Supporting Information

Photophysical Properties of Cu! Complexes in CH3CN.
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Figure S1. UV-Vis absorption spectra of the Cu' complexes in CH;CN alongside that of Ru(dmb)s;(PFs), in
CH;CN as areference.  (a) The '"MLCT region of Cu(ph) (dotted black line), Cu(Bph) (red), Cu(NCph) (blue),
Cu(NO;ph) (purple), and Ru(dmb);(PFs), (broken black line).  (c) The '"MLCT region of Cu(ph) (dotted black
line), Cu(3fu) (black), Cu(3th) (red), Cu(3Bzth) (yellow), Cu(2th) (green), Cu(2Bzth) (blue), Cu(2Bzfu)
(purple), and Ru(dmb)s(PFs). (broken black line).  (b) and (d) show the full spectra of (a) and (b), respectively.
The shoulder bands over 450 nm indicate partial decomposition to form the corresponding homoleptic-type Cu'

complexes.  The Cu(ph) spectrum was reproduced from ref. S3 for comparison.
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Figure S2. Corrected emission spectra (a and d) and time-dependences of the emission intensities (b, c, e, and
f) of the Cu' complexes in CH;CN at RT.  (a) Emission spectra and (b, ¢) time-dependences of the intensities of
Cu(H) (broken black line), Cu(ph) (dotted black line), Cu(Bph) (red), Cu(NCph) (blue), and Cu(NO;ph)
(purple).  (d) Emission spectra and (e, f) time-dependences of the intensities of Cu(3fu) (black line), Cu(3th)
(red), Cu(3Bzth) (yellow), Cu(2th) (green), Cu(2Bzth) (blue), and Cu(2Bzfu) (purple). (c) and (f) were
observed in the shorter range of (b) and (c), respectively.  Table S1 summarizes the excitation and monitored

wavelengths.  Cu(H) and Cu(ph) emission spectra are reproduced from ref. S3 for comparison.

Table S1 Excitation (Aexc) and Monitored (Amon) Wavelengths From the Emission Spectra and Time-Dependences
Shown in Fig. 3 and Fig. S2.

Cu complex | in CH.Cl, in CH3CN
Emission = Time-dependence Emission Time-dependence

Aexe /MM Aexe /MM Amon /MM | Aexe /MM Aexe /DM Amon / M
Cu(H) 379 379 562 379 379 575
Cu(ph) 379 379 575 379 379 590
Cu(Bph) 400 401 577 400 401 596
Cu(NCph) 444 444 605 400 444 625
Cu(NOzph) 444 444 640 415 444 620
Cu(3fu) 400 444 585 400 444 595
Cu(3th) 444 444 600 400 444 595
Cu(3Bzth) 400 444 575 400 444 600
Cu(2th) 444 444 575 415 444 615
Cu(2Bzth) 444 444 600 415 444 630
Cu(2Bzfu) 444 444 610 444 444 650




Emission and Excitation Spectra of Cu(2Bzfu) in CH;Cl; under an Ar or Degassed Atmospheres.
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Figure S3. Corrected emission and excitation spectra of Cu(2Bzfu) at r.t.  (a) Vacuum degassed (Aexc = 444
nm, Amon = 610 nm) and (b) Ar bubbled (Aexe = 444 nm, Amon = 580 nm) samples in CH>Cl,, and (c¢) vacuum-
degassed sample (Aexe = 415 nm, Amon = 610 nm) in CH3CN.

Positive Scans of the Cyclic Voltammograms of the Cu' Complexes.
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Figure S4. Cyclic voltammograms of the Cu' complexes (0.5 mM) in CH;CN containing 0.1 M EtsNBF; as a

supporting electrolyte at a scan rate of 0.1 V. s'.  WE: glassy carton (¢ 3 mm); CE: Pt wire; RE: Ag/AgNO;s
(0.01 M).
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Quenching Experiments of the Excited-State of Cu' Complexes by BIH.
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Figure S5. Quenching experiment of the excited-state of Cu(Bph) by BIH: (a) Stern—Volmer plot, (b) UV-Vis
absorption spectra, (c) emission spectra (Aexc =420 nm), and (d) time-dependence of the emission intensity (Aexc =
444 nm, Amon = 595 nm) of Ar-bubbled CH3;CN solutions containing the same fixed amount of Cu(Bph) and
varying amounts of BIH.  The emission intensities (/) at the emission maxima (600 nm) in (c) and the emission
lifetimes (7) were obtained by analyzing the decay curves in (d) with a single exponential function are summarized

in a table.
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Figure S6. Quenching experiment of the excited-state of Cu(NCph) by BIH: (a) Stern—Volmer plot, (b) UV-Vis
absorption spectra, (c) emission spectra (Aexc =420 nm), and (d) time-dependence of the emission intensity (Aexc =
444 nm, Amon = 625 nm) of Ar-bubbled CH3CN solutions containing the same fixed amount of Cu(NCph) and
varying amounts of BIH.  The emission intensities (/) at the emission maxima (624 nm) in (c) and the emission
lifetimes (7) were obtained by analyzing the decay curves in (d) with a single exponential function are summarized

