the stirring mixture. The reaction was heated to 120 °C, and
allowed to react for 6 h. The reaction was then removed from
heat and allowed to cool to room temperature. Next, 45 ml of
chilled EtOH was added to the reaction mixture to help the
product precipitate out of solution. The solution was allowed
to sit at 0 °C overnight in the freezer, then filtered and washed
with cold EtOH. The resulting solid was filtered from the solu-
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tion, then placed in the vacuum oven overnight to remove any
excess solvent. Yield: 85%. NMR (600 MHz, DMF-d7, ppm):
13.84 (s, 1H), 13.17 (s, 1H), 8.32-8.48 (m, 4H), 8.24 (m, 2H),
7.91 (s, 2H), 7.57 (m, 1H), 7.13-7.17 (m, 2H). FT-IR (ATR):
2900 cm™" (VR-CH), 3100 cm ™" (VR-OH), 3300 cm™" (VR-NH)
ESI + MS m/z (M + H): calc: 313.1079; found: 313.1076.

Synthesis of 2,4-di-tert-butyl-6-(1H-imidazo[4,5-b]phenazin-
2-yl)phenol (DTB sutylsalimidizine, L2). 2,3-
Diaminophenazine (0.6 mmol; 0.1261 g) was stirred into 5 ml
of DMSO and allowed to dissolve. Next, 3,5-ditertbutyl-
salicylaldehyde (0.5 mmol; 0.1172 g) was added to the stirring
mixture. The reaction was heated to 120 °C, and allowed to
react for 6 h. The reaction was then removed from heat and
allowed to cool to room temperature. Next, 45 ml of chilled
EtOH was added to the reaction to help the product precipitate
out of solution. The solution was allowed to sit at 0 °C over-
night in the freezer, then filtered and washed with cold EtOH.
The filtered solid was then placed in the vacuum oven for
16 hours to remove any excess solvent (0.0971 g). Yield: 38%.
NMR (600 MHz, DMF-d7, ppm): & 14.10(1H, s), 8.25-8.60 (5H,
m), 7.94-7.95 (2H, m), 7.63 (1H, s), 1.55 (9H, s), 1.42 (9H, s).
FT-IR (ATR): 1400 cm™' (VR-CH), 1650 cm™' (VR-C=C),
3150 cm™* (VR-OH). ESI + MS m/z (M + H): calc: 425.2346;
found: 425.2341.

Synthesis of 2-(1H-imidazo[4,5-b]phenazin-2-yl)-5-methoxy-
phenol (methoxysalimidizine, L3). 2,3-Diaminophenazine
(0.6 mmol; 0.1261 g) was stirred in 5 ml of DMSO in a 50 mL
round bottom flask to dissolve. Next, 2-hydroxy-4-methoxy-
benzaldehyde (0.5 mmol;0.0761 g) was added to the stirring
mixture. The reaction was heated to 120 °C and allowed to
react for 6 h. The reaction was then taken off heat and
allowed to cool to room temperature, then 45 ml of chilled
EtOH was added to the reaction to help the product precipi-
tate out of solution. The solution was allowed to sit at 0 °C in
a freezer overnight, then filtered and washed with cold EtOH.
The filtered solid was then placed in the vacuum oven over-
night to remove any excess solvent (0.0847 g). Yield: 49%.
NMR (600 MHz, DMF-d7, ppm): § 13.47 (s, 1H), 8.33 (s, 2H),
8.21 (s, 3H), 8.02 (s, 1H), 7.88 (s, 2H), 6.72-6.68 (m, 2H), 3.92
(m, 3H). FT-IR (ATR): 1100 em™~ ' (VR-C-0), 1650 cm™" (VR-
C=C), 2900 cm™" (VR-CH), 3100 cm™ " (VR-OH), 3300 cm "
(VR-NH). ESI — MS m/z(M — H): calc: 341.1044; found:
341.1182.

Synthesis of 4-hydroxy-3-(1H-imidazo[4,5-b]phenazin-2-yl)
benzonitrile (for cyanosalimidizine, L4). 2,3-
Diaminophenazine (0.6 mmol; 0.1261 g) was stirred in 5 ml of
DMSO in a 50 mL round bottom flask to dissolve. Next,
2-hydroxy-5-cyanobenzaldehyde (0.5 mmol; 0.0736 g) was
added to the stirring mixture. The reaction was heated to
120 °C and allowed to react for 6 h. The reaction was then
removed from heat and allowed to cool to room temperature.
Then, 45 ml of chilled EtOH was added to the reaction to help
the product precipitate from solution. The solution was
allowed to sit at 0 °C in a freezer overnight, then filtered and
washed with cold EtOH. The filtered solid was then placed in
the vacuum oven overnight hours to remove any excess solvent

This journal is © The Royal Society of Chemistry 2021
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(0.1467 g). Yield: 86%. NMR (400 MHz, DMSO, ppm): & 13.65
(s, 2H), 8.64 (s, 1H), 8.41 (s, 2H), 8.19 (d, 2H), 7.71-8.10 (m,
3H), 7.12 (d, 1H). FT-IR (ATR): 1650 cm™' (VR-C=C),
2200 cm™' (VC=N), 3050 cm™' (VR-OH), 3300 cm (VR-NH).
ESI + MS m/z(M + H): calc: 338.1030; found: 338.1028.

