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Electron-rich phenanthroline bearing
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Polypyridines functionalized with n-donating groups constitute a class of electron-rich ligands with sig-
nificant relevance in coordination chemistry and catalysis. The incorporation of strongly basic guanidinyl
substituents, however, often introduces multiple binding sites, with coordination typically favoring the
guanidyl nitrogen atoms. Herein, we report the synthesis and characterization of a new electron-rich
1,10-phenanthroline ligand featuring bulky NHI groups that define a well-structured coordination cavity.
Protonation studies and the preparation of a zinc(i) complex reveal that Lewis acids preferentially coordi-
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properties of the new ligand and its complexes are explored through a combination of computational and
experimental methods, demonstrating that its emission and absorption characteristics are highly sensitive
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Introduction

N-heterocyclic imines (NHIs) are a class of cyclic guanidines
characterized by an exocyclic imine function attached to a
nitrogen-containing heterocycle. Their manifold accessibility
takes root in the seminal synthetic protocols reported by Kuhn
in 1995 and thereafter.'”® The use of NHIs as imine substitu-
ents or as anionic iminato ligands takes advantage of their
capability to act as 4z or 2¢/4n donors, respectively, due to the
allocation of electron density from the heterocycle to the exo-
cyclic nitrogen atom (Fig. 1A).” The effective stabilization of a
positive charge within the N-heterocycle renders NHIs stronger
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to protonation, concentration, and metal coordination.

n donors compared to aliphatic guanidines. In addition,
modifying the N,N'-substituents enables predictable steric
control without compromising the potent donor properties. As
a result, the coordination chemistry of NHIs towards main
group and transition metal elements has been extensively
investigated and reviewed in the past.**°

While these characteristics have been pivotal for the stabi-
lization and isolation of otherwise elusive low-valent main
group species,'* > the exceptional electron-donating capacity
of NHIs render them also particularly effective in generating
electron-rich compounds.>® For instance, our group has shown
that guanidyl and NHI substituents produce superbasic phos-
phines when attached up to three times to a phosphorus
centre.”*>” We also demonstrated that decoration of porphyr-
ins with NHIs can lead to improved selectivity in the electrore-
duction of CO,.”® Generally, the decoration of arenes with mul-
tiple m-donor substituents results in highly electron-rich =
systems, which was utilized for the development of organic
reducing agents,”*™” dyes,’®*° and redoxactive multidentate
ligands.**™*?

The influence of para-NHI substitution on the properties of
pyridines has been studied using several descriptors, including
the methyl cation affinity (MCA),**™*” the molecular electro-
static potential (MESP) topology analysis,**>' and the Huynh
electronic parameter (HEP).”>>* Consistently, these para-
meters show that the electron-density at the pyridine N atom
correlates with the n-donating ability of the NHI group
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Fig. 1 (A) Mesomeric Lewis structure of the NHI scaffold. (B) and (C)
Selected examples of electron-rich pyridine-based ligands with (cyclic)
guanidyl substituents.

(Fig. 1B). This was experimentally demonstrated through the
reversible formation of SO, and CO, adducts by the most
basic pyridines which are not isolable using unsubstituted
pyridine.>>® The Himmel group demonstrated that the incor-
poration of multiple guanidinyl groups into pyridine frame-
works significantly increases the electron density of the pyri-
dine ring and simultaneously generates ligands with multiple
donor sites.?®*>%*7%! This is due to the fact that guanidines
themselves are highly effective ligands in coordination chem-
istry.> As exemplified by compound I, guanidinyl groups fre-
quently serve as the preferred coordination sites for transition
metals M (Fig. 1C). Similarly, in the case of bipyridine deriva-
tive II, the guanidyl moieties compete with the pyridine nitro-
gen atoms for coordination to the metal center.*’ Moreover,
Henkel and colleagues reported the synthesis of the 1,10-phe-
nanthroline-based Janus head pro-ligand III, which can accom-
modate different transition metal centers at opposite ends of
the molecule.®***

