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The novel heteroleptic Cu(l) complexes with the tetradentate phenanthroline-based P*N~N"P-type
ligands have been prepared and studied.
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Abstract: Two novel heteroleptic Cu(l) complexes with thegte tetradentate ligands have been
designed and synthesized from phenanthroline. ®heplexes having one copper structure were
fully characterized by NMR, ESI-MS and the singhgstal X-ray structures. Their photoelectric
chemical properties were investigated by usingicyebltammetry, UV/vis and fluorescence
spectroscopy. Compared with the classic Cu(P"P)jNédimplexes, this distorted tetrahedral
coordination structure of Cu(P*N"N"P) complexesvatmb a wider excitation wavelength and a
red-shifted about 100 nm emission peak, due todlittkefunction between phenanthroline and
phosphorus ligands. Moreover, the copper compléxaving the naphthyl link groups displayed
high red-emissive photoluminescence quantum effai€PLQY), which was up to 3.8%.
Keywords:heteroleptic Cu(l) complexes, tetradentate liggutenanthroline.
Introduction

The metal complexes consisted of diverse ligande various performance requirements,
such as RYy Ir* 3 Ni*, Cu” © which are considered as active components imardht emitting
diodes (OLEDS)® as photosensitizérs®in solar-energy conversion system, as photocasilys
and photoinitiator? in the photocatalytic reactions, etc. The first toansition metal compounds
are noticeable because of the price and abundaribe world. In addition, they are less toxic and
more easily available than the currently used sg#@m third row noble metal complexes which
are expensive, toxic and difficult to obtain. Aboa#, Cu(l) complexes exhibit an electron
arrangement with a *dstructure and a relatively large number of coortima mode***®
Considering the characteristic combination of cloainétabilities, redox properties, luminescence
emission and excited state lifetime, most of thekwam Cu(l) complexes with phenanthroline and
P-donor ligands have attracted considerable attergtaffold:’™® As an important ligand, 1,
10-phenanthroline, its structural unit is rigid,danould offer two aromatic nitrogens whose
unshared electron pairs were perfectly placed tocacperatively in chelating transition metal
cations. Interestingly, phosphorus ligands couldagifzely stabilize Cu(l)-tf metal centers owing
to the soft nature of the P-donor atothdhese heteroleptic Cu(l) complexes showed exdellen
photophysical properties and high photocalalytiivi®s in solar-energy conversion system.

Recently, scientists have committed to design amdhesizecomplicated N*P mono- or
multi-nuclear Cu(l) complexes with specific function. In 2018, Ishitani’'s group rejgd a
dinuclear Cu(l) complexes based on phenanthroiijenti$’ (Scheme 1) and Mn-catalysts in
photocatalytic systems for GQeduction. And just this year, Sauvage's groum akported a
series of heteroleptic copper(l) complexes congtdifrom macrocyclic with different ring sizes
and bis-phosphinés(Scheme 1). Compared to analogous'(EtP)(NAN)] built from acyclic
NN ligands, a high stability and PLQY have been destrated for the systems incorporating
macrocyclic phenanthrolines through photophysicapgrties.



Our interest in designing new PAN”N"P-type ligandsd studying the photo- and
electro-chemistry behavior of mononuclear Cu(l) pares based on the single tetradentate
phenanthroline ligands has produced from the pteviaiudies (Scheme 2). In this context, two
novel Cu(l) complexeé andB with the tetradentate phenanthroline ligands sisfulbg prepared
by a six-step reaction. Their structures were daterd by X-ray diffraction analysis. Next, the
photophysical and electrochemical properties a$ agethe density functional theory (DFT) study
of these Cu(l) complexes were also probed.

Ishitani's group Sauvage's group

Scheme 1 The chemical structures of the Cu(l) complexes.
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Scheme 2 The structural design of the Cu(l) complexes.
Results and discussion
Syntheses
The detailed syntheses routes of the compléxasdB were presented in Fig.1. As shown in Fig.
1, the two new complexe&s andB composed of a unique ligand structure unit westgted and
obtained under the six typical reactions:(1) pallatcatalyzed synthesis of phenylborofgté?)
NBS-brominatio”®; (3) P-nucleophilic substitution reactith (4) Suzuki-reactioff ; (5) and (6)
reduction reactiof and in situ reaction. In the third-step reactite, original P-reagent we used
was diphenylphosphine. Later, we replaced it withhenylphosphine oxide because of the
oxidation properties of the P atom in the air, vahiould make manipulations easier. In the end,
phosphine oxides had to be reduction and then gwdetl with Cu(l) ion using in situ method.