in a table.
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Figure S7. Quenching experiment of the excited-state of Cu(3fu) by BIH: (a) Stern—Volmer plot, (b) UV-Vis
absorption spectra, (¢) emission spectra (Aexc = 420 nm), and (d) time-dependence of the emission intensity (Aexc =
444 nm, Amon = 595 nm) of Ar-bubbled CH3CN solutions containing the same fixed amount of Cu(3fu) and varying
amounts of BIH.  The emission intensities (/) at the emission maxima (605 nm) in (c) and the emission lifetimes
(7) obtained by analyzing the decay curves in (d) with a double exponential function are summarized in a table.
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Figure S8. Quenching experiment of the excited-state of Cu(3th) by BIH: (a) Stern—Volmer plot, (b) UV-Vis
absorption spectra, (¢) emission spectra (Aexc = 420 nm), and (d) time-dependence of the emission intensity (Aexc =
444 nm, Amon = 595 nm) of Ar-bubbled CH3CN solutions containing the same fixed amount of Cu(3th) and varying
amounts of BIH.  The emission intensities (/) at the emission maxima (593 nm) in (c) and the emission lifetimes
(7) obtained by analyzing the decay curves in (d) with a single exponential function are summarized in a table.
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Figure S9. Quenching experiment of the excited-state of Cu(3Bzth) by BIH: (a) Stern—Volmer plot, (b) UV-Vis
absorption spectra, (¢) emission spectra (Aexc = 420 nm), and (d) time-dependence of the emission intensity (Aexc =
444 nm, Amon = 625 nm) of Ar-bubbled CH3CN solutions containing the same fixed amount of Cu(3Bzth) and
varying amounts of BIH.  The emission intensities (/) at the emission maxima (593 nm) in (c) and the emission
lifetimes (7) obtained by analyzing the decay curves in (d) with a single exponential function are summarized in a
table.
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Figure S10. Quenching experiment of the excited-state of Cu(2th) by BIH: (a) Stern—Volmer plot, (b) UV-Vis
absorption spectra, (¢) emission spectra (Aexc = 420 nm), and (d) time-dependence of the emission intensity (Aexc =
444 nm, Amon = 630 nm) of Ar-bubbled CH3CN solutions containing the same fixed amount of Cu(2th) and varying
amounts of BIH.  The emission intensities (/) at the emission maxima (624 nm) in (c) and the emission lifetimes
(7) obtained by analyzing the decay curves in (d) with a double exponential function are summarized in a table.
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Figure S11. Quenching experiment of the excited-state of Cu(2Bzth) by BIH: (a) Stern—Volmer plot, (b) UV-
Vis absorption spectra, (¢) emission spectra (Aexe = 420 nm), and (d) time-dependence of the emission intensity
(Aexe = 444 nm, Amen = 630 nm) of Ar-bubbled CH3CN solutions containing the same fixed amount of Cu(2Bzth)
and varying amounts of BIH.  The emission intensities (/) at the emission maxima (631 nm) in (c) and the
emission lifetimes (7) obtained by analyzing the decay curves in (d) with a double exponential function are

summarized in a table.

6 300 10000
a b) 2 (c) - (d) _
@ " raeosm ] ) Cu(2Bzfu) ~gfoc, O
5 | R=09983 - BIH 0016 mM 250 —BIH 0.032 mM —BIH 0.032 mM
16 —BIH 0.032 mM - —BIH 0,048 mM — BIH 0,048 mM
[ 4 —BIH 0,048 mM 2 — BIH 0,064 mM — BIH 0.064 mM
. 4l ° —BIH 0,064 mM @ 200 1000
~ (2] @ >
© 5 12 £ =
5 3 S { 2 = 150 2
2 6 5 8
= B08 ‘® E
= 2tF @ < 2 100 100
s E
e 0.4
190 |0 bl s 50
A ool B
0 0 0 1 1 10
0 002 004 006 008 250 300 350 400 450 500 500 500 700 800 0 2 4 6 8
BIH/ mM Wavelength / nm Wavelength / nm Time / ps
BIH/mM  [(640nm) =n/pus % n/ps % /I 7o/n noln
0 210 0.73 22 9.3 97.8 1.00 1.00 1.00
0.016 110 023 0.8 49 99.2 1.91 3.15 1.92
0.032 65 024 0.6 3.0 994 322 298 3.16
0.048 46 044 1.5 22 985 457 1.67 4.30
0.064 39 0.74 13.0 1.8 87.0 540 099 5.19

Figure S12. Quenching experiment of the excited-state of Cu(2Bzfu) by BIH: (a) Stern—Volmer plot, (b) UV-
Vis absorption spectra, (¢) emission spectra (Aexe = 420 nm), and (d) time-dependence of the emission intensity
(Aexe = 444 nm, Amen = 630 nm) of Ar-bubbled CH3CN solutions containing the same fixed amount of Cu(2Bzfu)
and varying amounts of BIH.  The emission intensities (/) at the emission maxima (640 nm) in (c) and the
emission lifetimes (7) obtained by analyzing the decay curves in (d) with a double exponential function are

summarized in a table.