In contrast, the parent 1,10-phenanthroline (phen) ligand
is described as electron-deficient species with predominant n
acceptor properties due to the large conjugated aromatic
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system and low-lying n* orbital.®>®° Its rigidity causes the two
N atoms to always be oriented cis to each other rendering phen
an excellent chelating ligand®” and the synthesis of coordi-
nation compounds incorporating almost every element of the
periodic table has been realized.®>® Thus, the application of
phen and its derivatives has been broadly explored over many
areas of research such as materials chemistry,®® 7 medicinal
chemistry,”*”® catalysis,**"®” and photochemistry.?*°

As part of our ongoing efforts to develop highly electron-
rich ligands,**®°° we report the synthesis and characteriz-
ation of a 1,10-phenanthroline derivative bearing bulky N,N'"-
di-tert-butylimidazolin-2-ylidenamino substituents adjacent to
the metal coordination site.

We hypothesize that, in contrast to the NHI carrying
ligands II and III, this ligand will accommodate only a single
metal center due to the rigid framework of the phenanthroline
core and the steric hindrance provided by the tert-butyl
groups. This design will allow for a detailed investigation of
the effect of NHI substitution on the optical properties of 1,10-
phenanthroline.

Results and discussion

Ligand and complex synthesis

The synthesis of the NHI-substituted 1,10-phenanthroline 1
was attempted in analogy to the reported procedure for the
synthesis of N-heterocyclic imines.’®®” Our group recently
demonstrated the feasibility of this approach for pyridine
based systems using 4-aminopyridine.”” In fact, heating a sus-
pension of 2,9-diamino-1,10-phenanthroline, N,N'-di-tert-buty-
limidazolin-2-chloroimidazolinium tetrafluoroborate®”*® and
KF at 90 °C for three days led to the selective formation of
1-HBF, which was isolated after filtration and washing with
water to remove excess KF in good yields (Scheme 1). 1-HBF, is
a bright yellow, bench-stable solid best soluble in polar
organic solvents like DCM and MeCN. In the "H NMR spec-
trum, the acidic proton resonance of the 1H" cation appears at
high frequencies (CD,Cl,: 10.61 ppm, MeCN-ds: 10.04 ppm) as
a broad singlet indicating a dynamic process involving shut-
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Scheme 1 Synthesis of 1-HBF,, 1-2HBF, and the free ligand 1.
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tling of the proton. The sharp aromatic "H NMR resonances
exhibit the typical splitting pattern for (protonated) 1,10-phe-
nanthrolines of two doublets and one singlet.”*°" Likewise,
the NHI groups are chemically and magnetically equivalent
and the methylene- and tert-butyl groups each appear as a
singlet. Attempts to localize the acidic N-H proton using 2D
and variable temperature NMR experiments remained unsuc-
cessful (see ESIf for details). In symmetrically substituted phe-
nanthroline ligands, the proton is bound between both N
atoms.®>'%? A single-crystal X-ray diffraction (SCXRD) analysis
of 1.-HBF, revealed that the proton is positioned on either of
the two phenanthroline N atoms in a 1:1 ratio (see ESIT for
details) (Fig. 2). The preferential protonation at the pyridine
nitrogen rather than the NHI group is consistent with calcu-
lated proton affinities of various amino- and imino-substituted
pyridines.**'%?

DFT calculations at the B3LYP/6-31G(d,p)/SMD(DCM) level
of theory confirm that the first protonation of 1 is energetically
favored by 52.0 k] mol™" at a phenanthroline nitrogen atom
compared to protonation at an imine group. The second proto-
nation preferentially occurs at the imine nitrogen rather than
the second phenanthroline nitrogen, with an energy advantage
of 12.6 k] mol™" (see ESIT for details). DFT calculations reveal