L-A(B)-4

A(B)

Fig. 1 lllustration for the syntheses of the Cu(l) comele& (solid) andB (dash). Reagents and conditions:
(1) PACh(dppf), KOAc, dioxane, reflux (2) NBS, AIBN, GEN, reflux (3) diphenylphosphine oxide, NaH, THF,
rt (4) 2,9- dibromo - 4,7-diphenyl-1,10-phenantie] Pd(PP}),, K,COs;, CsHsCHs, CH;CH,OH, H,O, reflux (5)
Ti(O'Pr),, HSi(OGHs)s, CsHsCHs, reflux (6) Cu(CHCN),PFs, DCM, rt.
Structural characterization
The mononuclear Cu(l) complexaAsandB were elucidated in the solid state by the singjstal
X-ray diffraction analysis (Fig. 2 and Table{$1Their crystal structures revealed a big distbrte
tetrahedral geometry around the copper centerdmagle: 74.3 foA and 75.3 foB), which was
consistent with previous research of complCu'(xantphos)(bcp)] (bep = bathocuproine})
The distortion developed mainly from the consideratifferences in the bite-angles of the P-Cu-P
(for complexA in Table 1: P(1)-Cu(1)-P(2) 130.23(7)°) comparedhiat of xantphos in complex
C (P(1)-Cu(1)-P(2) 119.48(4)°) and also from intrémcalar ligand interactions. Owing to the
limitations of the single phenanthroline-based AN? ligand, the two compounds exhibited
similar Cu-N, Cu-P bond lengths, the values oflitte-angles of N-Cu-N and P-Cu-P. All results
implied a reactively small effect of phenyl or nattigl substituents in complexds andB onto
photophysical properties that were also in agre¢meéth the electronic characteristics (see
below).
Table 1 Selected crystallographic bond lengths and amgfle®mplexes A and B. For more detailed information

see the supporting information.

ComplexA ComplexB
Bond lengths, A
Cu(1)-N(1) 2.044(6) 2.052(5)
Cu(1)-N(2) 2.062(6) 2.085(5)
Cu(1)-P(2) 2.2225(17) 2.248(2)
Cu(1)-P(2) 2.218(2) 2.239(2)
Bond angles,*
N(1)-Cu(1)-N(2) 81.5(2) 80.1(2)
N(1)-Cu(1)-P(1) 97.90(14) 100.52(15)
N(1)-Cu(1)-P(2) 120.35(16) 111.70(16)
N(2)-Cu(1)-P(2) 100.26(15) 97.20(15)

N(2)-Cu(1)-P(1) 116.94(15) 124.78(16)




P(1)-Cu(1)-P(2) 130.23(7) 130.95(8)
plane angle 7413 75.3

[a] Calculated angle between the NN ligands antddaiRds.

Fig. 2 Solid-state molecular structures (ORTEP) of comgdé\ (left) andB (right) with thermal ellipsoids set at a
probability level of 50%. Hydrogen atoms, counteioas and solvent molecules have been omittedléoity
Photophysical and electrochemical properties

The photophysical investigation was measured in @Hé the data were given in Table 2. As can
be seen from the Fig. 3, the absorption and flusmse spectra oA and B were essentially
identical, which were determined by the structurfe tloe complexes.The as-synthesized
tetradentate Cu(l) complexes presented very statisgrption at about 300 nm, which was clearly
ascribed to the ligand-centered-n* intraligand charge transfer (ILCT) located on
phenanthrolin& * (L-A-4 and LB-4). In particular, the absorption peaks at aroBB@nm were
observed in the spectra of complex B and the L-Bedause of the connections between the
naphthyl link groups and phenanthroline (ILCT). thermore, the slight broad shoulder
absorption at 425 nm of the complexXesndB were observed, corresponded to metal-to-ligand
charge-transfer (MLCT) transition which was featahesorption pedk The fluorescence spectra
of L-A-4 and LB-4 were at 430nm, while the fluorescence spectra ahdB showed clearly red
shift because of MLCT in Fig 3. Furthermore, conggamwith the classic Cu(P”P)(N"N)
complexes Xen=520-570 nnff, they also showed a red-shifted about 100 nm ésnigzeak. This
might be explained by a more distorted structurd iandB with w-n-interaction between one
phenyl or one nathphyl ring and phenanthroline ohigands. The excited state lifetimg (Fig.