Synthesis of 2-hydroxy-5-cyanobenzaldehyde. 4-
Hydroxybenzonitrile (0.020 mol; 2.38 g) was dissolved in 8 mL
of trifluoroacetic acid. Once dissolved, hexamethyl-
enetetraamine (0.040 mol; 5.61 g) was added to the solution.
Gas will evolve upon addition and should be allowed to dissi-
pate. The mixture was heated to 100 °C, and allow to react for
7 h. The reaction mixture was removed from heat and put
directly in an ice bath for 5 min. The reaction mixture was
removed from the ice bath and allow to warm to room temp-
erature. Once at room temperature, 10 mL of 50/50 solution of
H,SO,/H,O was added to the reaction mixture followed by
60 mL of H,O. The solution was allowed to stir at room temp-
erature for 30 min. After the 30 min, a light-yellow solid
formed in the solution. The solid was filtered off and the
mother liquor was extracted with CH,Cl,. The organic layer
was separated and placed in the refrigerator to allow for recrys-
tallization to allow for recrystallization (0.9080 g). Yield: 31%.
NMR (400 MHz, DMSO, ppm): § 13.55 (s, 1H), 8.58 (s, 1H),
8.35 (m, 2H), 8.13 (m, 3H), 7.82 (m, 3H), 7.21 (m, 1H). FT-IR
(ATR): 1670 cm ™" (vVC=0), 2230 cm™" (LC=N), 3207 cm ™" (VR-
OH).

Synthesis of salimidizine (L1)-Cu complex. (L1)
(0.049 mmol; 15.3 mg) was dissolved in 50 mL of THF and was
allowed to stir for 20 min at 50 °C to help dissolve the ligand.
Next, 20 mL of MeOH was added to the reaction mixture fol-
lowed by anhydrous Cu(OAc), (0.049 mmol; 9.0 mg), and tri-
ethylamine (0.098 mmol; 20 pL) to assist with deprotonation.
The reaction was heated to 60 °C for 48 hours. The reaction
was followed by TLC by 3:1 EtOAc: hexane mixture. The reac-
tion mixture was taken off heat and was then taken to dryness
under reduced pressure yielding a brown/black solid the solid
was scraped from the round bottomed flask and washed with
EtOH and filtered (21.3 mg). Yield: 96%. FT-IR (ATR):
1650 cm™' (LR-C=C), 2900 cm™" (VR-CH), 3300 cm™" (VR-
OH,), 3650 cm™'(VR-NH) ESI + MS m/z(M + K): calc: 591.1309,
found; 591.0868; elemental analysis: calc: C (54.17), H (3.56),
N (11.35); found C (54.43), H (3.69), N (11.35). Formula:
Cy3H,6N,05Cu-(H,0).

Synthesis of salimidizine (L1)-UO, complex. (L1)
(0.049 mmol; 15.3 g) was dissolved in a mixture of 30 mL THF/
15 mL MeOH and was allowed to stir for 20 min at 40 °C to
help dissolve the ligand. Next, uranyl acetate dihydrate
(0.049 mol; 21.0 mg) was added to the reaction, followed by tri-
ethylamine (0.000098 mol; 20 pL) to assist in deprotonation of
the ligand. The reaction was heated to 60C and allowed to
react for 48 hours. The reaction was then taken to dryness
under reduced pressure by means of a rotary evaporator to
yield a brown/red solid. The solid was scraped from the round
bottomed flask and washed with EtOH and filtered (11.1 mg).
Yield: 34%, NMR (500 MHz, DMF-d7, ppm): §8.49 (s, 1H),
8.39-8.28 (m, 5H), 7.92 (s, 1H), 7.66-7.47 (m, 3H), 7.16 (d, 3H),
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6.97-6.65 (m, 2H), 1.40 (s, 3H). FT-IR (ATR): 850 cm™ ' (VR-
0=U=0), 1600 cm ' (VR-C=C), 2900 cm ' (VR-CH),
3450 em™" (VR-NH), 3500 cm™' (VR-OH,). ESI + MS m/z(M +
K): calc: 737.1402, found: 737.5061. Elemental analysis: calc: C
(36.90), H (2.70), N (6.89); found C (36.64), H (2.72), N (6.53).
Formula: C,,H;5N,06U-2(C,HOS).

