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Abstract: The synthesis of [Cu(PteN"N)(P"P)][BF4] complexes with pterin-fused phenan-
throline (PteN"N) derivatives and bisphosphine (P"P) co-ligands was achieved through
a mechanochemical approach. Due to the extremely poor solubility of PteN"N ligands,
traditional solution methods are ineffective, whereas solid-state mechanochemistry reliably
yielded the targeted heteroleptic—rather than homoleptic—complexes with considerable
stability even in solution. The transformation from ligand to complex increased the solubil-
ity dramatically. The ligands and complexes were comprehensively characterised with a
mixture of routine spectroscopic and spectrometric methods, the applicability of which de-
pended to some extent on the compounds’ solubility, e.g., in the case of NMR spectroscopy.
The photophysical properties of the complexes, which were not as exciting as anticipated,
were assessed by absorption and emission spectroscopic methods, showing that further
improvements are needed in complex design if these species are to be developed towards
photocatalysis in the future.

Keywords: mechanochemistry; copper complexes; pterin; phenanthroline; bisphosphine;
heteroleptic complexes

1. Introduction

Using sunlight for visible-light-mediated photocatalysis in organic synthesis has
become a critically important strategy [1-3]. Molecular photosensitizers such as ruthe-
nium polypyridyl and iridium phenylpyridine complexes are extensively utilised in these
processes [4-6]. In the search for efficient photosensitizers, the exploration of copper(I)
complexes has shown considerable promise due to their cost-effectiveness and significant
photophysical properties [7,8]. When they were initially studied, mononuclear Cu* com-
plexes such as [Cu(phen),]* (where phen = 1,10-phenanthroline and its derivatives) were
found to exhibit limited luminescence in solution, primarily due to excited-state flattening
distortions [9]. Innovations by researchers such as McMillin and Sauvage introduced bulky
substituents at the 2,9-positions of 1,10-phenanthroline or substituted one phenanthroline
ligand with a chelating bisphosphine, the bite angle of which may be varied, that signifi-
cantly enhanced the emission quantum yields and extended the excited-state lifetimes of
these complexes [10-12].

Today, a variety of well-defined homoleptic [13,14] and heteroleptic bis-diimine cop-
per(I) complexes [15,16], [Cu(N"N),]*, along with the heteroleptic diimine-bisphosphine
copper(I) complexes [Cu(N"N)(P"P)]* and [Cu(N"N)(N"P)]* have been studied (Figure 1).
In order to improve the absorption profile in the visible light region, m-extended diimine
ligands have also been used for heteroleptic complex formation (Figure 1) [17,18]. These
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complexes offer appropriate redox potentials and display excited-state lifetimes suitable
for photocatalytic applications. Despite the significant potential of the copper complexes
referred to above, there is still room for further development so as to fully exploit the
abilities of these non-noble metal systems as catalysts.

[Cul(dbdppz)(dppf)]* [Cu(NAN)(Xanthphos)]*

Figure 1. Selected examples of copper(I) photocatalysts.

Pterins are N-hetero-bi-cyclic molecules which exhibit quite unique electronic struc-
tures and chemical behaviour [19,20]. Derivatives thereof are found in nature as parts of
biomolecules with a variety of important functions, and some have even been shown to be
effective photosensitizers in the oxidation of, for instance, nucleic acids, which includes
the unsubstituted parent structure [21-28]. Since, in our lab, pterin species are readily
available for employment in a different project, we deemed it worth trying to combine
the copper(I) photocatalysis field with pterin chemistry. This study, hence, demonstrates
the synthesis and properties of a set of six pterin-fused phenanthroline-bisphosphine—
copper(l) complexes, [Cu(PteN"N)(P"P)]*, with some small variation in either of the two
ligand types. Complexes with pterin structural motifs were previously shown to hold
significant promise even in a biological context. Bis(bipyridyl) Ru?>* complexes with
pteridinyl-phenanthrolines have effectively intercalated with DNA and RNA and acted
as robust molecular “light switches” [29-32], and a tricarbonyl Re* complex with merely
the unsubstituted pterin as a ligand was shown to photo-induce structural changes in
DNA [33]. We therefore anticipated a significantly useful photochemical behaviour of the
targeted and realized pterin-bearing copper(l) complexes with bisphosphine co-ligands.

The typical synthesis of complexes relatively similar to our target species involves
the use of dry dichloromethane, to which diimine ligands are added first, followed by
diphosphine ligands an hour later, and stirring of the reaction mixture for extended periods
ranging from 2 to 14 h [34-36]. While this method has proven effective for creating both ho-
moleptic and heteroleptic copper(I) complexes with aromatic functionalized phenanthroline
diamine ligands, it encounters challenges when extending the 7-system or incorporating
hydrogen-bonding prone backbones like a pterin [37] through fusion to the phenanthroline
chelate. These modifications often lead to solubility issues in conventional organic solvents,
potentially resulting in poor conversion rates or complex mixtures of homoleptic and
heteroleptic compounds that are difficult to isolate and purify.

To address these issues, a mechanochemical solid-state reaction approach was chosen,
which offers a sustainable alternative, particularly for substances with low solubility [38].
Mechanochemical synthesis comes with significant advantages, including eliminating
the use of potentially toxic solvents and reducing the need for multiple purification and
drying steps, thereby minimising waste generation [39]. The reactive extrusion process
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was identified by IUPAC in 2019 as one of ten chemical innovations with the likeliest
chance of impacting our world the most [40]. The benefits of mechanochemical methods
are well known; yet, until now, they have very much been underexplored with regard to
pterin chemistry, and they have never been applied in order to coordinate pterin-bearing
ligands to copper centres. With regard to the six new complexes ([Cu(N"N)(P"P)][BF4])
reported here, they have only become accessible by employing a ball milling method,
while syntheses in solution have failed to give reasonable results. Comprehensive analyses
including elemental analysis, ESI-MS, NMR, and UV /Vis spectroscopy measurements have
been conducted on all complexes. In this report, we focus primarily on a very successful
synthesis procedure for these complexes and their characterisation, as well as taking a
tentative look at their photophysical properties, which, unfortunately, did not live up to
the expectations that motivated this work in the first place.