In situ UV-Vis spectral changes during the photoirradiation reactions.
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Figure S13. UV-Vis spectral changes during photoirradiation reactions using a Cu(NCph) as a photosensitizer.
A CH3;CN-TEOA (5:1 v/v) solution containing Cu(NCph) (0.5 mM), Fe(dmp)>(NCS), (0.05 mM), and BIH (10
mM) was irradiated using the 436-nm monochromatic light of a Hg lamp under CO, (a) and under an Ar
atmosphere (b).  The blue and red lines show the spectra before and after 1 h of photoirradiation, respectively,
at 5 min intervals for (a) and 5 sec intervals until 30 sec (green line) and 10 min intervals from 30 sec to 1 h (red

line) for (b).
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Figure S14. UV-Vis spectral changes during photoirradiation reactions using a Cu(NQO;ph) as a photosensitizer.

The reaction conditions are same as those detailed in Fig. S13.
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Figure S15. UV-Vis spectral changes during photoirradiation reactions using a Cu(3fu) as a photosensitizer.

The reaction conditions are same as those detailed in Fig. S13.
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Figure S16. UV-Vis spectral changes during photoirradiation reactions using a Cu(3th) as a photosensitizer.

The reaction conditions are same as those detailed in Fig. S13.
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Figure S17. UV-Vis spectral changes during photoirradiation reactions using a Cu(3Bzth) as a photosensitizer.

The reaction conditions are same as those detailed in Fig. S13.
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Figure S18. UV-Vis spectral changes during photoirradiation reactions using a Cu(2th) as a photosensitizer.

The reaction conditions are same as those detailed in Fig. S13.
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Figure S19. UV-Vis spectral changes during photoirradiation reactions using a Cu(2Bzth) as a photosensitizer.

The reaction conditions are same as those detailed in Fig. S13.
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Figure S20. UV-Vis spectral changes during photoirradiation reactions using a Cu(2Bzfu) as a photosensitizer.

The reaction conditions are same as those detailed in Fig. S13.

Experimental Details.

Materials.

The ligands 2,9-dimethyl-1,10-phenahthroline (dmp) and 4,7-diphenyl-2,9-dimethyl-1,10-
phenahthroline (bathocuproine: bep) were purchased commercially and used without further purification.
4,7-dichloro-2,9-dimethyl-1,10-phenanthroline (dmp-Cl) was synthesized according to a procedure
referenced in the literatures.>!  [Cu!(CH3CN)4](PFs),%? Cu(H),5*5* Cu(ph),5*5> Fe!'(dmp)(NCS),,%¢
Ru(bpy)3(PF)2,57 and Ru(dmb)3;(PFe).5"-58 were prepared according to literature procedures.  BIH was
synthesized according to a reported procedure.®®  Tetracthylammonium tetrafluoroborate (EtsNBF4)
was dried in vacuo at 100 °C overnight before use. = CH3CN was distilled three times over P,Os and
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then over CaH> just before use. = TEOA was distilled under a reduced pressure under an Ar atmosphere.

Other reagents and solvents were of the highest commercial quality and used without further purification.

Synthesis.

4,7-di([1,1'-biphenyl]-4-yl)-2,9-dimethyl- 1, 10-phenanthroline (dmp-Bph) To a mixture of dmp-Cl
(502 mg, 1.81 mmol), 4-biphenylboronic acid (865 mg, 4.37 mmol), and N, N'-dimethylformamide (DMF,
40 ml), an aqueous solution (10 ml) containing Na;COs (1.5 M) was added and degassed by N2 bubbling.
Then, Pd(PPh3)4 (97.0 mg, 0.0839 mmol) and EtOH (0.89 ml) were added and the solution was refluxed
for one night under a N; atmosphere.  After cooling to room temperature (r.t.), a 0.1 M NaOH aqueous
solution (100 ml) was added to the reaction mixture and the product was extracted using CH>Cl, and
washed with water several times.  The collected CH>Cl> phase was dried with Na>SOs, and the solvent
was removed with a rotary evaporator. ~ The resulting white powder was dried in vacuo.  Yield: 717
mg (77.2%). 'H NMR (chloroform-d): & (ppm) 7.86 (2H, s, phen-5), 7.75 (2H, AIA1'X1X1'm,
J(A1X1) = 8.5 Hz, J(A1A1") = 2.2 Hz, J(A1X1') = 0.5 Hz, bph-2 (Al)), 7.75 (2H, A1A1'X1X1'm,
J(A1'X1") = 8.5 Hz, J(A1A1') = 2.2 Hz, J(X1A1'") = 0.5 Hz, bph-6 (A1")), 7.69 (2H, A2A2'M2M2'X2m,
J(A2M2) = 8.0 Hz, J(A2X2) = 1.2 Hz, J(A2A2) = 1.0 Hz, J(A2M2') = 0.5 Hz, bph-2’ (A2)), 7.68 (2H,
A2A2'M2M2'X2m, J(A2'M2') = 8.6 Hz, J(X2A2") = 1.2 Hz, J(A2A2') = 1.0 Hz, J(IM2A'2) = 0.5 Hz,
bph-6'(A2")), 7.62 2H, A1A1'X1X1'm, J(A1'X1") = 8.5 Hz, J(X1X1")=2.2 Hz, J(A1X1') = 0.5 Hz, bph-
5 (X1"), 7.62 (2H, A1A1'X1X1'm, J(A1X1) = 8.5 Hz, J(X1X1') = 2.2 Hz, J(X1A1') = 0.5 Hz, bph-3
(X1)), 7.50 (2H, s, phen-3), 7.49 (2H, A2A2'M2M2'X2m, J(A2'M2") = 8.6 Hz, J(X2M2'") = 7.5 Hz,

JM2M2") = 2.0 Hz, JJA2M2') = 0.5 Hz, bph-5' (M2')), 7.49 (2H, A2A2'M2M2'X2m, J(A2M2) = 8.0 Hz,
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JM2X2) = 7.5 Hz, JIM2M2') = 2.0 Hz, J(M2A2') = 0.5 Hz, bph-3' (M2)), 7.40 (2H, A2A2'M2M2'X2m,

J(X2M2') = J(M2X2) = 7.5 Hz, J(A2X2) = J(X2A2') = 1.2 Hz, bph-4' (X2)), 3.02 (6H, s, phen-CHs).