1-2HBF4
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that the basicity of 1, with a pKgy " value of 25.0 in acetonitrile
(ACN), is significantly enhanced compared to pristine phenan-
throline (pKgy ™ (ACN) = 13.7)."°* This places its basicity within
the range of superbases such as DBU (pKgy' (ACN) = 24.1) and
TBD (pKgy™ (ACN) = 26.0)."°> This value was further validated
by proton transfer experiments using a variety of bases, includ-
ing DBU, TBD and the phosphazene base P;-tBu(pyrr); (pKgn"
(ACN) = 28.4)'%° (see ESIf for details). Experimentally, the
second protonation was achieved using either HBF,-Et,O or
[H(EtO),][B(CFs)4]."°” The 'H NMR resonances of the resulting
dication are significantly broadened, indicating the presence
of several tautomers in solution. However, an SCXRD study of
1-2HBF, revealed that, in the solid state, both protons are
bound to the phenanthroline N atoms, forming hydrogen-
bonding interactions with acetonitrile solvate molecules in the
crystal lattice. Attempts to achieve further protonation and
form [1-3H]** using [H(OE,),][B(CsF5)s] remained unsuccess-
ful. In the "H NMR spectrum of the mixture, the resonances
of [1-2H]*" and the acid were observed indicating that [1-2H]**
is less basic than Et,O (see ESI} for more details). The free
ligand 1 was isolated as an orange-to-red solid in good yields
after deprotonation of 1-HBF, with KO¢Bu. 1 is soluble in polar
organic solvents like MeCN and DCM, moderately soluble in

\HC)&I
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!

‘

2:2MeCN

Fig. 2 Molecular structures of 1, 1-HBF, and 1-2HBF, and 2-:2MeCN. Ellipsoids are set at 50% probability. Hydrogen atoms except for the N—-H
hydrogen atoms and counterions are omitted for clarity. Selected bond lengths (A) and angles (°): 1: C1-C4 1.451(2), C1-N1 1.363(2), N1-C2 1.339
(1), C2—N2 1.348(2), N2-C3 1.307(2), C3—-N3 1.367(2), C3—N4 1.367(2), N1-C2-N2 122.2(1), C2-N2-C3 130.3(1); 1-HBF,;: C1-C1’ 1.423(3), C1-N1
1.366(3), N1-C2 1.352(3), C2—-N2 1.326(3), N2—-C3 1.332(3), C3—-N3 1.350(3), C3—-N4 1.354(3), N1-C2-N2 116.3(2), C2-N2-C3 126.2(2); 1-2HBF,: C1-
C4 1.418(2), C1-N1 1.381(2), N1-C2 1.367(2), C2—-N2 1.301(2), N2—-C3 1.354(2), C3-N3 1.342(2), C3-N4 1.336(2), N1-C2-N2 116.1(1), C2-N2-C3
122.7(1); 2:2MeCN: N1-Zn 1.984(2), N5-Zn 1.984(2), N9-Zn 1.972(3), N10-Zn 1.979(3), C1-C4 1.430(3), N1-C2 1.356(3), C2—N2 1.318(3), N2-C3
1.340(3), C3—-N3 1.351(4), C3—-N4 1.345(4), N1-C2-N2 116.5(2), C2-N2-C3 123.7(2), N1-Zn—N5 84.23(9), N9—-Zn-N10 109.23(11).
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Table 1 Selected averaged bond lengths and angles of 1 and Il

1 11
Cphen—Nimine 1.347(2) A 1.398(2) A
Nimine=Cnm1 1.314(2) A 1.284(2) A
Crrar~Nyir 1.364(2) A 1.383(3) A
Cphen_Nimine:CNHI 130-3(1)0 126.3(2)0
Nimine=CnrrNnmr 125.2(1)° 126.3(2)°
Nuur-Crrr-Nur 109.1(1)° 107.5(2)°

THF and toluene, and virtually insoluble in n-hexane or water.
Nonspecific decomposition of 1 in CDCl; within minutes and
in DCM-d, over the course of hours was observed by '"H NMR
spectroscopy reflecting the high basicity of 1. Measured in
CeDe, the phenanthroline "H NMR resonances of 1 appear at
slightly higher frequencies (7.65 ppm, 7.21 ppm, 6.93 ppm)
compared to those of the parent 1,10-phenanthroline
(7.47 ppm, 7.07 ppm, 6.85 ppm).