2. Results and Discussion

Predominantly inspired by the work of James and co-workers toward the synthesis
of salen ligands through ball milling [41], we adopted a relatively similar approach to
synthesise our target ligands. Two pteridinyl-phenanthroline derivatives were successfully
prepared: 13-(pentyloxy)pteridino [6,7-f][1,10]phenanthrolin-11-amine (L1; PtePhen) and
its dimethyl derivative, 3,6-dimethyl-13-(pentyloxy)pteridino[6,7-f][1,10]phenanthrolin-11-
amine (L2; PtePheMe). These were synthesised by reacting diamino pteridinyl derivative
1 with 5,6-dione phenanthroline 2 as solids using a standard ball milling vibrator set to a
fixed frequency of 50 Hz (Scheme 1; Figure 2a). This mechanochemical method proved
effective in providing these relatively complex chemical structures with high purity and in
quantitative yields.

NH,

ball milling 50 Hz,
RT, 30 min

1 2a:R=H L1 (PtePhen): R=H
2b: R=Me L2 (PtePhenMe): R = Me

Scheme 1. Synthesis of pteridinyl-phenanthroline N"N chelates via mechanochemical ball milling.

@ (b (©) (d) ©)

Figure 2. Mechanochemistry: (a) ball milling vibrator device; (b) starting materials added into milling

jar; (c) addition of 6 mm stainless steel balls; (d) sealing jar and mounting on ball milling device;
(e) product after completion of reaction.

In our initial attempts to synthesise the heteroleptic complexes, we employed equimo-
lar ratios of Ligand L1, 1,1’-bis(diphenylphosphino)ferrocene (dppf), and [Cu(CH3CN)4]
[BF,] in dry dichloromethane, allowing the reaction to proceed for 3-12 h at room tem-
perature under a N, atmosphere. However, the 'H and 3!P NMR analyses of the crude
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reaction mixtures revealed predominantly unreacted starting materials with only trace
amounts of the desired heteroleptic complex. Given the poor solubility of L1 and L2 in
common solvents such as CHCl3, CH,Cl,, and DMSO, and the inherent instability of the
products in solution, a mechanochemical multi-component synthetic approach emerged as
a superior alternative. Such an approach is anything but unheard of in copper complex
chemistry [42-51], and in one study, rather similar complex salts to those in this work
were prepared mechanochemically; this, most notably, was carried out using a mortar
and pestle [52]. It should be noted, though, that while the application of mechanical force
for the synthesis of copper complexes is relatively well known, the opposite is true for
mechanochemical pterin synthesis [53]. Such a solvent-free method obviously improves
the environmental sustainability of the process. In addition, in the case of the heteroleptic
species of the type studied here, the solid-state strategy even maintained the stability of
the [Cu(N"N)(P"P)]* complexes, which are known to be more stable in their solid form,
and thereby less prone to dynamic ligand exchange reactions, that may disrupt the desired
heteroleptic/homoleptic ratio, which should be as high as possible. This approach mitigates
the challenges faced in traditional synthesis in solution, and presents a substantially more
effective route for obtaining these complexes [54].

A series of Cu(]) pteridinyl-phenanthroline bis(phosphine) complexes (C1-C6) was
synthesised by adding Ligand L1 or L2, bis(phosphine) chelates (dppf, DPEphos, dppe), and
[Cu(CH3CN)4][BF4] in a 1:1:1 ratio into a ball milling jar (Scheme 2; Figure 2b). In this study,
two 6 mm stainless steel balls were uniformly used for the milling process (Figure 2c). The
reaction vessel, sealed with paraffin film, was mounted on an in-house-made ball milling
vibrator set to 50 Hz (Figure 2a,d) and milled for one hour. This resulted in the formation
of yellow-orange-to-red solid substances. Analytically pure complexes were isolated
afterwards in good yields by precipitating them from a 5 mL CH,Cl, solution using an
excess of diethyl ether. The 'H, 3!P NMR spectroscopic, and ESI-MS spectrometric analyses
confirmed the presence of only the heteroleptic complexes in all ligand combinations with
essentially full conversion. Since Garra et al., in their mortar-and-pestle study, used very
similar ligands and a complex salt ([Cu(PhenMe)DPEphos][BF] [52], which distinguishes
itself from C4 only by its lack of a pterin moiety, the specific mechanochemical synthetic
methodologies and their efficacies are very well comparable. The major conformity between
the two approaches is the absence of any additive solvent during the mechanochemical
treatment. The differences comprise (i) the consecutive (Garra et al.) or simultaneous
addition off the starting materials, (ii) the type of application of mechanical force (manual
(Garra et al.) with a mortar and pestle or instrumental using a ball mill), and (iii) the
duration of the mechanical force applied (5 min and 10 s by Garra et al. or 60 min). The
ball milling would likely have been successful even under a much shorter application
time. However, since the reaction took place inside a sealed vessel, it was impossible to
visually assess its progression via the colour change from mixture to product in contrast
to the mortar-and-pestle study. Therefore, a longer period was chosen to make sure that
the transformation was successfully completed. That the concomitant coordination of the
two different ligands was quite successful implies that it is indeed not even necessary to
coordinate the bulkier ligand first before adding the less bulky one. We consider this to
be an advantage over the previously published synthesis method. Unfortunately, Garra
et al. did not add any purification steps to their procedure and only report an NMR-purity
yield of >95%, whereas in our case, the bulk material was purified by dissolving and
re-precipitating it, and the isolated yield after purification was 85%. Presumably, the
effectiveness of both approaches is essentially the same with regard to the yield, which can
be considered quantitative.
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Cu(CH4CN),.BF,

ball milling 50 Hz
RT, 1h

C2 [Cu(PtePhenMe)dppf][BF 4]
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C4 [Cu(PtePhenMe)DPEphos][BF,]

| T BRI

Ph
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C5 [Cu(PtePhen)dppe][BF,4] C6 [Cu(PtePhenMe)dppe][BF4]

Scheme 2. Syntheses of heteroleptic [Cu(PtePhenN"N)(P"P)][BF4] complexes (C1-C6) by ball milling.