S1 and S2) and the quantum yield (PLQY) of the comgdewere also calculated in Table 2. The
copper compleB having the naphthyl link groups displayed higheamfum efficiencythan the
complexA having the phenyl link groups and complex(3.1 %)? because of a more strong
interactions inB. More importantly, the photostability tests of shecomplexes were also
measured. The results manifested that the photitistadd the complexesA andB were better
than complexC in THF solution (Fig. S3). Later, upon cyclic \aiftmetry, the two complexes
presented a comparable electrochemical behavion #ie two reversible reduction waves
(ComplexA at -2.04V vs. Fc/F¢ and -1.65V vs. Fc/F¢; ComplexB at -2.01V vs. Fc/F¢ and
-1.65V vs. Fc/F¢) and three irreversible oxidation processes irtomitile solution (Fig. 4),
which was resembile to this type of compodfidBhe reversible reduction wavesAfandB were

at around -2.00 V and -1.65 V, ascribed to the @eretron reduction of the diimine ligand and the



cationic copper, whereas the oxidation of both demgs occurred about 1.17-1.64 V.
Table 2 Photophysical and electrochemical properties of)@amplexes.

Absorptiorf! Emissioff’
Entry Complex Aimax £ Amax Eol” Eed” PLQYD ¢
(nm) (Mem™)  (nm) M VM (ns)
1 A 425 2857 637 +1.17-2.04 2.9 88.6
+1.39
+1.64
2 B 428 3142 627 +1.19-2.01 3.8 86.9
+1.40
+1.57

[a] Absorption and emission spectra were measunedHF solution at room temperature. [b] Eletrocheahi
measurement was performed at oxygen free condiiacetonitrile vs. Fc/Fcandthe redox events
were not reversibldgc] Measured with respect to quinine sulfate (IHB50,) as standard (PLQY= 0.546).
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Fig. 3 UV-visible absorption and photoluminescence spedf L-A-4, L-B-4, A and B in THF at room

temperature.
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Fig. 4 Cyclic voltammograms o\, B in CH;CN solution, containing 0.1M BMPF; as a supporting electrolyte
under a scam rate of 100 nmvs™,

Theoretical calculation

Theory (DFT) and Time-Dependent DFT (TD-DFT) caddidns of complexesA and B
(simplified P-ligands to decrease complexity) waralertaken (Table S2 and S3). Through the
DFT/TD-DFT calculations, the above spectral viewy®iwere supported. Molecular orbitals



involving the distribution of HOMO and LUMO in theILCT transition were calculated. The
spatial plots of the highest occupied molecularitat(HOMO) and the lowest unoccupied
molecular orbital (LUMO) for complexe& andB were represented in Fig. 6 and they were in
consonance with previous reports on bidentate Nff) Gomplexe& The HOMO and LUMO
were apparently parted, suggesting intramolecuterge separation interactions between the
separated fragments in the complexes. For compkxasiB, the electron density of the HOMO
was found to be mainly distributed to the coppeietyo(A-58%, B-62%) and the LUMO had
main contributions from the phenanthroline moiefy96%, B-92%). In terms of the MLCT
transition, it was reported that the tetrahedradtisp configuration of the Cwcomplex was
distorted upon transition because' @Gas oxidized to Clj which favored square planar geometry.
Normally, such molecular distortion going alonghwihe electronic transition on levels triggered
the non-radiative deactivation pathway to lower BieQY and curtail the PL lifetinfé The
results verified the above tests that were unobuslues of the PLQY and PL lifetime.

HOMO LUMO

Complex A
-595eV -245eV

Complex B

Fig. 5 Molecular orbital contour diagrams of complexXeandB.

Conclusion

In this work, both heteroleptic Cu(l) complexe& and B containing a tetradentate
phenanthroline-based PAN~N"P-type ligands werghfisynthesized. The structures of the new
complexes were confirmed by the single-crystal X-défraction. Also, their photophysical and
electrochemical properties were investigated. Coetpbawith the typical Cu(P”P)(N”N)
complexes, the results showed that they had thadbneetal-to-ligand charge-transfer (MLCT)
transition and a red-shifted about emission pea&relver, the copper complex B having the
naphthyl link groups displayed higher quantum &ficy than the complex A having the phenyl
link groups, which was up to 3.8%. These not omtyvjsled new ideas for the design of copper
complexes, but also contributed to discover poddigtapplication in the electro-optic field.
Experimental section

Syntheses



All reactions and operations involving air or maig sensitive compounds were carried out under
dry nitrogen. All commercially available chemicalgere purchased and used without further
purification from Energy Chem. Anhydrous THF, tateewere freshly distilled through Na and
benzophenone. Anhydrous DMF was freshly distillegrocalcium hydride. Reactions were
monitored by thin layer chromatography (TLCland column chromatography
purifications were carried out using silicael (200-300 mesh).
4,4,5,5-tetramethyl-2-(o-tolyl)-1,3,2-dioxabor olane (A-1)