The Zn" complex 2-2MeCN was prepared by treatment of 1
with Zn(OTf), in MeCN at ambient temperature (Scheme 2). In
contrast to phenanthroline complexes III (Fig. 1C), the use of
an excess Zn" did not lead to bimetallic complexes due to the
close proximity of the bulky NHI groups to the coordination
site in 1. Protonation of 2-2MeCN with [H(OEt,),]|[B(CcFs)4] was
accomplished, but it resulted in partial dissociation of the
complex and the release of the cationic ligand 1-H(BCgFs),.
The solid-state structures of 1 and 2-2MeCN were established
by SCXRD studies (Fig. 2). For the free ligand 1, the imidazole
groups are staggered and rotated (& 65.3°) relative to the phe-
nanthroline plane. In contrast, within 1-HBF, (81.6°), 1-2HBF,
(0 84.8°), and 2:2MeCN (& 79.0°), the imidazole groups adopt
a nearly orthogonal orientation. The N1-C2-N2 bond angles
(1: 122.2°, 1-HBF,: 116.3°, 1.2HBF,: 116.1°, 2:2MeCN: 116.5°)
and the C2-N2-C3 angles (1: 130.3°, 1-HBF,: 126.2°, 1.2HBF,:
122.7°, 2:2MeCN: 123.7°) are similar. The C-N bond distances
(1.301 A-1.340 A) are within the range of typical C-N single
and C=N double bonds."*®'*® In the solid state structure of
III, the NHI groups are staggered in a similar fashion to 1 and
rotated (& 53.8°) relative to the phenanthroline plane. A com-
parison of geometrical parameters is shown in Table 1.5%'°
Notably, the Cphen=Nimine and the endocyclic Cypr—Nyur bond
lengths are shortened in 1 compared to III, while the
Nimine—Cngr bonds are elongated. This indicates a more pro-
nounced n donation of the NHI groups towards the pyridine
units in the case of 1.

Tl20Tf
fBu N0 By fBu 7 NN tBu
; : Zn(OTf), ; p; j(

N =N N= N N =N NT N
O o= =)
¥ N MecN NN
tBu tBu rt,16h Bu N N, Bu
1 /C C\
HsC CHs

2:2MeCN (66%)

Scheme 2 Synthesis of the Zn'" complex 2-2MeCN.
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Electrochemical investigations

Considering the strong n-donor capability of the NHI
groups,”>>® we were curious to investigate their effect on the
redox potentials and thus studied the electrochemical pro-
perties of 1, 1-HB(C¢Fs),, 2:2MeCN and phen using cyclic vol-
tammetry (CV) and differential pulse voltammetry (DPV) (see
ESI} for details). For 1, two partially reversible one-electron
oxidation processes (—0.03 V and 0.38 V vs. Fc/Fc'), one irre-
versible oxidation process (0.57 V vs. Fc/Fc') and two irrevers-
ible one-electron reductions at low potentials (—3.03 V and
—3.18 V vs. Fc/Fc') are observed (Fig. 3a). The latter are signifi-
cantly shifted cathodically when compared to phen (—2.63 V,
—2.82 V vs. Fe/Fc') evidencing the increase of electron density
within the aromatic system."'" According to the DFT calcu-
lations, the HOMO and HOMO-1 of 1 are distributed over the
phenanthroline moiety and imine N atoms and are mostly of =
character (see Fig. S68 in the ESIf). Thus, the first two oxi-
dation processes likely occur at the aromatic phenanthroline
scaffold and the oxidation potential follows the same trend of

a)

——Full Scan - — First Wave

-15 10 -0.5 0.0 05 1.0
E |V vs. FclFc*

b)

—25mV-s”
—50mV-s~
——100 mV-s™'
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—

—

T T T T T T T
-0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8

E/V vs. FclFc*

Fig. 3 (a) Cyclic voltammogram and differential pulse voltammogram
of 1 under inert conditions. (CV: scan rate: 100 mV s, in MeCN, elec-
trolyte: [n-BuyNI][PF¢] (0.1 m), working electrode: glassy carbon, counter
electrode: Pt wire; DPV: step size: 5 mV, pulse time: 0.1 s, pulse size:
25 mV). Internally referenced against Fc*/Fc** and reported against Fc/
Fc*. (b) Cyclic voltammogram of 1 under inert conditions at different
potential windows and different scan rates (in MeCN, electrolyte: [n-
Bu4NI[PFe] (0.1 M), working electrode: glassy carbon, counter electrode:
Pt wire). Internally referenced against Fc*/Fc** and reported against
Fc/Fc™.
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Table 2 First oxidation and first reduction potentials taken from the
cyclic voltammograms measured at a scan rate of 100 mV s™*. Potentials
are reported against Fc/Fc* in MeCN