The observed broadening and downfield shifting of signals corresponding to the
phenanthroline moieties in the 'H NMR spectra of complexes C1-C6 are consistent with
copper(I) coordination and increased quadrupolar relaxation effects. Although full high-
resolution spectra of the free ligands were not obtained due to solubility limitations (par-
ticularly for L1), a representative '"H NMR spectrum of L2 in MeOD is provided in the
Supporting Information for reference (Figure $10). Additionally, broad 3!P NMR signals for
these complexes range from —3 ppm to —14 ppm, likely due to the quadrupolar nature of
the copper nucleus, as previously reported (Figure 3) [54]. Cu* complexes, known for their
kinetic lability, often undergo ligand exchange in solution, even at room temperature [55].
The stability of complex C1 was further assessed by monitoring its 3P NMR spectrum in
the non-coordinating solvent dichloromethane-d,. After 24 h at room temperature, the
3P NMR spectrum showed signals at +28.2 ppm and —8.5 ppm, with the former likely
indicating the formation of a homoleptic [Cu(dppf),][BF4] complex salt (Figure S1, ESI) [56].

The bite angle of the chelating bisphosphine significantly affects the homolep-
tic/heteroleptic ratio. Smaller bite angles, such as with dppe, allow the Cu* centre to
accommodate two ligands of this type, facilitating homoleptic complexes [57]. Conversely,
wider P-Cu-P angles (113-118°) in ligands, such as with dppf and DPEphos, tend to desta-
bilise homoleptic [Cu(P"P),]* complexes [58]. Temperature-dependent 3P NMR studies
of complexes C5 and C6 showed that [Cu(PtePhen)(dppe)][BF4] (C5) exhibited no change
in its 3'P NMR spectrum, even when measured at —60 °C to raise the visibility of minor
species (Figure S2, ESI). However, [Cu(PtePhenMe)(dppe)][BF4] (C6) displayed a signal
at —7.4 ppm at room temperature and an additional new broad signal at +7.5 ppm at
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—60 °C, in accordance with previously reported data [56] for [Cu(dppe)2][BF4], which
thereby confirms its presence in the solution (Figure S2, ESI).

[rel]

-12.7 ppm
[Cu(PtePhenMe)DPEphos][BF 4] \
o
[Cu(PtePhenMe)dppf][BF 4] -12.07 ppm -
-10.6 ppm
‘s
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Figure 3. 3'P NMR spectra of complexes C1-C6 in CD,Cl, at room temperature.

ESI-MS mass spectrometry analysis of samples dissolved in methanol verified the
presence of a single species for complexes C1 through C5. However, for complex C6, the
analysis revealed a mass peak at 860 m/z corresponding to the [Cu(dppe),]* homolep-
tic complex, alongside a molecular ion peak at 874 m/z for the heteroleptic complex
[Cu(PtePheMe)(dppe)][BF4].

Complexes C1-C6 exhibit bright yellow to orange and red colours. However, C5
and C6 were excluded from preliminary UV/Vis data evaluations and more detailed
investigations due to the observed and/or likely thermodynamic equilibrium between
heteroleptic and homoleptic complexes in solution (their spectra are shown in the ESI;
Figures S4 and S5). Notably, complexes C1-C4 demonstrate excellent solubility across
a range of solvents, from protic to aprotic. This characteristic prompted us to explore
the solvatochromic effects on their absorption maxima. Consequently, we recorded the
electronic absorption spectra of complexes C1-C4 in four different solvents with varied
dielectric constants, spanning from polar protic (MeOH, dipole moment: 1.69 D) to merely
polar (CH,Clp, 1.62 D), and to more polar aprotic solvents (DMF, 3.82 D; DMSO, 3.96 D).

The UV-Vis absorption spectra of complexes C1-C4 in various solvents exhibit a broad
absorption band in the visible region attributed to metal-to-ligand charge transfer (MLCT)
transitions, and ligand-centred absorption bands in the UV region (Table 1, spectra are
provided in Figure 4a, and ESI, Figure S3) [59]. The MLCT bands of these complexes
are notably intense, with absorption maxima ranging from 410 nm to 440 nm (Table 1).
The molar extinction coefficients of C1-C4 are nearly an order of magnitude higher
than those of previously reported copper(I) diimine complexes, such as [Cu(PheMe),]*
(e =8 x 103 L-mol~1-em™1) [60].
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Table 1. The UV/Vis absorption and fluorescence emission profiles of complexes C1-C4 in differ-
ent solvent systems (DCM = dichloromethane; MeOH = methanol; DMF = dimethylformamide;
DMSO = dimethylsulfoxide).

C DCM MeOH DMF DMSO Emission Profile (A nm) 2
omp.
P Amax nm [ 10* M—1.cm—1] DMSO MeOH
410 (1.6)  425(1.4) 430 (1.6) 440 (1.8)
C1  320(22) 320(1.8) 330(26)  330(2.6) 497 504

285(4.6) 290 (3.8) 300 (5.0) 290 (5.0)
410 (1.6) 430 (1.4)

430 (1.4) 450 (1.6)

C2 320(14) 320 (2.0) 512 497
0ws o N0@e) 30
410 (1.8) 420 (2.0) 420 (14) 440 (1.6)
G 200(51) 280(58) 290 (46) 290 (4.6) 502 494
ca  40(16)  420(L6) 40(16)  440(L6) sos s

300 (5.0) 300 (4.6) 300 (4.8) 300 (4.0)

2 A ImM concentration was used for fluorescence emission measurements at an excitation wavelength of A
400 nm.

(b)

18+
16 4

MeOH

144
124
10-

intensity

I]IIII]IIII]IIII]IIII]IIII|Il‘l

250 300 350 400 450 500 4é0'4é0'560.550'54|10'5é0l5é016cl)0

wavelength /nm wavelength /nm

Figure 4. (a) UV-Vis absorption spectra for complex C1; (b) fluorescence emission spectra for
complex C1. DCM = dichloromethane; DMSO = dimethylsulfoxide; DMF = dimethylformamide;
MeOH = methanol.