1-bromo-2-methylbenzene (1.71 g, 10 mmbi}(pinacolato)diboron (5.08 g, 20 mmol), KOAc
(5.89 g, 60 mmol) and Pd@dippf) (366 mg, 0.5 mmol) were dissolved in DMF@IiL) under
argon atmosphere. The reaction mixture was stiate85C for 48 hours and cooled to room
temperatureThen, water (500 mL) was added and extracted vifithl @cetate (3 x 100 mL). The
organic layer was washed with brine, dried withyaltbus sodium sulfate and evaporated under
reduced pressure to yield a crude reaction produtich was purified through column
chromatography (petroleum ether) to providd (1.2 g, 55%)*H NMR (500 MHz, CDC}) § 7.77
(dd,J = 7.7, 1.6 Hz, 1H), 7.29 (m, 1H), 7.14 (m, 2HB2(s, 3H), 1.32 (s, 12HIhe NMR spectra
were consistent with literature valu¥s.

2-(2-(Bromomethyl)phenyl)-4,4,5,5-tetr amethyl-1,3,2-dioxabor olane (A-2)

TheA-1(2.18 g, 10 mmol),N-bromosuccinimide (1.96 g, Irhal), azobisisobutylonitrile (16 mg,
1 mol %), and acetonitrile (50 mL) were refluxed®@fC for 2 h under nitrogeand then allowed

to cool to room temperature. The mixture was cosdérunder reduced pressure until a solid
began to form. The solid was filtered, and thedit was condensed further. The crude product
was then purified using flash chromatography oitasibel (with petroleum ether as eluent) to
yield compoundA-2 as a white solid ( 2.73 g, 92 %M NMR (500 MHz, CDCJ) 5 7.84 — 7.79
(m, 1H), 7.43 — 7.36 (m, 2H), 7.28 (m, 1H), 4.9278!), 1.37 (s, 12H)"*C NMR (125 MHz,
CDCly) 6 144.24, 136.39, 131.29, 130.05, 127.59, 83.892334.86. The NMR spectra were
consistent with literature valués.

Diphenyl(2-(4,4,5,5,-tetramethyl-1,3,2-dioxabor alan-2-yl)benzyl)phosphine oxide (A-3).

Sodium hydride (60%) (0.16 g, 4 mmol) was dissolveBMF (10 mL) and cooled to O °C before
diphenylphosphine oxide (0.41 g, 2 mmol) was addée. mixture was stirred at this temperature
for 2 h and the\-2 (0.59 g, 2 mmol) in soln in anhyd DMF (3 mL) waddad dropwise to the
white mixture at room temperature. After completmnthe reaction (TLC), adding a few drops
saturated ammonium chloride aqueous solution slawly °C, the reaction was considered to be
complete when the generation of more gas was rgetoobserved. The mixture was washed by
water, and the crude product was extracted withloiomethane (3 x 30 mL). The combined
organic fractions were dried with anhydrous magmasisulfate, followed by filtration and
removal of the solvent in vacudhen the concentrated mixture was directly purifigdsilica-gel
column chromatography using ethyl acetate/hexanelsent in increasing polarity to yield a
colorless solid (0.66, 79 % yieldd NMR (500 MHz, CDC)) & 7.77 — 7.72 (m, 1H), 7.67 (m,
4H), 7.50 — 7.44 (m, 2H), 7.42 — 7.28 (m, 6H), 7(tJ = 7.4, 1.5 Hz, 1H), 4.21 (s, 1H), 4.18 (s,
1H), 1.27 (s, 12H)C NMR (125 MHz, CDGJ) § 138.07 (dJ»=8.7 Hz), 136.38 (dJp=2.5 Hz),
132.62 (d,Jp=97.5 Hz), 131.47(dJp=2.5 Hz), 131.39 (dJr=8.7 Hz), 130.95 (dJp=2.5 Hz),
130.57 (dJp=5 Hz), 128.17(dJp=11.2 Hz), 125.97 (dJr=2.5 Hz), 83.61, 37.06 (dp=65 Hz),
24.94%'P NMR (500 MHz, CDG) & 30.68. ESI-MS: [M+H]=419.20.
(((4,7-diphenyl-1,10-phenanthroline-2,9-diyl)bis(2,1  phenylene) bis (methylene) bis