4,4'-(2,9-dimethyl-1,10-phenanthroline-4,7-diyl)dibenzonitrile (dmp-NCph)  To a mixture of dmp-Cl
(100 mg, 0.36 mmol), (4-cyanophenyl)boronic acid (132.2 mg, 0.89 mmol), and NN'-
dimethylacetoamide (DMA, 7 ml), an aqueous solution (1.8 ml) containing Na>CO3 (330 mg, 3.1 mmol)
was added and degassed by N> bubbling.  Then, Pd(PPhs)4 (16.6 mg, 0.0144 mmol) and EtOH (0.89
ml) were added and the solution was refluxed for one night under a N> atmosphere.  After cooling to
r.t., a 0.1 M NaOH aqueous solution (10 ml) was added to the reaction mixture and the product was
extracted using CH2Cl» and washed with water several times. ~ The collected CH2Cl» phase was dried
with Na;SOys, and the solvent was removed with a rotary evaporator. ~ Column chromatography on
alumina (2.5 cm x 11 cm; aluminum oxide 90 standard (Merck)) with CH>Cl, provided a solution
containing dmp-NCph.  The product was purified further by reprecipitation, whereby a white powder
was precipitated from a saturated CH>CI,—EtOH (9:1 v/v) solution via the partial removing of CH>Cl»
with a rotary evaporator.  The precipitate was filtered off and dried in vacuo.  Yield: 32.0 mg
(21.7%). 'H NMR (chloroform-d): & (ppm) 7.84 (2H, AA'XX'm, J(AX) = 8.1 Hz, J(AA") = 1.8 Hz,
J(AX') = 0.5 Hz, benzonitrile-2 (A)), 7.83 (2H, AA'XX'm, J(A'X') = 7.7 Hz, J(AA") = 1.8 Hz, J(XA') =
0.5 Hz, benzonitrile-6 (A")), 7.64 (2H, AA'XX'm, J(A'X') = 7.7 Hz, J(XX') = 1.8 Hz, J(AX') = 0.5 Hz,
benzonitrile-5 (X')), 7.64 (2H, AA'XX'm, J(AX) = 8.1 Hz, J(XX') = 1.8 Hz, J(XA") = 0.5 Hz,

benzonitrile-3 (X)), 7.63 (2H, s, phen-5), 7.45 (2H, s, phen-3), 3.02 (6H, s, phen-CH;).
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2,9-dimethyl-4,7-bis(4-nitrophenyl)-1, 1 0-phenanthroline (dmp-NO3ph) To a mixture of dmp-Cl
(100 mg, 0.36 mmol), (4-nitrophenyl)boronic acid (150.2 mg, 0.89 mmol), and DMA (7 ml), an aqueous
solution (1.8 ml) containing Na,COs3 (330 mg, 3.1 mmol) was added and degassed by N> bubbling.
Then, Pd(PPh3)s (16.6 mg, 0.0144 mmol) and EtOH (0.89 ml) were added and the solution was refluxed
for one night under a N> atmosphere.  After cooling to r.t., a 0.1 M NaOH aqueous solution (10 ml)
was added to the reaction mixture and the product was extracted using CH>Cl> and washed with water
several times.  The collected CH>Cl> phase was dried with Na;SO4, and the solvent was removed with
a rotary evaporator.  Column chromatography on alumina (2.5 cm x 15 cm; aluminum oxide 90
standard (Merck)) with CH>Cl, provided a solution containing dmp-NO:ph. The product was
purified further by reprecipitation, whereby a yellow powder precipitated from a saturated CH>Cl,—EtOH
(9:1 v/v) solution via the partial removing of CH>Cl, with a rotary evaporator. ~ The precipitate was
filtered off and dried in vacuo.  Yield: 51.8 mg (31.9%). 'H NMR (chloroform-d): & (ppm) 8.41
(2H, AA'XX'm, J(AX) = 8.8 Hz, J(AA") = 2.4 Hz, J(AX") = 0.5 Hz, NO2ph-3 (A)), 8.41 (2H, AA'XX'm,
J(A'X") = 8.8 Hz, J(AA'") = 2.4 Hz, J(XA') = 0.5 Hz, NO2ph-5 (A")), 7.71 (2H, AA'XX'm, J(AX) = 8.8
Hz, J(XX') = 2.4 Hz, J(XA') = 0.5 Hz, NOzph-2 (X)), 7.74 (2H, AA'XX'm, J(A'X") = 8.8 Hz, J(XX') =
2.4 Hz, J(B'A) = 0.5 Hz, NO»ph-6 (X")), 7.64 (2H, s, phen-5), 7.49 (2H, s, phen-3), 3.04 (6H, s, phen-

CH»).