Moreover, the high molar extinction coefficient values of the visible band
(~2 x 10* L-mol~!-ecm™!) signify a substantial enhancement in the light-absorbing proper-
ties of [Cu Pte(N"N)(P"P)][BF4] complexes. Interestingly, a bathochromic shift of approxi-
mately 20-25 nm is observed when transitioning from methanol to more polar solvents.
This shift may be attributed to interactions with the second coordination sphere, potentially
affecting the geometry at the copper centre (more square-planar vs. more tetrahedral) and
indicating solvent stabilisation of the excited state.

The Stokes shifts in the emission spectra of C1-C4 range from 57 nm to 72 nm, indicat-
ing different levels of excited-state structural relaxation (Figure 4b; Figure S6 in the ESI).
The comparatively low Stokes shift (~57 nm) of complex C1 indicates little excited-state
rearrangement. Although solvent interaction is limited by the structural stiffness of the
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ligand framework, the slight redshift in the emission in MeOH suggests that the solvent
polarity influences the excited state. Similar absorption characteristics are shared by C1 and
C3 (440 nm in DMSO and 425-420 nm in MeOH); however, C3 exhibits a slightly redshifted
emission (502 nm in DMSO), suggesting a minor variation in excited-state dynamics. The
least solvent-dependent behaviour is shown by C4, which has emissions at 504 nm (DMSO)
and 502 nm (MeOH) and absorptions at 440 nm (DMSO) and 420 nm (MeOH). This implies
a rigid ligand environment, which could lead to extended excited-state lifetimes. C2 ex-
hibits the most noticeable visible-light absorption and excited-state stabilisation, rendering
it the most appropriate for potential future photoredox catalysis and investigations of
energy transfer mechanisms. The excited-state energy levels (~2.42-2.49 eV) point to all
four complexes as relatively promising candidates for photocatalytic applications. How-
ever, the quantum yields of the photo-excitations and relaxations, considering the available
respective literature discussing related species [61-63], are not expected to be as high as was
anticipated when designing the pterin-bearing ligand systems, and the energy profiles are
also not as exceptional as initially envisioned. While C1’s comparatively high excited-state
energy makes it more appropriate for reactions requiring high-energy charge transfer, the
more moderate excited-state energy of C3 and C4 suggests that they may be better in
facilitating both oxidative and reductive photocatalysis.

In future studies, we will further investigate these complexes by determining their
quantum yields and excited-state lifetimes using time-resolved spectroscopy. Additionally,
their photocatalytic performance may be tested in model reactions such as x-arylation
and atom-transfer radical addition (ATRA). Finally, synthetic changes shall be made to the
ligand systems employed to more comprehensively unlock the potential of the embedded
pterin moieties. This will be facilitated by the observations of this study with regard to the
mechanochemical ligand preparations.

3. Materials and Methods

All reactions were performed under ambient conditions in a stainless-steel jar on a
ball mill vibrator (n.M:v. Ardenne, DDR-GM 9458, 220/110 V 30 W 50 Hz). The IH NMR
(300 MHz), 13C NMR (75 MHz), 3'P NMR (121 MHz), ''B NMR (96 MHz), and F NMR
(282 MHz) spectra were recorded on a Bruker NMR Avance II 300 spectrometer, and the
solvent residual peak (CD,Cl, 1H,§=5.32;13C, 5 = 53.8) was used as an internal standard.
Chemical shifts in the "H NMR spectra were recorded in delta (8) units, in parts per million
(ppm), relative to chemical shifts in TMS, and in deuterated solvent for the 13C signals
(CD,Cl; § 53.8 ppm), and 3'P NMR, 'B NMR, and the °F NMR spectra were referenced
according to the “unified scale” of IUPAC [64]. The peak multiplicities are specified as
follows: s, singlet; d, doublet; t, triplet; q, quartet; m, multiplet; br, broad. The ESI-MS (in1/z)
spectra were obtained on an ADVION Express mass spectrometer with methanol as an
injection solvent. The UV-Vis spectra were recorded on a Perkin Elmer Lambda 800 UV-Vis
spectrophotometer. The fluorescence spectra were measured using a JASCO FP-6500 150W
Xenon lamp and infrared spectra on an FT-IR spectrometer (Shimadzu IR-Affinity; range
7800-350 cm~1). An Elementar vario MICRO cube was used to determine the elemental
configurations of the final pure products experimentally. The starting material compounds,
1, 2 and [Cu(CH3CN)4][BF4], were synthesised and purified according to the literature
reports [65-67].

3.1. Synthesis of N"N Chelate Ligands PtePhen (L1) and PtePhenMe (L2) by Mechanochemical
Solid-State Ball Milling

General Procedure (GP1): Equimolar amounts of 6-(pentyloxy)pyrimidine-2,4,5-triamine
(1) and either 1,10-phenanthroline-5,6-dione (2a) or 2,9-dimethyl-1,10-phenanthroline-5,6-
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dione (2b) were added to a clean, dry stainless-steel jar under ambient conditions. To this,
two 6 mm stainless steel balls were introduced. The mixture was then subjected to ball
milling on a vibrator set to a frequency of 50 Hz. The progress of the reaction was moni-
tored using thin-layer chromatography (TLC) with a chloroform/methanol (9:1) mobile
phase. The resulting bright yellow solid, which exhibited poor solubility in chloroform,
dichloromethane (DCM), and diethyl ether, was washed with minimal amounts of cold
DCM followed by an excess of diethyl ether. It was then dried under reduced pressure to
yield analytically pure compounds L1 or L2 as bright yellow fluffy solids.