(diphenylphosphine oxide) (A-4).
To a round-bottom schlenk flask (10 ml) equippedhva condenser was added the degassed
solution (MesHschdV chachzoHV H20=1/1/1, 9 ml) of NaCO; (0.848 g, 8 mmol), Pd(PBh (58 mg,
0.05 mmol),A-3 (1.82 g, 2 mmol) and 2,9-dibromo-4,7-diphenyl-1pt@nanthroline (0.48 g, 1
mmol). After 12 h under reflux, the reaction mixuvas cooled to room temperature, during
which process, a precipitate appeared. The crudeurai was purified by silica-gel column
chromatography (petroleum ether/ ethyl acetate thlyield a yellow solidA-4 (0.69 g, 76 %
yield).'"H NMR (500 MHz, CDC}) 6 7.84 (s, 1H), 7.74 (m, 2H), 7.62 — 7.56 (m, 2H}77— 7.50
(m, 5H), 7.37 (s, 4H), 7.27 (s, 1H), 7.03Jt 7.6 Hz, 2H), 6.61 (m, 4H)’C NMR (125 MHz,
CDCly) 5 158.46, 148.93, 145.29, 138.14 Jd=5), 137.90, 134.91(dp=5), 132.60 (d,J>=97.5
Hz), 131.20 (dJp=8.7 Hz), 131.12(dJp=2.5 Hz), 130.85, 130.78, 129.64, 129.46](%2.5 Hz),
128.71, 128.62, 127.55 (@, =11.2 Hz), 127.43 (d)p=2.5 Hz), 125.07, 123.57 (dp=15 Hz),
123.63, 123.51, 34.13 (dlp =62.5 Hz).*’P NMR (500 MHz, CDG) & 28.46. ESI-MS:
[M+H] "=913.30.
The compleA.
To a mixture ofA-4 (182 mg, 0.20 mmol), titanium isopropoxide (34 n@gl2 mmol) and
triethoxy silane (77 mg, 1.2 mmol) were added 5 ohlanhydrous benzene under nitrogen. The
pale brown slurry was heated to reflux, and thalsdissolved and the solution turned gray—green
0.5 h later. The reaction was stopped, cooled amdtthe solvent was removed by cold hydrazine
to give a brown solid. Then the degassed dichlotbame (10 mL) and Cu(GEN),PF (74 mg,
0.20 mmol) were added. The mixture was stirredlfbh at room temperature. Subsequently, the
reaction mixture was evaporated to dryness andctbde material was purified by column
chromatography using dichloromethane as eluentfaodaa yellow solid (82 mg, 38 % yieldH
NMR (500 MHz, CDC}) 6 8.21 (s, 1H), 7.94 (s, 1H), 7.69 — 7.57 (m, 5HY67~— 7.27 (m, 4H),
7.23 (t,J=7.4 Hz, 1H), 7.09 (1 = 7.5 Hz, 2H), 7.02 (1 = 7.5 Hz, 2H), 6.95 (d] = 7.6 Hz, 1H),
6.90 (g,J = 6.2 Hz, 2H), 6.80 — 6.75 (m, 2H), 3.76 (m, 1BlP5 (d,J = 13.2 Hz, 1H)**C NMR
(125 MHz, CDC}) 6 159.47, 151.55, 143.09, 139.57, 136.00, 134.38,773(t,J-=7.5, 8.7 Hz),
133.30, 133.18, 131.50, 131.01 J¢=7.5, 7.5 Hz), 130.67 (dl-=7.5, 8.7 Hz), 130.06, 129.78,
129.42, 129.21, 128.64 (@-=5.0, 5.0 Hz), 128.32 (Jr=3.7, 5.0 Hz), 127.05 (dr =95 Hz),
126.51, 125.18, 77.28, 32.07 J;=7.5, 7.5 Hz), 30.93"P NMR (500 MHz, CDG) & 9.72.
ESI-MS: [M+H]'=943.30. HRMS m/z (ESI+): Calculated for C62H46C@R2(M"): 943.2427,
Found 943.2445.
4,4,5,5-Tetramethyl-2-(2-methylnaphthalen-1-yl)-1,3,2-dioxabor olane (B-1).
The synthetic process of the compoid was similar to the compourf-1.
'H NMR (500 MHz, CDC}) § 8.10 (ddJ = 8.3, 1.1 Hz, 1H), 7.77 — 7.72 (m, 2H), 7.44 (ddid
8.4, 6.8, 1.4 Hz, 1H), 7.37 (ddd= 8.0, 6.8, 1.2 Hz, 1H), 7.27 (d= 8.4 Hz, 1H), 2.62 (s, 3H),
1.48 (s, 12H)"*C NMR (125 MHz, CDG)) 5 141.36, 136.64, 131.39, 129.57, 128.48, 128.12,
127.50, 125.99, 124.54, 83.98, 25.10, 22.62.The N#pBctra were consistent with literature
values®
2-(2-(Bromomethyl)naphthalen-1-yl)-4,4,5,5-tetramethyl-1,3,2-dioxabor olane (B-2).
The synthetic process of the compoi@ was similar to the compourfg-1.
'H NMR (500 MHz, CDC}) & 8.30 (m, 1H), 7.86 — 7.75 (m, 2H), 7.51 — 7.41 &H), 4.96 (s,
2H), 1.50 (s, 12H)"°C NMR (125 MHz, CDGJ) 5 141.68, 136.62, 132.65, 130.76, 128.47, 128.23,
127.62, 126.56, 126.11, 84.38, 34.39, 25.12.The NdpBctra were consistent with literature