Synthesis of DTB salimidizine (L2)-Cu complex. (L2)
(0.049 mmol; 20.7 mg) was dissolved in a mixture of 30 mL
DMF/15 mL MeOH and was allowed to stir for 20 min at 40 °C
to help dissolve the ligand. Next, copper(u) acetate
(0.049 mmol; 9.0 mg) was added to the reaction, followed by
triethylamine (0.098 mmol; 20 pL) to assist in deprotonation
of the ligand. The reaction was heated to 66 °C and allowed to
react for 48 hours. The reaction was followed by TLC by 3:1
EtOAc:hexane mixture. The reaction was then taken to
dryness under reduced pressure by rotary evaporation to yield
a brown/red solid the solid was scraped from the round
bottom and washed with EtOH and filtered (26.2 mg). Yield:
97%. FT-IR (ATR): 1650 cm™ " (VR-C=C), 2900 cm~" (VR-CH),
3100 cm™" (VR-NH), 3400 cm™" (VR-OH,) ESI + MS m/z(M + H):
calc: 547.138, found: 548.1805. Elemental analysis: calc: C
(60.81), H (5.98), N (10.13); found C (60.68), H (5.59), N (10.53).
Formula: C3,H3,N,05Cu-(C,HoNO).

Synthesis of DTB salimidizine (L2)-UO, complex. (L2)
(0.049 mmol; 15.3 mg) was dissolved in a mixture of THF/
MeOH and was allowed to stir for 20 min at 40 °C to help dis-
solve the ligand. Next uranyl acetate dihydrate (0.049 mmol;
21.0 mg) was added to the reaction, followed by triethylamine
(0.098 mmol; 20 pL) to assist in deprotonation of the ligand.
The reaction was heated to 660C and allowed to react for
48 hours. The reaction was followed by TLC by 3:1
EtOAc: hexane mixture. The reaction was then taken to
dryness under reduced pressure to yield a brown/red solid the
solid was scraped from the round bottom and washed with
EtOH and filtered (23.5 mg). Yield: 62%, NMR (500 MHz,
DMF-d7, ppm): 6 8.59 (s, 1H), 8.32-8.26 (m. 3H), 7.94-7.92
(dd, 3H, J = 3.3, 3.5), 7.62 (d, 1H, J = 2.2), 1.80 (s, 3H), 1.54 (s,
9H), 1.41 (s, 9H). FT-IR (ATR): 900 cm™' (VR-O—U=0O0),
1650 cm™ " (VR-C=C), 2900 cm~ " (VR-CH), 3200 cm™" (VR-
OH,). ESI + MS m/z(M + Na): calc: 911.305, found; 911.3776.
Elemental analysis: calc C (45.93), H (3.98), N (6.91); found C
(46.28), H (4.19), N (6.69). Formula: C3,H;,N,0,U.

Synthesis of OMe salimidizine (L3)-Cu complex.
(0.049 mmol; 17.5 mg) was dissolved in a mixture of 12 mL
DMF/8 mL of H,O and was allowed to stir for 20 min at 50 °C
to help dissolve the ligand. Next copper(u) acetate
(0.049 mmol; 9.0 mg) was added to the reaction, followed by
triethylamine (0.098 mmol; 20 pL) to assist in deprotonation
of the ligand. The reaction was heated to 1000C and allowed to
react for 48 hours. The reaction was followed by TLC by 3:1
EtOAc: hexane mixture. The reaction was then taken to
dryness under high vac at 70 °C to yield a black solid the solid
was scraped from the round bottom and washed with EtOH
and filtered (11.9 mg). Yield: 52%. FT-IR (ATR): 1650 cm "
(VR-C=C), 2900 cm™" (VR-CH), 3300 cm™"' (VR-OH,), ESI + MS
m/z(M + H): calc: 539.063, found: 539.0908; elemental analysis:
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calc: C (54.94), H (3.56), N (11.65); found C (55.20), H (3.61), N
(12.02). Formula: C,,H;5N,0,Cu-(H,0).