Ligand L1—PtePhen: 13-(pentyloxy)pteridino [6,7-f][1,10]phenanthrolin-11-amine:
The general procedure (GP1) was followed by using 6-(pentyloxy)pyrimidine-2,4,5-triamine
(211.3 mg, 1 mmol) and 1,10-phenanthroline-5,6-dione (210.2 mg, 1 mmol), yielding the
desired 13-(pentyloxy)pteridino [6,7-f][1,10]phenanthrolin-11-amine (300 mg, 0.778 mmol,
78%) as a bright yellow fluffy solid. Due to the poor solubility in CD,Cl,, CDCl3;, DMSO
(dg), and CD3COOD NMR solvents, high-resolution NMR was impossible to record. CHN:
Calc. for Co1H19N7O: C, 65.44; H, 4.97; N, 25.44; Found: C, 64.62; H, 4.75; N, 25.49. APCI-
MS: Calc. for Cp1H19N7O: 385.431 m/z, found [M+H]*: 386.7 m/z. IR (KBrt, v, selected
peak, cm~1): 3262, 3180, 3079, 2955, 2870, 1623, 1605, 1592, 1512, 1462, 1437, 1413, 1395,
1361, 1331, 1210, 1165, 1129, 1022, 819, 744.

Ligand L2—PtePhenMe: 3,6-dimethyl-13-(pentyloxy)pteridino [6,7-f][1,10]phenanthrolin-
11-amine: The general procedure (GP1) was followed by using 6-(pentyloxy)pyrimidine-
2,4,5-triamine (211.3 mg, 1 mmol) and 2,9-dimethyl-1,10-phenanthroline-5,6-dione (238.2 mg,
1 mmol), yielding the desired 13-(pentyloxy)pteridino [6,7-f][1,10]phenanthrolin-11-amine
(326 mg, 0.79 mmol, 79%) as a bright orange-yellow fluffy solid. Due to the poor solubility
in CD,Cl,, CDCl3, DMSO (dg), and CD3COOD NMR solvents, high-resolution NMR was
impossible to record. A reasonably resolved 'H-NMR spectrum is provided in the ESI in
Figure S10. 'H NMR (300 MHz, CD;0D) § ppm: 9.33-9.39 (dd, 1 H), 9.23 (d, ] = 8.34 Hz,
1H),7.67-7.77 (m, 2 H), 4.61-4.73 (t, | = 6.97 Hz, 2 H), 2.92 (s, 3 H), 2.90 (s, 3H), 1.96-2.08
(m, 2 H), 1.45-1.66 (m, 4 H), 0.97-1.09 (m, 3 H).CHN: Calc. for C,3H»3N7O: C, 66.81; H,
5.61; N, 23.71; Found: C, 65.14; H, 5.45; N, 23.10. APCI-MS: Calc. for Cy3Hy3N7O: 413.5
m/z, found [M+H]*: 414.8 m/z. IR (KBr, v, selected peak, cm’l): 3315, 3214, 2956, 2858,
1595,1588, 1513, 1439, 1375, 1328, 1260, 1211, 1169, 1135, 1086, 1029, 973, 836, 751.

3.2. Synthesis of [Cu(PtePhenR NAN) (PP)I[BF 4] Complexes by Mechanochemical Soid-State
Ball Milling

General procedure (GP2): Equimolar amounts of PtePhen N"N ligands, selected P"P
ligands, and the [Cu(CH3CN)4][BF4] precursor were placed in a clean, dry stainless-steel
jar. Two 6 mm stainless steel balls were added, and the assembly was attached to a vibrator
device set to a frequency of 50 Hz. The mixture underwent solid-state ball milling for
1h. N.B.: According to a preliminary monitored *'P-NMR study with regard to the actual
time needed for transformation, 30 min (possibly even less) is likely fully sufficient to
facilitate the reaction. After milling, the resulting coloured solids were dissolved in 5 mL of
dichloromethane (DCM) and then precipitated by adding an excess of diethyl ether with
continuous stirring. The coloured precipitates were centrifuged, and the solids collected
and dried under reduced pressure to yield analytically pure copper(I) complexes.

Synthesis of [Cu(PtePhen)dppf][BF4] (C1): The general procedure GP2 was followed by
using ligand L1 (30.8 mg, 0.08 mmol), dppf (46.6 mg, 0.08 mmol), and [Cu(CH3CN)4][BF,4]
(25 mg, 0.08 mmol), yielding the desired complex C2 as a yellow solid (76.7 mg, 0.076 mmol,
96%). 'H NMR (300 MHz, CD,Cl,-d5) & ppm: 9.72 (d, ] = 8.34 Hz, 1 H), 9.59 (d, ] = 8.16 Hz,
1H),8.81(d,]=495Hz 1H),875(d, ] =4.95Hz, 1 H), 7.78-7.86 (m, 2 H), 7.31-7.40 (m,
4 H), 7.18-7.29 (m, 16 H), 5.87 (br. s., 2 H), 4.71 (t, ] = 6.83 Hz, 2 H), 4.57 (s, 4 H), 4.41 (s,
4 H), 1.49-1.60 (m, 6 H), 0.92-1.09 (m, 3 H); 13C NMR (75 MHz, CD,Cl,-dy) § ppm: 163,
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155, 144.6, 133.3, 130.6, 129.1, 126.2, 74.9, 73.3, 69.5, 28.4, 22.7, 14.1; 3'P NMR (121 MHz,
CD,Cl,-d,) § ppm: —8.5; 9F NMR (282 MHz, CD,Cly-d) & ppm: —153.3, —153.4; 1B
NMR (96 MHz, CD,Cly-dy) 6 ppm: —1.1; IR (KBr, v, selected peak, Cm’l): 3378, 2955, 2857,
1611, 1598, 1513, 1465, 1435, 1395, 1361, 1328, 1165, 1084,1033, 820, 738,697; ESI-MS (m/ z):
Calcd for [Cu(PtePhen)(dppf)]*: 1003.3 m/z, found: [M+H]* = 1004.2 m/z; CHN: Calc. for
Cs5H47BCuF FeN,OP,: C, 65.84; H, 4.72; N, 9.77; Found: C, 65.57; H, 4.74; N, 9.73.