values®

Diphenyl((1-(4,4,5,5-tetramethyl-1,3,2-dioxabor olan-2-yl)naphthalene-2 yl)methyl)phosphine
oxide (B-3).

The synthetic process of the compo8 was similar to the compourf-2.

'H NMR (500 MHz, CDC}) & 8.44 (d,J = 8.4 Hz, 1H), 7.74 — 7.65 (m, 6H), 7.47 — 7.36 @id),
4.28 (s, 1H), 4.25 (s, 1H), 1.40 (s, 12HE NMR (125 MHz, CDGJ) § 137.08 (dJp=1.2 Hz),
136.41(d,J =7.5 Hz), 132.64 (dJp=97.5 Hz), 131.92(dJr=1.2 Hz), 131.59 (dJr =2.5 H2z),
131.31 (d,Jp=8.7 Hz), 130.18 (dJr=1.2 Hz), 128.30 (dJr=11.2 Hz), 128.31, 128.17(G=7.5
Hz), 126.13, 125.17, 83.91, 38.27 (=65 Hz), 25.143P NMR (500 MHz, CDG) & 30.10.
ESI-MS: [M+H]'=469.20.

(((4,7-diphenyl-1,10-phenanthroline2,9-diyl)bis(naphthalene-1,2 diyl)) bis(methylene)) bis
(diphenylphosphine oxide) (B-4).

The synthetic process of the compoid was similar to the compourizi3.

'H NMR (500 MHz, CDC}) § 8.10 (d,J = 15.0 Hz, 1H), 7.76 (dd), = 8.6, 3.5 Hz, 3H), 7.72 (m,
1H), 7.59 (dJ = 9.2 Hz, 3H), 7.54 (ddl = 15.0, 6.4 Hz, 2H), 7.45 (d,= 9.3 Hz, 2H), 7.30 (dd}

= 24.7,10.5 Hz, 4H), 7.24 — 7.03 (m, 2H), 6.99)(d, 7.4 Hz, 2H), 6.91 (d] = 8.1 Hz, 3H), 4.39
(t, J = 14.7 Hz, 1H), 3.72 () = 14.9 Hz, 1H)"*C NMR (125 MHz, CDG)) § 157.75, 148.08,
146.97, 146.41, 143.91, 137.99, 137.65, 137.50,183@1,J,=106.2 Hz), 131.47 (d,=10.0 Hz),
131.26 (dJp=8.7 Hz), 131.17, 130.94, 130.60 §d=10 Hz), 129.99, 128.68, 128.35 {=11.2
Hz), 128.5 (dJp=11.2 Hz), 126.95, 126.76, 126.00, 125.84, 125128.23, 35.26 (dJ=63.7
Hz).*'P NMR (500 MHz, CDG)) § 29.93. ESI-MS: [M+H]=1013.30.

The comple)B.

The synthetic process of the compohdias similar to the compourfl

'H NMR (500 MHz, Chlorofornd) & 8.36 (s, 1H), 7.97 (s, 1H), 7.84 @= 8.1 Hz, 1H), 7.74 —
7.69 (m, 3H), 7.65 — 7.55 (m, 3H), 7.47Jt= 7.4 Hz, 1H), 7.35 — 7.30 (m, 1H), 7.18 (m, 3H),
6.90 — 6.77 (m, 5H), 6.64 (4= 6.4, 5.9 Hz, 2H), 6.53 (4,= 6.9, 6.0 Hz, 2H), 3.72 (m, 1H), 3.15
(d, J = 12.8 Hz, 1H)**C NMR (125 MHz, CDG)) § 157.66, 150.26, 144.05, 135.89, 135.21,
133.71 (t,Jp=7.5, 7.5 Hz), 132.47(dJr =3.5 Hz), 131.88,130.77 (@ =7.5, 7.5 Hz), 130.49,
129.89, 129.79, 129.39, 129.22, 128.9403.7, 5.0 Hz), 128.85, 128.64, 128.53, 128.08Ht,
=5.0, 5.0), 127.39 (dl=101.2 Hz), 126.07, 125.55, 124.83, 33.50¢6.2, 12.5 Hz), 30.95'P
NMR (500 MHz, CDCJ) § 10.80. ESI-MS: [M+H]=1043.30. HRMS m/z (ESI+): Calculated for
C70H50CuUN2P2 (M): 1043.2740, Found 1043.2738.