Compound Ered EXN
Phen -2.67V —

1 -3.07V —-0.06 V
1-HB(C4Fs), —2.22V 0.50 V
2-2MeCN —-2.64V 0.71V

the phenanthroline ligand in III (E, = —0.26 V vs. Fe/Fc').%
Similarly, the positive charges are stabilized through reso-
nance structures which involve the NHI groups. However, due
to the different substitution pattern, a third irreversible oxi-
dation process is observed in the case of 1 (see Fig. S68 and
S69 in the ESIt for details). Within the potential window of the
first oxidation event, the process appears to be reversible even
at low scan rates (Fig. 3b). Within the potential window includ-
ing all oxidation events on the other hand, these processes
only possess reversible character at higher scan rates. This
indicates the formation of a short-lived species upon further
oxidation.

In comparison to 1, the protonated salt 1-HB(C¢F5), is less
electron-rich. Consistently, the first reduction potential is
shifted anodically (B¢ = —2.19 V) and the first oxidation
potential is shifted cathodically (ES5, = 0.53 V). This trend was
also observed in the CV studies of the zinc complex 2-2MeCN

(Table 2).

Photophysical properties

The photophysical properties of 1, 1-HBF4 and 2-2MeCN were
studied and compared with those of 1,10-phenanthroline
(phen) for reference. Phen absorbs light in the UV region
(200-320 nm) and displays a weak and short lived fluorescence
emission (z < 1 ns, dem &~ 360 nm) at 298 K and a long lived
phosphorescence (z = 1.1 8, Aer, & 460 nm) at 77 K.
Protonation of phen induces a red-shift of the absorption and
emission maxima.®®'°> This change of photophysical pro-
perties of phen and its derivatives in dependence of the pH or
upon complexation to a metal center has led to their appli-
cation as chemosensors.®®*'*>™''® 1 shows a complex photo-
physical behavior. As in phen, the luminescence of 1 at 77 K
consists of both fluorescence and phosphorescence with dra-
matically different excited state lifetimes of nanoseconds and
seconds, respectively. The short lifetime is consistent with
rapid deactivation of the singlet excited state (S;) via intersys-
tem crossing (ISC) to the triplet excited sate (T;). The T; in con-
trast is expected to have a very long-lived phosphorescence.
Fig. 4 (A, top) shows the absorption spectra of 1 in THF at
ambient temperature and at concentrations of 0.5, 1, 2, 3, 5,
10, 20, 30, 50, 100, and 200 pM. For 1, the absorption at
290 nm is shifted to 280 nm in CH,Cl,. This band can be
assigned to a spin-allowed © — =* transition of the phenan-
throline moiety of 1.'"® Compared with unsubstituted 1,10-
phenanthroline, where this band occurs at 264 nm in CH,Cl,,
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it is red shifted in 1. This red shift indicates lowering of the
n-n* level due to the charge-transfer character resulting from
the electron donation of the NHI groups into the phenanthro-
line & system. Therefore, the electron-donating properties of
the substituents in 1 promote this red shift. This band at
290 nm shows no concentration dependence within the range
0.5 to 200 pM (Fig. 4A, above). By contrast, the second spin-
allowed © — 7* transition in 1 exhibits a small red shift from
350 nm (0.5 pM) to 360 nm (200 pM). Since this transition is
completely lacking in the UV/Vis spectrum of 1,10-phenanthro-
line,'*? it can be attributed to a shifted = — n* band due to the
imidazolidine substituents of 1. In order to further character-
ise the individual UV/Vis excitations, TD-DFT calculations have
been carried out. The resulting theoretical spectrum deter-
mined at B3LYP/6-31G(d,p) level in implicit dichloromethane
was found in good agreement with the experimental reference
(see Fig. S106, see in the ESIT). According to the calculations,
three excitations giving rise to four dominant absorption
bands at 361, 340, 301 and 299 nm are observed. Based on a
visual inspection of the associated canonical molecular orbi-
tals, all excitations can be classified to be predominantly = —
n* transitions. A linear dependence absorbance versus concen-
tration is observed for 1 (Fig. S80%), following the Beer-
Lambert law, indicating that aggregation is not occurring, even
at the highest concentrations of 0.2 M. Fig. 4 (A, bottom)
shows two main emission peaks at 464 and 550 nm when
excited at 360 nm at ambient temperature. At the lowest con-
centrations, only the peak at 550 nm is present. At higher con-
centrations (5-200 pM), the emission is blue shifted to a
maximum band at 464 nm. At low concentrations the lifetimes
measured for the blue component (4. = 465 nm) has a short
component of 0.9 ns (64%) and a longer-lived component of
8.0 ns (36%), while the longer wavelengths (A, = 550 nm) has
a lifetime of 1.2 (28%) and 10.2 ns (72%) respectively. At
higher concentrations, where the blue emission line domi-
nates the spectrum, only a very long-lived emission decay is
observed, on the order of 0.1 to 1.0 s. The concentration
dependent photophysics is most likely the result of a triplet-
triplet annihilation (TTA) process (Fig. 5). In the TTA process,
two molecules in their triplet excited states diffuse together
and form a molecule in the ground state (S,) and one in the S;
state (T; + T; = So + S; = 28, + Aw). The lifetimes of the green
and blue bands track the TTA rate, not the S; rate. The S;
states formed by TTA decay by a combination of emission and
ISC to the Ty, both of which are orders of magnitude faster
than the TTA process that generated the S;. The TTA process
here is enabled by the long-lived T, state (r = 0.1-1 s). Thus, at
low concentration the optical density and thus the concen-
tration of T; states formed on excitation is low and phosphor-
escence from T; outcompetes TTA. As the concentration is
increased, the optical density increases leading to a higher T
concentration on excitation and TTA takes place leading to S;
emission being the dominant process. Assuming the emission
of 1 changes with concentration due to TTA, it is important to
check that all emissions stem from the same excited states at
all concentrations. The complete emission range from 420 to
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Fig. 5 Jablonski diagram of compound 1 including the intermolecular
TTA process with a second molecule of 1 acting as annihilator (ISC =
intersystem crossing, TTA = triplet—triplet annihilation, PS
polystyrene).