Synthesis of [Cu(PtePhenMe)dppf][BF4] (C2): The general procedure GP2 was
followed by using ligand L2 (33.1 mg, 0.08 mmol), dppf (46.6 mg, 0.08 mmol), and
[Cu(CH3CN)4][BF4] (25 mg, 0.08 mmol), yielding the desired complex C2 as an orange-
yellow solid (67.4 mg, 0.069 mmol, 87%). IH NMR (300 MHz, CD,Cl,-d,) & ppm: 9.70 (d,
] =8.34Hz, 1H),9.58 (d, ] =844 Hz, 1 H), 7.66 (d, ] = 7.89 Hz, 2 H), 7.31 (d, ] = 6.42 Hz,
4 H), 7.11-7.25 (m, 16 H), 5.83 (br. s., 2 H), 4.80 (d, ] = 1.74 Hz, 4 H), 4.69 (s, 4 H), 2.35 (d,
J =3.39 Hz, 6 H), 1.54-1.61 (m, 6 H), 0.97-1.05 (m, 3 H); 13C NMR (75 MHz, CD,Cl,-d,)
b ppm: 160.9, 156.8, 143.4, 134.2, 132.5, 130.4, 129.0, 75.2, 73.2, 69.5, 28.5, 22.8, 18.9, 14.1;
3P NMR (121 MHz, CD,Cl,-d;) & ppm: —12.3; F NMR (282 MHz, CD,Cly-d5) § ppm:
—153.3, —153.4; ''B NMR (96 MHz, CD,Cl»-d,) & ppm: —1.11; IR (KBr, v, selected peak,
cem™1): 3360, 3057, 2954, 2869, 1619, 1599, 1509, 1449, 1435, 1327, 1165, 1084, 1033, 972, 840,
745, 698; ESI-MS (m/z): Calcd for [Cu(PtePhenMe)(dppf)]*: 1031.4 m/z, found: [M+H]*:
1032.6 m/z; CHN: Calc. for Cs7Hs;BCuF4FeN;OP,: C, 66.38; H, 4.98; N, 9.51; Found: C,
66.64; H, 4.67; N, 9.77.

Synthesis of [Cu(PtePhen)DPEphos][BF,] (C3): The general procedure GP2 was fol-
lowed by using ligand L1 (30.8 mg, 0.08 mmol), DPEphos (43.1 mg, 0.08 mmol), and
[Cu(CH3CN)4][BF4] (25 mg, 0.08 mmol), yielding the desired complex C3 as a yellow solid
(73.4 mg, 0.074 mmol, 93%). 'H NMR (300 MHz, CD,Cl,-d,) § ppm: 9.65 (d, ] = 8.07 Hz,
1H),951(d,]=798Hz,1H),876(d,]=4.68 Hz, 1 H), 8.80 (d, ] =4.86 Hz, 1 H), 7.72-7.83
(m, 2 H), 7.31-7.40 (m, 2 H), 7.21-7.31 (m, 4 H), 7.09-7.20 (m, 10 H), 6.96-7.09 (m, 10 H),
6.74-6.91 (m, 2 H), 5.91 (br. s., 2 H), 4.71 (t, ] = 6.79 Hz, 2 H), 1.43-1.66 (m, 6 H), 0.94-1.07 (m,
3 H); *C NMR (75 MHz, CD,Cl,-d,) § ppm: 158.7, 150.5, 140.8, 134.6, 133.3, 132.5, 130.9,
130.4, 129, 126.4, 125.5, 120.8, 69.5, 28.4, 22.7,20.8, 14.1; 3'P NMR (121 MHz, CD,Cl,-d,) &
ppm: —10.6; 1F NMR (282 MHz, CD,Cl,-dy) § ppm: —153.3, —153.4; 1'B NMR (96 MHz,
CD,Cly-dp) 6 ppm: —1.1; IR (KBr, v, selected peak, cm’l): 3376, 3063, 2955, 2867, 1598,
1513, 1463, 1436, 1396, 1361, 1328, 1259, 1222, 1167, 1124, 1084, 875, 820, 745, 698; ESI-MS
(m/z): Caled for [Cu(PtePhenM)(DPEphos)]*: 987.2 m/z, found: [M+H]*: 988.3 m/z; CHN:
Calc. for Cs5pH3¢BCuF4N7OP5: C, 63.27; H, 3.68; N, 9.93; Found: C, 62.48; H, 4.02; N, 9.03.