4,7-di(furan-3-yl)-2,9-dimethyl-1,10-phenanthroline (dmp-3fu) This compound was synthesized
according to the literature method®!? with the following modifications.  n-butanol (10 ml) was added
to a mixture of dmp-Cl (150 mg, 0.54 mmol), 3-furanylboronic acid (145.5 mg, 1.30 mmol), Xphos (2-
dicyclohexylphosphino-2',4',6'-triisopropylbiphenyl; 24.6 mg, 0.052 mmol), and Pd(OAc), (9.7 mg,

13



0.043 mmol), and the mixture was degassed by N> bubbling.  After stirring at r.t. for 15 min, a degassed
aqueous solution of NaOH (147.2 mg in 3 ml water) was added, and the mixture was stirred further at r.t.
for 4 h.  After adding water, the product was extracted with CH2Cl, and washed with water several
times.  Column chromatography on alumina (2.0 cm x 9 cm; aluminum oxide 90 standard (Merck))
with CH>Cl, provided a solution containing dmp-3fu. The product was purified further by
reprecipitation, whereby a white powder was precipitated from a saturated CH2Cl> solution via the
addition of n-hexane.  The precipitate was filtered off and dried in vacuo.  Although the product
contained small amounts of impurities, as confirmed by '"H NMR spectroscopy, this compound was
reacted on without further purification.  Yield: 116.8 mg (62.4%). "H NMR (chloroform-d): &
(ppm) 8.05 (2H, s, phen-5), 7.79 (2H, dd, J(Hur2Hfurs) = 1.8 Hz, J(HtuoHrura) = 1.1 Hz, furyl-2), 7.63 (2H,
dd, J(HsusHpura) = 2.1 Hz, J(Hfur2Hpus) = 1.8 Hz, furyl-5), 7.48 (2H, s, phen-3), 6.77 (2H, dd, J(HfusHfur4)

=2.1 Hz, JHrHuw) = 1.1 Hz, furyl-4), 2.97 (6H, s, phen-CHs).

2,9-dimethyl-4,7-di(thiophen-3-yl)-1,10-phenanthroline (dmp-3th)  To a mixture of dmp-Cl (71.5 mg,
0.26 mmol), 3-thienylboronic acid (81.9 mg, 0.64 mmol), and DMA (7 ml), an aqueous solution (1.8 ml)
containing Na,COs3 (330 mg, 3.1 mmol) was added and degassed by N> bubbling.  Then, Pd(PPh3)4
(12.0 mg, 0.0104 mmol) and EtOH (0.89 ml) were added and the solution was refluxed for one night
under a N> atmosphere.  After cooling to r.t., a 0.1 M NaOH aqueous solution (10 ml) was added to
the reaction mixture and the product was extracted using CH>Cl, and washed with water several times.
The collected CH2Clz phase was dried with Na>SO4 and the solvent was removed with a rotary evaporator.
Column chromatography on alumina (2.5 cm x 7 cm; aluminum oxide 90 standard (Merck)) with CH>Cl,
provided a solution containing dmp-3th.  The product was purified further by reprecipitation, whereby
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a white powder precipitated from a saturated CH>Cl, solution via the addition of n-hexane.  The
precipitate was filtered off and dried in vacuo.  Yield: 63.6 mg (65.6%). 'H NMR (chloroform-d):
o (ppm) 7.94 (2H, s, phen-5), 7.54 (2H, ABXm, J(AB) = 3.0 Hz, J(AX) = 1.5 Hz, thiophen-2), 7.52 (2H,
ABXm, J(BX) = 5.0 Hz, J(AB) = 3.0 Hz, thiophen-5), 7.50 (2H, s, phen-3), 7.36 (2H, ABXq, J(BX) =

5.0 Hz, J(AX) = 1.5 Hz, thiophen-4), 2.98 (6H, s, phen-CHs).

4,7-bis(benzo[b]thiophen-3-yl)-2,9-dimethyl-1,10-phenanthroline (dmp-3Bzth) This compound was
synthesized according to the literature method®!? with the following modifications.  n-butanol (10 ml)
was added to a mixture of dmp-Cl (150 mg, 0.54 mmol), benzo[b]thien-3-ylboronic acid (231.4 mg, 1.30
mmol), Xphos (2-dicyclohexylphosphino-2'4',6'-triisopropylbiphenyl; 24.6 mg, 0.052 mmol), and
Pd(OAc)2 (9.7 mg, 0.043 mmol), and the mixture was degassed by N> bubbling.  After stirring at r.t.
for 15 min, a degassed aqueous solution of NaOH (147.2 mg in 3 ml water) was added, and the mixture
was stirred at r.t. for4 h.  After adding water, the product was extracted with CH>Cl, and washed with
water several times.  Column chromatography on alumina (2.0 cm x 8.5 cm; aluminum oxide 90
standard (Merck)) with CH2Cl provided a solution containing dmp-3Bzth.  The product was purified
further by reprecipitation, whereby a white powder precipitated from a saturated CH2Cl>-EtOH (9:1 v/v)
solution via the partial removing of CH>Cl> with a rotary evaporator. ~ The precipitate was filtered off
and dried in vacuo.  Yield: 256.7 mg (100%).  'HNMR (chloroform-d): 5 (ppm) 7.94 2H, ABCXm,
J(BX) =7.8 Hz, J(AX) = J(CX) = 1.0 Hz, Benzothiophen-7 (X)), 7.57 (2H, s, phen-3), 7.56 (2H, s, phen-
5), 7.51 (2H, br, benzothiophen-2), 7.40 (2H, ABCXm, J(CA) = 8.0 Hz, J(CB) = J(CX) = 1.0 Hz,