600 nm shows the same excitation peak at 360 nm (Fig. S777),
confirming that the same state formed on light absorption
leads to both emission bands. These excitation peaks at
360 nm correspond to the S,—S; absorption peak (Fig. 4A,
top). To make the assignments of the excited states complete,
the emissions of 1 in a polystyrene matrix at ambient tempera-
ture and in a 2-methyl-THF glass at 77 K were measured (Fig. 6
and Fig. S81%). At ambient temperature fluorescence appears

6668 | /Inorg. Chem. Front, 2025, 12, 6663-6675

(Amax = 465 nm 7., = 3.7 ns), but the major contributor to the
emission is the phosphorescence band at Ayax = 520 NM (Taye =
0.5 s). The emission band at 465 nm also shows a long time
decay trace of 0.5 s, matching the value observed at 520 nm. At
77 K phosphorescence also plays a dominant role in the emis-
sion spectrum, differing from fluid solution at this concen-
tration. This is typical for 1,10-phenanthroline and its deriva-
tives."*® The fluorescence at 77 K is centered at 450 nm, thus
showing a typical rigidochromic effect on cooling,’*® when
compared with the peak at 464 nm at ambient temperature in
polystyrene.

The phosphorescence shows a similar rigidochromic effect,
with Anax at 513 nm with a shoulder at 540 nm at 77 K. This
long-lived phosphorescence in the rigid matrix at 77 K is
assigned to the lowest *n-n* level."'>'*%12° Its lifetime is inde-
pendent of wavelength and for 450, 500, and 550 nm the same
lifetimes of 1.2 s have been measured (see Fig. S79 in the ESI{)
for an excitation wavelength of 360 nm. Note that in both poly-
styrene at ambient temperature and 2-methyl-THF at 77 K,
diffusion is precluded, preventing TTA-based emission.