Synthesis of [Cu(PtePhenMe)DPEphos][BF,] (C4): The general procedure GP2 was
followed by using ligand L2 (33.1 mg, 0.08 mmol), DPEphos (43.1 mg, 0.08 mmol), and
[Cu(CH3CN)4][BF4] (25 mg, 0.08 mmol), yielding the desired complex C4 as an orange-
yellow solid (69 mg, 0.068 mmol, 85%). IH NMR (300 MHz, CD,Cl,-d5) & ppm: 9.49-9.62
(m, 1 H), 9.45 (d, ] = 8.34 Hz, 1 H), 7.70 (d, | = 8.34 Hz, 2 H), 7.34-7.42 (m, 2 H), 7.26 (d,
] = 8.07 Hz, 3 H), 7.22 (br. s., 5 H), 6.97-7.09 (m, 18 H), 5.87 (br. s., 2 H), 4.70 (t, ] = 6.83 Hz,
2 H), 2.48 (s, 6 H), 1.50-1.64 (m, 6 H), 0.91-1.08 (m, 3 H); 3*C NMR (75 MHz, CD,Cl,-d,)
5 ppm: 158.7, 146.3, 134.1, 133.2, 133.1, 132.7, 132.2, 132, 130.2, 129, 128.9, 128.8, 126.9,
125.6,120.5, 54.5, 54.1, 53.7, 53.4, 53, 28.4, 27.4, 22.7, 14.1; 31P NMR (121 MHz, CD,Cl,-d,) &
ppm: —12.7; F NMR (282 MHz, CD,Cly-dy) § ppm: —153.3, —153.4; ''B NMR (96 MHz,
CD,Cly-d;) 8 ppm: —1.1; IR (KBr, v, selected peak, em~1): 3352, 3054, 2955, 2859, 2387, 2307,
1619, 1599, 1577, 1509, 1460, 1436, 1327, 1260, 1220, 1170, 1124, 1084, 1063, 746, 697; ESI-MS
(m/z): Calcd for [Cu(PtePhenMe)DPEphos]*: 1015.3 m/z, found: [M+H]": 1016.9 m/z;
CHN: Calc. for Cs4Hy4oBCuF4N7OP5: C, 63.88; H, 3.97; N, 9.66; Found: C, 62.91; H, 3.04; N,
8.98.
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Synthesis of [Cu(PtePhen)dppe][BF4] (C5): The general procedure GP2 was followed
by using ligand L1 (38.5 mg, 0.1 mmol), dppe (39.8 mg, 0.1 mmol), and [Cu(CH3CN)4][BF4]
(31.5 mg, 0.1 mmol), yielding the desired complex C5 as an orange-red solid (74.5 mg,
0.088 mmol, 88%). 'H NMR (300 MHz, CD,Cl,-d,) § ppm: 9.81 (d, ] = 7.79 Hz, 1 H), 9.67
(d, ] = 8.25 Hz, 1 H), 8.70-8.87 (m, 2 H), 7.99 (br. s., 2 H), 7.40 (br. s., 19 H), 7.20 (br. s.,
1 H), 5.87 (br. s.,,2 H), 4.71 (t, ] = 6.51 Hz, 2 H), 2.76 (t, ] = 5.32 Hz, 4 H), 1.50-1.64 (m, 6
H), 1.00 (t, ] = 6.88 Hz, 3 H); '3C NMR (75 MHz, CD,Cl,-d,) § ppm: 168.3, 163.1, 156.6,
152.5,151.1, 146.8, 144.9, 141.6, 136.3, 134.7, 132.6, 132.5, 132.4, 132.2, 132, 131, 130.8, 129.7,
129.6, 129.6, 129.4, 126.5, 69.5, 54.5, 54.1, 53.7, 53.4, 53, 28.5, 28.4, 25.9 25.6, 22.8, 14.1; 1P
NMR (121 MHz, CD,Cly-d;) § ppm: —4.5; 19F NMR (282 MHz, CD,Cl,-d,) § ppm: —153.3,
—153.4; "B NMR (96 MHz, CD,Cly-d5) & ppm: —1.1; IR (KBr, v, selected peak, em~1): 3352,
3054, 2955, 2930, 2869, 2359, 1653, 1617, 1576, 1525, 1448, 1436, 1399, 1361, 1327, 1292, 1268,
1213, 1171, 1057, 766, 745, 696, 515, 495; ESI-MS (m/z): Calcd for [Cu(PtePhen)dppe]*: 847.1
m/z, found: [M+H]*: 848.2 m/z; CHN: Calc. for C4HzBCuF4N7P,: C, 59.55; H, 3.81; N,
11.58; Found: C, 58.74; H, 4.12; N, 10.78.

Synthesis of [Cu(PtePhenMe)dppe][BF4] (C6): The general procedure GP2 was fol-
lowed by using ligand L2 (41.4 mg, 0.1 mmol), dppe (39.8 mg, 0.1 mmol), and [Cu(CH3CN)4]
[BF4] (31.5 mg, 0.1 mmol), resulting in the desired complex C6 as part of a mixture con-
stituting a bright red solid after the purification attempt (68.2 mg, 0.078 mmol, 78%) (it
had a 70:30 NMR-ratio of homoleptic to heteroleptic compounds). 'H NMR (300 MHz,
CD,Cly-dy) 6 ppm: 9.72 (br. s.,, 1 H),9.59 (t, ] =7.89 Hz, 1 H), 7.92 (d, | = 8.44 Hz, 1 H),
7.78 (d, ] =8.16 Hz, 1 H), 7.23-7.42 (m, 16 H), 7.14-7.23 (m, 12 H), 5.93 (br. s., 2 H), 4.72
(t,]=6.51Hz,2H),3.04 (t, ] =5.82 Hz, 2 H), 2.52 (d, ] = 3.94 Hz, 3 H), 2.43 (br. m., 3 H),
2.04-2.11 (m, 4 H), 1.96 (s, 2 H), 1.51-1.66 (m, 6 H), 1.00 (t, ] = 7.01 Hz, 3 H); 3C NMR
(75 MHz, CD,Cl,-d;) 6 ppm: 162.3,157.2, 144.9, 141.5, 134, 133.8, 132.5, 131.9, 131.8, 131.7,
130.8, 130.7, 129.6, 129.6, 129.5, 129.4, 126.8, 126.6, 66, 54.5, 54.3, 54.1, 54, 53.7, 53.6, 53.4,
53,28.5,28.4,27.7. 27.5,22.7,15.4, 14.1; 3'P NMR (121 MHz, CD,Cl,-d,) § ppm: —7.4; 1°F
NMR (282 MHz, CD,Cl,-d,) § ppm: —153.3, —153.4; 1B NMR (96 MHz, CD,Cl,-d5) &
ppm: —1.1; IR (KB, v, selected peak, cm’l): 3350, 3056, 2933, 2869, 2348, 2333, 1699, 1686,
1653, 1617, 1576, 1523, 1448, 1436, 1399, 1361, 1327, 1292, 1268, 1222, 1213, 1171, 1057, 998,
870, 820, 766, 745, 696, 515, 495; ESI-MS (m/z): Calcd for[Cu(PtePhenMe)dppe]+: 875.1 m/z,
[Cu(dppe)z]+: 860.4 m/z, found: Heteroleptic [M+H]*: 876 3 m/z, Homoleptic [M+H]*:
861.2 m/z,' CHN: Calc. for [C44H36BC11F4N7P2 +0.5 (C52H4gBCuF4P4) +4 (CH3CN)] C,
58.99; H, 4.57; N, 9.70. Found: C, 58.56; H, 4.67; N, 9.71.