Synthesis of OMe salimidizine (L3)-UO, complex. (L3)
(0.050 mmol; 17.2 mg) was dissolved in a mixture of 12 mL
DMF/8 mL of H,O and was allowed to stir for 20 min at 50 °C
to help dissolve the ligand. Next uranyl acetate dihydrate
(0.05 mmol; 21.0 mg) was added to the reaction, followed by
triethylamine (0.098 mmol; 20 pL) to assist in deprotonation
of the ligand. The reaction was heated to 100 °C and allowed
to react for 48 hours. The reaction was followed by TLC by 3:1
EtOAc:hexane mixture. The reaction was then taken to
dryness under high vaccuum at 70 °C to yield a brown solid.
The solid was scraped from the round bottomed flask and
washed with EtOH and filtered (28.3 mg). Yield: 83%, NMR
(500 MHz, DMSO, ppm): 58.95 (s, 1H), 8.30-8.12 (m, 3H), 7.86
(s, 3H), 6.63 (s, 1H), 6.45 (s, 1H), 3.87 (s, 3H). FT-IR(ATR):
900 cm™" (VR-O=U=0), 2900 cm™" (VR-CH), 3300 cm™" (VR-
NH), 3500 cm ™' (LR-OH,). ESI + MS m/z (M + H): calc: 842.557
found: 845.3752. Elemental analysis: calc: C (41.82), H (4.09),
N (9.75); found C (42.12), H (3.91), N (9.43). Formula:
Cy,H,,N,0,U-2(C,HyNO).

Synthesis of CN salimidizine (L4)-Cu complex. (L4)
(0.049 mmol; 16.4 mg) was dissolved in a mixture of 12 mL
DMF/8 mL of H,O and was allowed to stir for 20 min at 50 °C
to help dissolve the ligand. Next copper(n) acetate
(0.049 mmol; 9.0 mg) was added to the reaction, followed by
triethylamine (0.098 mmol; 20 pL) to assist in deprotonation
of the ligand. The reaction was heated to 100 °C and allowed
to react for 48 hours. The reaction was followed by TLC by 3: 1
EtOAc : Hex mixture. The reaction was then taken to dryness
under high vac at 70 °C to yield a black solid the solid was
scraped from the round bottomed flask and washed with
EtOH and filtered (21.0 mg). Yield: 93%. FT-IR (ATR):
2200 cm™' (LC=N), 2900 cm~" (VR-CH), 3100 cm™" (VLR-OH,),
3300 cm™" (VR-NH). ESI + MS m/z(M + H): calc: 457.024,
found: 458.100; elemental analysis: calc: C (52.03), H (3.64), N
(12.65); found C (51.74), H (3.35), N (12.97). Formula:
Cy,H,4N;50,Cu-(C,Hg08).

Synthesis of CN salimidizine (L4)-UO, complex. (L4)
(0.050 mmol; 16.4 mg) was dissolved in a mixture of 12 mL
DMF/8 mL of H,0 and was allowed to stir for 20 min at 50 °C
to help dissolve the ligand. Next, uranyl acetate dihydrate
(0.050 mmol; 21.0 mg) was added to the reaction, followed by
triethylamine (0.000098 mol; 20 pL) to assist in deprotonation
of the ligand. The reaction was heated to 100 °C and allowed
to react for 48 hours. The reaction was then taken to dryness
under high vac at 70 °C to yield a brown solid, the solid was
scraped from the round bottom and washed with EtOH and fil-
tered (28.3 mg). Yield: 83%, NMR (500 MHz, DMF-d7, ppm):
510.23 (s, 3H), 8.86 (s, 1H), 8.54-8.25 (m, 3H), 7.88 (s, 4H),
3.51(bs, 3H), 1.28 (s, (3H)). FT-IR (ATR): 850 cm™' (VR-
0=U=0), 2200 cm_" (VC=N), 2900 cm™"* (LR-CH), 3100 cm "
(VR-OH,), 3300 cm™' (VR-NH). ESI + MS m/z(M + Na): calc:
819.214, found: 819.1835; elemental analysis: calc: C (40.34), H
(3.51), N (8.40); found C (40.40), H (3.62), N (8.34). Formula:
C14H,N,0,U-2(C,HoNO).
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Conclusions

In conclusion, four derivatives of 2-(1H-imidazo[4,5-b]phena-
zin-2-yl)phenol, (salimidizine) L1 and (di ¢-butylsalimidizine)
L2, (cyanosalimidizine) L3, and (methoxysalimidizine) L4 have
been synthesized. Metal complex UO,[L1](OAc)-DMSO complex
was characterized in the solid state as well as free base of L1
and L2. Ligands L1, L2, L3, and L4 were characterized using
Ultraviolet-Visible absorbance and emission spectroscopies
with uranyl and copper. An increase in absorption, in the case
of UO,?" and two new modes of absorbance were observed in
the case of Cu. In the presence of greater than a 1 to 1 ratio of
U0, : ligand, the emission more than doubled; in contrast, in
the presence of any ratio of Cu:ligand emission was quenched
by at least half. Based on the calculated potential energy pro-
files, we were able to explain these observations. The
minimum of the pertinent excited electronic state for copper is
shallow, and decays readily to a different minimum with zero
oscillator strength, and thus, the decay to the ground state
follows a non-radiative path is indicates a degree of promise in
the foundation of a selective fluorescent indicator for uranyl,
as most other examples of these systems selectively quench in
the presence of transition metals.
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