Benzothiophen-4 (C)), 7.38 (2H, ABCXm, J(BX) = 7.8 Hz, J(AB) = 7.2 Hz, J(CB) = 1.0 Hz,
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Benzothiophen-6 (B)), 7.30 (2H, ABCXm, J(CA) = 8.0 Hz, J(AB) = 7.2 Hz, J(AX) = 1.0 Hz,

Benzothiophen-5 (A)), 3.03 (6H, s, phen-CHs).

2,9-dimethyl-4,7-di(thiophen-2-yl)- 1, 10-phenanthroline (dmp-2th)  To a mixture of dmp-Cl (100 mg,
0.36 mmol), 2-thienylboronic acid (81.9 mg, 0.64 mmol), and DMA (7 ml), an aqueous solution (1.8 ml)
containing Na,COs3 (330 mg, 3.1 mmol) was added and degassed by N> bubbling. = Then, Pd(PPh3)4
(16.6 mg, 0.0144 mmol) and EtOH (0.89 ml) were added and the solution was refluxed for one night
under a N> atmosphere.  After cooling to r.t., a 0.1 M NaOH aqueous solution (10 ml) was added to
the reaction mixture and the product was extracted using CH>Cl> and washed with water several times.
The collected CH2Cl> phase was dried with Na,SOs, and the solvent was removed with a rotary
evaporator.  Column chromatography three times on alumina (3.0 cm x 8 cm; aluminum oxide 90
standard (Merck)) with CH2Cl provided a solution containing dmp-2th.  The product was recovered
as a white powder by the evaporation of the solvent and dried in vacuo. ~ Yield: 38.9 mg (29.0%). 'H
NMR (chloroform-d): & (ppm) 8.18 (2H, s, phen-5), 7.57 (2H, s, phen-3), 7.53 (2H, dd, J(HwmisHimis) =
5.3 Hz, J(HuisHwmiz) = 1.2 Hz, thiophen-5), 7.39 (2H, dd, J(HmisHwiz) = 3.5 Hz, J(HnisHwmiz) = 1.2 Hz,
thiophen-3), 7.23 (2H, dd, J(HuisHwmis) = 5.3 Hz, J(HmisHwiz) = 3.5 Hz, thiophen-4), 2.98 (6H, s, phen-

CH»).

4,7-bis(benzo[b]thiophen-2-yl)-2,9-dimethyl-1,10-phenanthroline (dmp-2Bzth) This compound was
synthesized according to the literature method>!'? with the following modifications.  n-butanol (8 ml)
was added to a mixture of dmp-ClI (100 mg, 0.36 mmol), benzo[b]thien-2-ylboronic acid (153.8 mg, 0.86
mmol), Xphos (2-dicyclohexylphosphino-2',4',6'-triisopropylbiphenyl; 16.5 mg, 0.0346 mmol), and
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Pd(OAc): (6.5 mg, 0.0288 mmol), and the mixture was degassed by N> bubbling.  After stirring at r.t.
for 15 min, a degassed aqueous solution of NaOH (174 mg in 2 ml water) was added, and the mixture
was stirred at r.t. for4 h.  After addiing water, the product was extracted with CH>Cl» and washed with
water several times.  Column chromatography on alumina (3.0 cm x 14 cm; aluminum oxide 90
standard (Merck)) with CH>Cl, provided a solution containing dmp-2Bzth. The product was
recovered as a white powder by the evaporation of the solvent and dried in vacuo.  Yield: 164.9 mg
(87.6%). 'HNMR (chloroform-d): & (ppm) 8.25 (2H, s, phen-5), 7.93 (2H, AAMXX'm, J(A'X) =7.9
Hz, J(AX) = 1.1 Hz, J(X'X) = 0.8 Hz, Benzothiophen-7 (X)), 7.89 (2H, AA'MXX'm, J(X'A) = 8.0 Hz,
J(X'A") = 0.9 Hz, J(X'X) = 0.8 Hz, JMX") = 0.6 Hz, Benzothiophen-4 (X")), 7.67 (2H, s, phen-3), 7.60
(2H, AA'MXX'd, J(MX") = 0.6 Hz, Benzothiophen-3), 7.45 (2H, AA'MXX'm, J(X'A) = 8.0 Hz, J(AA")
= 7.4 Hz, J(AX) = 1.1 Hz, Benzothiophen-5 (A)), 7.43 (2H, AAMXX'm, J(A'X) =7.9 Hz, J(AA")=7.4

Hz, J(X'A') = 0.9 Hz, Benzothiophen-6 (A'")), 3.03 (6H, s, phen-CH3).