4. Conclusions

In conclusion, we successfully synthesised [Cu!(PteN"N)(P"P)][BF4] complexes C1-C6
using a mechanochemical ball milling process, which resulted in the first copper com-
plexes bearing pterin-fused phenanthrolines as coordinated ligands. The green solid-state
approach not only facilitated the generation of complexes C1-C6, but also proved criti-
cally important for the effective synthesis of the pterin-phenanthroline ligands in the first
place considering their poor solubility in traditional organic solvents. Comprehensive
characterisation of two ligands and six complexes was achieved through NMR (except
for one ligand), FT-IR, ESI-MS, and CHN elemental analyses. Preliminary UV /Vis and
fluorescence emission investigations of four complexes demonstrated moderately promis-
ing photocatalytic potential, with absorption maxima in the visible region (410—440 nm)
exhibiting solvent-dependent shifts and an encouraging Stokes shift of up to 72 nm. Future
work will focus on exploring the quantum yields and conducting detailed electrochemical
studies to further evaluate the capabilities of this sub-family of copper(I) complexes in a
photocatalytic context.
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Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/inorganics13060175/s1: Figure S1: Stability study of complex
C1 in DCM for 24 h. Figure S2: 3P NMR spectra for C5 and C6 at room temperature and —60
°C. Figure S3: UV-Vis absorption spectra for complexes C1-C4. Figure S4: UV-Vis spectra of C5.
Figure S5: UV-Vis spectra of C6. Figure S6: Fluorescence emission spectra of complexes C1-C4.
Figure S7: FT-IR spectrum of ligand L1. Figure S8: APCI-MS spectrum of ligand L1. Figure S9:
FT-IR spectrum of ligand L2. Figure S10: 'H NMR spectrum of ligand L2 in MeOD. Figure S11:
APCI-MS spectrum of ligand L1. Figure S12: THNMR spectrum of complex C1 in CD,Cl,. Figure S513:
13C NMR spectrum of complex C1 in CD,Cl,. Figure S14: 3P NMR spectrum of complex C1 in
CD,Cl,. Figure S15: 'H NMR spectrum of complex C2 in CD,Cl,. Figure S16: 1*C NMR spectrum
of complex C2 in CD,Cl,. Figure S17: 31p NMR spectrum of complex C2 in CD,Cl,. Figure S18:
"H NMR spectrum of complex C3 in CD,Cl,. Figure $19: 13C NMR spectrum of complex C3 in
CD,Cl,. Figure S20: 3'P NMR spectrum of complex C3 in CD,Cl,. Figure S21: 'H NMR spectrum of
complex C4 in CD,Cl,. Figure S22: 3C NMR spectrum of complex C4 in CD,Cl,. Figure S23: 3P
NMR spectrum of complex C4 in CD,Cl,. Figure S24: 'H NMR spectrum of complex C5 in CD,Cl,.
Figure S25: 13C NMR spectrum of complex C5 in CD,Cl,. Figure S26: 31p NMR spectrum of complex
C5 in CD,Cl,. Figure S27: 'H NMR spectrum of complex C6 (and homoleptic [Cu(dppe),]*) in
CD,Cl,. Figure S28: 13C NMR spectrum of complex C6 (and homoleptic [Cu(dppe),]*) in CD,Cl,.
Figure 529: 31p NMR spectrum of complex C6 (and homoleptic [Cu(dppe),]*) in CD,Cl,. Figure S30:
B NMR spectrum in CD,Cl, which is identical for the complexes C1-C6. Figure S31: 1F NMR
spectrum in CD,Cl, which is identical for the complexes C1-C6. Figure S32: ESI-MS spectrum for
complex C1. Figure S33: ESI-MS spectrum for complex C2. Figure S34: ESI-MS spectrum for complex
C3. Figure S35: ESI-MS spectrum for complex C4. Figure 536: ESI-MS spectrum for complex C5.
Figure S37: ESI-MS spectrum for complex C6. Figure S38: FT-IR spectrum for complex C1. Figure S39:
FT-IR spectrum for complex C2. Figure S40: FI-IR spectrum for complex C3. Figure S41: FT-IR
spectrum for complex C4. Figure 542: FI-IR spectrum for complex C5. Figure 543: FT-IR spectrum
for complex Cé6.
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Abbreviations

The following abbreviations and units are used in this manuscript:

ATRA  Atom-transfer radical addition
D Debye

DCM Dichloromethane

DMEF Dimethylformamide

DMSO Dimethylsulfoxide

eV Electron Volt
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FT-IR  Fourier Transform Infrared Spectroscopy
HER Hydrogen Evolution Reaction

MeOH  Methanol

MLCT  Metal-to-ligand charge transfer

NMR Nuclear Magnetic Resonance Spectroscopy
nm Nanometre

UV-Vis  Ultraviolet-Visible Spectroscopy
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