To further confirm these assignments, excited lifetime
measurements were carried out. We measured the lifetimes of
ligand 1 in air or degassed conditions at 0.5 and 100 pM for
the peaks at 440, 464 and 550 nm (see Fig. S75 in the ESIY).
The wavelength of excitation was 375 nm for all these measure-
ments. At a given concentration (0.5 or 100 uM), the lumine-
scence decay lifetimes at 440 and 464 nm are similar and are

This journal is © the Partner Organisations 2025
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Fig. 6 Emission spectra of a polystyrene film of 1 (1% w/w) at ambient temperature (left) and 10 pM solution of 1, 1-HBF, and 2-2MeCN recorded in
glassy 2-methyl-THF at 77 K. The excitation wavelength was 360 nm. The dashed line contains both fluorescence and phosphorescence, whereas in
the gated spectrum (red line) the fluorescence is suppressed. These spectra are independent on concentration.

not influenced markedly by O,. In contrast, the lifetimes at
550 nm are longer for degassed samples, which is to be
expected for the long-lived triplet state. Ligand 1 in low con-
centration (0.5 pM) showed a longer lifetime than the sample
with the high concentration (100 pM), consistent with a faster
TTA process at the high concentration (see the ESIt for details
on the evaluation of the lifetimes)."*" The quantum yield of 1
in THF at ambient temperatures is 2%.

Substituted phenanthrolines show interesting photophysical
properties, when coordinated to different metals.*>"*?
Therefore, the photophysical properties of the protonated
ligand 1-HBF, and the Zn" complex 2-2MeCN were investi-
gated. Fig. 4B shows that neither the absorption (top) nor the
emission spectra (bottom) of 1-HBF, show any indication of
concentration dependence comparable to 1. Plots of absor-
bance versus concentration for 1-HBF, deviate from linearity at
high concentrations, due to limited solubility in DMF, while
the plot for the Zn" complex 2-2MeCN remains linear to the
highest concentration (see Fig. S85 and S88f). Emission
appears to come from phosphorescence only. Electrostatic
repulsion of the cationic 1-HBF, precludes TTA for this
emitter. In contrast 2-2MeCN (Fig. 4C) shows TTA-based emis-
sion, similar to that observed for 1 in THF, however, this
complex does not show phosphorescence even at the lowest
concentrations examined.

Both 1-HBF, and the Zn" complex 2-2MeCN were further
studied in glassy 2-methyl-THF at 77 K. The emission of
1-HBF, and 2:2MeCN at this temperature is dominated by
phosphorescence (Fig. 6, two plots on the right). However, the
lifetimes of 1-HBF, are now dependent on wavelengths with
biexponential decays with average lifetimes of 0.7 s at 500 nm
and 0.5 s at 530 nm were determined for an excitation wave-
length of 350 nm (see Fig. S84 in the ESIf). The lifetimes of
2-2MeCN are longer, 7, = 1.3 to 1.9 s for 518 and 500 nm,
respectively, for an excitation wavelength of 360 nm (see
Fig. S87 in the ESI}). These long-lived *nn* level''>''312% are
typical for the phenanthroline moiety of 1-HBF, and 2-2MeCN.
The quantum yield is higher for 1-HBF, (10%) and 2-2MeCN
(4.0%) than for 1 (2.0%) in THF. The lifetimes of 1-HBF, gives
a biexponential decay at 450 nm of 7 = 3.5 ns (68%) and
15.8 ns (32%), with a longer decay time of 31 ns observed at
500 and 550 nm (see Table S3 in the ESIT). The decay lifetime

This journal is © the Partner Organisations 2025

at 450 nm is largely due to ISC to T, and is slower than
observed for 1. The lifetimes of a 10 uM solution of 2-2MeCN
in degassed THF at 298 K are given in Table S4,f again
showing very little dependence on the wavelengths of emission
(Tave = 3.4 ns for the shorter components, see Table S4+).