4,7-di(benzofuran-2-yl)-2,9-dimethyl- 1, 10-phenanthroline (dmp-2Bzfu) This compound was
synthesized according to the literature method®!? with the following modifications.  1-propanol (10
ml) was added to a mixture of dmp-Cl (150 mg, 0.54 mmol), benzofuran-2-ylboronic acid (210.5 mg,
1.30 mmol), Xphos (2-dicyclohexylphosphino-2',4',6'-triisopropylbiphenyl; 24.6 mg, 0.052 mmol), and
Pd(OAc)2 (9.7 mg, 0.043 mmol), and the mixture was degassed by N> bubbling.  After stirring at r.t.
for 15 min, a degassed aqueous solution of NaOH (196 mg in 3 ml water) was added, and the mixture
was stirred at r.t. for4 h.  After adding water, the product was extracted with CH>Cl, and washed with
water several times.  In the water phase, a pale-yellow powder precipitated, which was also recovered
by filtration and combined with the solid obtained from the CH2Cl phase.  Column chromatography
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on alumina (2.0 cm x 7 cm; aluminum oxide 90 standard (Merck)) with CH>Cl, provided a solution
containing dmp-2Bzfu.  The product was purified further by reprecipitation, whereby a pale yellow
powder precipitated from a saturated CH>Cl,—EtOH (9:1 v/v) solution via the partial removing of CH>Cl»
with a rotary evaporator.  The precipitate was filtered off and dried in vacuo.  Yield: 163.0 mg
(68.5%). 'H NMR (chloroform-d): & (ppm) 8.54 (2H, s, phen-5), 7.92 (2H, s, phen-3), 7.73 (2H,
AA'BXX'm, J(A'X)=8.2 Hz, J(AX) = 1.1 Hz, J(X'X) = 0.8 Hz, Benzofuran-7 (X)), 7.66 (2H, AA'BXX'm,
J(X'A)=28.1 Hz, J(X'A") = 0.9 Hz, J(BX") = J(X'X) = 0.8 Hz, Benzofuran-4 (X")), 7.42 (2H, AA'BXX'm

J(X'A) =8.1 Hz, J(AA") = 7.1 Hz, J(AX) = 1.1 Hz, Benzofuran-5 (A)), 7.36 (2H, AA'BXX'd, J(BX') =
0.9 Hz, Benzofuran-3 (B)), 7.35 (2H, AA'BXX'm, J(A'X) = 8.2 Hz, J(AA') = 7.1 Hz, J(X'A') = 0.8 Hz,

Benzofuran-6 (A')), 3.04 (6H, s, phen-CHs).
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dmp-Bph

dmp-NCph

nucleus n &§/ppm  multiplicity JIHz
Hs 2 78605 s
A1l 2 77545 ddd J(A1X1) 85 J(A1AT1") 22 J(AIXT") 05
At 2 77534 ddd J(A1'X1") 85 J(A1AT1") 22 J(X1AT) 05
A2 2 76850 dddd  J(A2M2) 80 J(A2X2) 12 J(A2A2) 10 J(A2M2) 05
A2 2 76830 dddd  J(A2M2) 86 J(X2A2) 12 J(A2A2) 1.0 J(M2A2) 05 nucleus n | o/ppm | multiplicity Tirz
X1 2 76179 ddd  J(ATXT) 85 J(X1XT) 2.2 J(AIXT) 05 A 2 78352 add J(AX) 81 J(AR) 18 J(AX) 05
X1 2 76173 ddd J(A1X1) 85 J(X1X1") 22 J(X1AT") 05 A 2 7.8343 ddd JAX) 7.7 J(AA) 18 J(XA) 05
Ha 2 75054 s X 2 76423 ddd  JAX) 77 J(XX) 18 J(AX) 05
M2 2 74911 dddd  J(A2M2) 86 J(x2M2) 75 J(M2M2) 20 J(A2M2) 05 X 2| 76421 ddd  JAX) 8.1 J(XX) 18 JOXA) 05
M2 2 7.4906 dddd  J(A2M2) 80 J(M2X2) 75 J(M2M2) 20 J(M2A2) 05 He 2| 76257 s
X2 2 73975 dddd J(X2m2') 7.5 J(M2X2) 7.5 J(A2X2) 1.2 J(X2A2) 1.2 Hs 2 7.4498 s
(a) Observed
(a) Observed ’
| Ty |
\\ Vi )|
j“ “\UA f\v [ J }L\
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Figure S30.
NO:ph, dmp-3fu, dmp-3th, and dmp-3Bzth.
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Figure S31.  Peak analysis of the '"H NMR spectra (400 MHz, chloroform-d) of dmp-2th, dmp-2Bzth, and
dmp-2Bzfu.

Cu!(dmp-Bph)(DPEphos)(PFs) (Cu(Bph)) This complex was synthesized according to a literature
method.>  [Cu'(CH3CN)4](PFe) (68.7 mg, 0.134 mmol) and DPEphos (72.2 mg, 0.134 mmol) were
dissolved in CH2Cl> (20 ml).  The solution was stirred at r.t. for 0.5 h, and a dmp-Bph (68.7 mg, 0.134
mmol) powder was added to it.  After additional stirring at r.t. for 2 h, the solvent was removed with a
rotary evaporator.  Column chromatography on silica gel (2.0 cm x 7.0 cm; silica gel 60 (Kanto)) using