Characterization

'H,*c and*!P spectra were recorded on Bruker AVANCE Il 500 Mitsing CDGJ as solvent
with TMS as internal standard. HRMS were recorded Agilent 6210 TOF LC/MS mass
spectrometer. UV-vis absorption spectra were rexbrdusing a Cary 500 UV-vis
spectrophotometer. Steady-state photoluminesceRt® Was recorded using a SENS-9000
spectrophotometer. Time-resolved PL was carried osing QM4 with time correlated
single-photon counting capability. Cyclic voltammnyefCV) measurements were performed using
a BASI Epsilon-EC workstation with anhydrous acétila solvent, glass carbon as the working
electrode, platinum wire as the counter electroflg/AgCl as the reference electrode, an
n-Bus;NPRy(0.1 M) electrolyte and a ferrocene standard @ea sate of 100 mV s *. Application
software was Gaussian 16. A time-dependent-DFTagmbr (TDDFT) was used to interpret the
absorption and emission spectra in this system dbase the optimized geometries at the



B3LYP/LANL2DZ and PCM levels of theory.

Acknowledgements

Financial support by the National Natural Scienoairielation of China (No. 21376222), the
Natural Science Foundation of Zhejiang Province. (N618B060011) and the Professor Yang Li
(ZJV) is gratefully acknowledged.

References

1. S. Guo, K.-K. Chen, R. Dong, Z.-M. Zhang, J. Zhao and T.-B. Lu, ACS Catal., 2018, 8, 8659-8670.

2. D. R. Whang and S. Y. Park, ChemSusChem, 2015, 8, 3204-3207.

3. Y. Wang, X. Zhao, Y. Zhao, T. Yang, X. Liu, J. Xie, G. Li, D. Zhu, H. Tan and Z. Su, Dyes and
Pigments, 2019, 170, 107547.
R. Visbal and M. C. Gimeno, Chem. Soc. Rev., 2014, 43, 3551-3574.
S. Zubair, F. Asghar, A. Badshah, B. Lal, R. A. Hussain, S. Tabassum and M. N. Tahir, J
Organomet. Chem., 2019, 879, 60-68.

6. M. G. Papanikolaou, S. Hadjithoma, D. S. Chatzikypraiou, D. Papaioannou, C. Drouza, A. C.
Tsipis, H. N. Miras, A. D. Keramidas and T. A. Kabanos, Dalton Trans, 2018, 47, 16242-16254.

7. D. S. Kosheley, T. Y. Chikineva, V. Y. Kozhevnikova, A. V. Medvedko, A. A. Vashchenko, A. S.
Goloveshkin, D. M. Tsymbarenko, A. A. Averin, A. Meschkov, U. Schepers, S. Z. Vatsadze and V.
V. Utochnikova, Dyes and Pigments, 2019, 170, 107604.

8. J. D. Bullock, A. Salehi, C. J. Zeman, K. A. Abboud, F. So and K. S. Schanze, ACS Appl. Mater.
Interfaces, 2017, 9, 41111-41114.

9. J. Wang, C. Li, Q. Zhou, W. Wang, Y. Hou, B. Zhang and X. Wang, Dalton Trans., 2016, 45,
5439-5443.

10. S.-C. Yang, G. Chang, G.-J. Yang, Y.-J. Wang and B. Fang, Catal. Sci. Technol., 2015, 5, 228-233.

11. A. Trowbridge, D. Reich and M. J. Gaunt, Nature, 2018, 561, 522-527.

12. C. Wang, M. Guo, R. Qi, Q. Shang, Q. Liu, S. Wang, L. Zhao, R. Wang and Z. Xu, Angew. Chem.
Int. Ed., 2018, 57, 15841-15846.

13. B. Santra, ChemistrySelect, 2019, 4, 1866-1871.

14. P. Aslanidis, P. J. Cox and A. C. Tsipis, Dalton Transactions, 2010, 39, 10238-10248.

15. Q. Zhang, T. Komino, S. Huang, S. Matsunami, K. Goushi and C. Adachi, Adv. Funct. Mater.,
2012, 22, 2327-2336.

16. D. M. Zink, D. Volz, T. Baumann, M. Mydlak, H. Fliigge, J. Friedrichs, M. Nieger and S. Brase,
Chem. Mater., 2013, 25, 4471-4486.