Titration experiments were also carried out using HOTf as
acid for the successive protonation or Zn(OTf), for the com-
plexation of 1. Upon addition of 0.25-4.0 equivalents of acid,
the spin-allowed © — =* transition of the phenanthroline
moiety at 250 nm in DMF increases, whereas the spin-allowed
© — 7* transition at 350 nm decreases for the same amounts
of HOTf (Fig. 7A, above). A comparable increased lumine-
scence during the addition of acid was observed for 2,3,7,8-tet-
rakis(tetramethylguanidino)-phenazine.*®

Upon excitation at 350 nm, the emission at 550 nm increases
for added HOTS in the range of 0.25-1.5 equivalents (Fig. 7A,
below). In contrast, addition of more than 2.0 equivalents of
HOTf hampers the luminescence intensity (Fig. 7A below).
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Fig. 7 (A) UV/Vis (above) and emission (below, excitation at 350 nm)
spectra of 1 in DMF, depending on the addition of HOTf (0.5-4.0
equivalents); (B) UV/Vis (above) and emission (below, excitation at
350 nm) spectra of 1 in DMF, depending on the addition of Zn(OTf)2
(1.0-3.0 equivalents).
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Fig. 7B shows that a luminescence enhancement could also be
achieved by complexation of 1 with Zn"..

This is a typical example of structure-driven photo-
luminescence enhancement by Zn".°®'**'?3 In the case of 1
after addition of one equivalent Zn" no further increase of
luminescence could be observed (Fig. 7B, below). Thus, this
effect corresponds to the formation of 2-2MeCN (see Fig. 2),
where coordination experiments have shown that no further
uptake of Zn" by 2-2MeCN is possible. In a similar vein to the
titration experiments, the color change of a DCM solution of 1
upon successive protonation was investigated under inert con-
ditions (Fig. 8). The initially orange solution of 1 gradually
turns yellow (1.0 equivalents of HOTf) matching the color of the
isolated 1-HBF, and then fades upon addition of more acid
(£2.0 equivalents), also matching the off-white to pale-yellow
color of the isolated 1-2HBF,. Further addition of HOTf under
inert conditions (>2.0 equivalents) causes the solution to
become slightly yellow and ultimately turbid (see Fig. S92 in the
ESI}). This indicates that protonation beyond [1-2H]** is poten-
tially feasible in a non-coordinating solvent using excess HOTT.

Conclusions

In conclusion, we present the synthesis and characterization of
a new electron-rich 1,10-phenanthroline ligand, 1, bearing
bulky NHI groups adjacent to the coordination center.
Electrochemical studies of 1 are in line with previously
reported guanidyl-substituted polypyridine ligands and
confirm the increased electron density of the ligand due to the
n-donation of the NHI substituents. Coordination experiments
with Zn" showed that 1 binds a single metal center, coordinat-
ing selectively at the phenanthroline N atoms, which is in con-
trast to the Janus head pro-type ligand III and the preference
of I to coordinate with the guanidyl N atoms. Likewise, the pro-
tonation of 1 was theoretically and experimentally confirmed
to take place at one of the phenanthroline N atoms. The
second protonation, however, is less regioselective, leading to
tautomeric forms in solution, with DFT calculations indicating
a 12.6 k] mol™" energetic preference for protonation at the
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imine nitrogen atom. Photophysical experiments show that
the optical properties of 1 are highly sensitive to protonation,
concentration, and metal coordination. Upon protonation at
the phenanthroline nitrogen atoms, the emission intensity
increases, but it decreases upon binding of a second proton,
presumably due to protonation of an imine group.*® The UV/
Vis absorption at 350 nm, responsible for the red-to-orange
color of 1, fades upon protonation, corresponding to a visible
color change. In addition, the absorption and emission of 1
are dependent on concentration due to TTA in solution. This
effect is absent in the cases of the ionic compounds 1-HBF,
and 2-2MeCN. Furthermore, coordination with Zn" signifi-
cantly enhances emission, as steric constraints lead to rigidifi-
cation of the ligand scaffold.

In summary, 1 is an electron-rich ligand with four donor
sites positioned within a coordination cavity shaped by bulky
tert-butyl groups. Due to the strong n-donating effect of the
NHI groups, the phenanthroline nitrogen atoms exhibit sig-
nificantly enhanced basicity (pKgu™ (ACN) = 25.0) driving pre-
ferential coordination of Lewis acids via the phenanthroline
core. This electronic effect also significantly impacts the
ligand’s redox and optical properties. Ongoing studies in our
group are focused on further exploring its coordination chem-
istry and multiple-site binding capabilities.
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