17. S.-P. Luo, E. Mejia, A. Friedrich, A. Pazidis, H. Junge, A.-E. Surkus, R. Jackstell, S. Denurra, S.
Gladiali, S. Lochbrunner and M. Beller, Angew. Chem. Int. Ed., 2013, 125, 437-441.

18. M. Heberle, S. Tschierlei, N. Rockstroh, M. Ringenberg, W. Frey, H. Junge, M. Beller, S.
Lochbrunner and M. Karnahl, Chem. Eur. J., 2017, 23, 312-319.

19. S.-P. Luo, N.-Y. Chen, Y.-Y. Sun, L.-M. Xia, Z.-C. Wu, H. Junge, M. Beller and Q.-A. Wu, Dyes and
Pigments, 2016, 134, 580-585.

20. J. Lopes, D. Alves, T. S. Morais, P. J. Costa, M. F. M. Piedade, F. Marques, M. J. Villa de Brito
and M. Helena Garcia, J. Inorg. Biochem., 2017, 169, 68-78.

21. H. Takeda, H. Kamiyama, K. Okamoto, M. Irimajiri, T. Mizutani, K. Koike, A. Sekine and O.
Ishitani, J. Am. Chem. Soc., 2018, 140, 17241-17254.

22. M. Mohankumar, M. Holler, E. Meichsner, J.-F. Nierengarten, F. Niess, J.-P. Sauvage, B.

Delavaux-Nicot, E. Leoni, F. Monti, J. M. Malicka, M. Cocchi, E. Bandini and N. Armaroli, J. Am.



23.

24,

25.

26.

27.

28.

29.

30.

31.

32.
33.

34.

35.

36.

Chem. Soc., 2018, 140, 2336-2347.

T. Ishiyama, M. Murata and N. Miyaura, J. Org. Chem., 1995, 60, 7508-7510.

S. Kumar and H. B. Singh, J. Chem. Sci., 2005, 117, 621-628.

T. Huang, T. Chen and L.-B. Han, J. Org. Chem., 2018, 83, 2959-2965.

J. Chen and A. Cammers-Goodwin, Tetrahedron Lett., 2003, 44, 1503-1506.

A. Allen, L. Ma and W. Lin, Tetrahedron Lett., 2002, 43, 3707-3710.

E. Mejia, S. -P. Luo, M. Karnahl, A. Friedrich, S. Tschierlei, A. -E. Surkus, H. Junge, S. Gladiali, S.
Lochbrunner and M. Beller, Chem. Eur. J., 2013, 19, 15972-15978.

Z.-T. Yu, X.-L. Liu, Y.-J. Yuan, Y.-H. Li, G.-H. Chen and Z.-G. Zou, Dalton Trans., 2016, 45,
17223-17232.

S. Garakyaraghi, P. D. Crapps, C. E. McCusker and F. N. Castellano, Inorg. Chem., 2016, 55,
10628-10636.

N.-Y. Chen, L.-M. Xia, A. J. J. Lennox, Y.-Y. Sun, H. Chen, H.-M. Jin, H. Junge, Q.-A. Wu, J.-H. Jia,
M. Beller and S.-P. Luo, Chem. Eur. J., 2017, 23, 3631-3636.

J. Kim, D. R. Whang and S. Y. Park, ChemSusChem, 2017, 10, 1883-1886.

R. Giereth, W. Frey, H. Junge, S. Tschierlei and M. Karnahl, Chem. Eur. J., 2017, 23,
17432-17437.

P. B. Dzhevakov, M. A. Topchiy, D. A. Zharkova, O. S. Morozov, A. F. Asachenko and M. S.
Nechaev, Adv. Synth. Catal., 2016, 358, 977-983.

D. K. Scrafton, J. E. Taylor, M. F. Mahon, J. S. Fossey and T. D. James, J. Org. Chem., 2008, 73,
2871-2874.

Y. Wang, Z. Lin, H. Fan and X. Peng, Chem. Eur. J., 2016, 22, 10382-10386.



Mononuclear Copper(l) Complexes Based on Phenanthroline derivatives
PANANAP Tetradentate Ligands: Syntheses, Crystal Structure, Photochemical
Properties

Highlights

1. The novel P*N~N"P-type ligands and the mononuclear tetradentate
phenanthroline Cu(l) complexes were designed and prepared.

2. Compared with the typical Cu(P*P)(N*N) complexes, they showed a wider
excitation wavelength and a red-shifted about 100 nm emission peak.

3. The copper complex B having the naphthyl link groups displayed high
red-emissive photoluminescence quantum efficiency, which was up to 3.8 %.