CH2CLI—-Et:O (1:1 v/v) provided a solution containing Cu(Bph).  The product was purified further by
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reprecipitation from a CH3OH-EtoO-n-hexane.  The resulting yellow powder was filtered off and dried
in vacuo.  Yield: 147.6 mg (87.4%). 'H NMR (chloroform-d): § (ppm) 7.94 (2H, s, phen-5), 7.81
(2H, A1A1'X1X1'm, J(A1X1) = 8.1 Hz, J(A1A1") = 1.8 Hz, J(A1X1') = 0.9 Hz, bph-2 (A1)), 7.81 (2H,
ATA1'X1X1'm, J(A1'X1'") = 7.1 Hz, J(A1A1") = 1.8 Hz, J(X1A1') = 0.9 Hz, bph-6 (A1")), 7.69 (2H,
A2A2'M2M2'X2m, J(A2M2) = 7.6 Hz, J(A2'A2) = 1.6 Hz, J(X2A2) = 1.2 Hz, J(M2'A2) = 0.4 Hz, bph-
2" (A2)), 7.68 (2H, A2A2'M2M2'X2m, J(A2'M2") = 8.3 Hz, J(A2'X2) = 1.6 Hz, J(A2'A2) = 1.1 Hgz,
J(A2'M2) = 0.6 Hz, bph-6' (A2"), 7.61 (2H, A1A1'X1X1'm, J(A1X1) = 8.1 Hz, J(X1X1'") = 1.5 Hz,
J(X1A1") = 0.9 Hz, bph-3 (X1)), 7.61 (2H, A1A1'X1X1'm, J(A1'X1") = 8.1 Hz, J(X1X1') = 1.5 Hz,
J(A1X1") = 0.9 Hz, bph-5 (X1')), 7.57 (2H, s, phen-3), 7.50 (2H, A2A2'M2M2'X2m, J(A2M2) =
J(X2M2)=17.6 Hz, JM2'M2) = 0.9 Hz, J(A2'M2) = 0.6 Hz, bph-3'(M2)), 7.50 (2H, A2A2'M2M2'X2m,
J(A2'M2'") = 8.3 Hz, JM2'X2) = 7.4 Hz, JM2'M2) = 0.9 Hz, J(M2'A2) = 0.4 Hz, bph-5' (M2")), 7.42
(2H, A2A2'M2M2'X2m, J(X2M2) = 7.6 Hz, J(M2'X2) = 7.4 Hz, J(A2'X2) = 1.2 Hz, J(X2A2") = 1.1 Hz,
bph-4' (X2)), 7.4-6.9 (28H, m, DPEphos), 2.54 (6H, s, phen-CH3).  Elemental Anal. Calcd (%) for

C74Hs6CuFsN2OP3: C, 70.56; H, 4.48; N, 2.22.  Found: C, 70.72; H, 4.50; N, 2.23.

Cu!(dmp-NCph)(DPEphos)(PFs) (Cu(NCph))  This complex was synthesized according to a literature
method.>®  [Cu'(CH3CN)4](PFe) (22.7 mg, 0.061 mmol) and DPEphos (32.9 mg, 0.061 mmol) were
dissolved in CH2Cl> (20 ml).  The solution was stirred at r.t. for 2 h, and dmp-NCph (25.0 mg, 0.061
mmol) was added to it.  After additional stirring at r.t. for 2 h, the solvent was removed with a rotary
evaporator.  The product was purified by reprecipitation from a CH;OH—-CH>Cl>—n-hexane solution.
The resulting yellow powder was filtered off and dried in vacuo.  Yield: 69.5 mg (87.9 %). 'HNMR
(chloroform-d): ¢ (ppm) 7.87 (2H, AA'XX'm, J(AX) = 7.9 Hz, J(AA') = 1.8 Hz, J(AX") = 0.5 Hz,
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benzonitrile-2 (A)), 7.87 (2H, AAXX'm, J(A'X") = 7.9 Hz, J(AA") = 1.8 Hz, J(XA") = 0.5 Hgz,
benzonitrile-6 (A')), 7.72 (2H, s, phen-5), 7.68 (2H, AA'XX'm, J(AX) = 7.9 Hz, J(XX') = 1.8 Hz, J(XA")
= 0.5 Hz, benzonitrile-3 (X)), 7.68 (2H, AA'XX'm, J(A'X") = 7.9 Hz, J(XX") = 1.8 Hz, J(AX') = 0.5 Hz,
benzonitrile-5 (X)), 7.55 (2H, s, phen-3), 7.4-6.9 (28H, m, DPEphos), 2.55 (6H, s, phen-CH3).  Anal.

Calcd (%) for Cs4HasCuF¢N4OP3: C, 66.41; H, 4.01; N, 4.84.  Found: C, 66.12; H, 3.97; N, 4.75.

Cul(dmp-NO:sph)(DPEphos)(PFs) (Cu(NO3zph)) This complex was synthesized according to a literature
method.>  [Cu'(CH3CN)4](PFe) (20.9 mg, 0.056 mmol) and DPEphos (30.2 mg, 0.056 mmol) were
dissolved in CH2Cl2 (20 ml).  The solution was stirred at r.t. for 0.5 h, and dmp-NOzph (25.0 mg,
0.056 mmol) was added to it.  After additional stirring at r.t. for 2 h, the solvent was removed with a
rotary evaporator.  The product was purified by reprecipitation from a CH;OH—CH>Cl,—n-hexane
solution.  The resulting yellow powder was filtered off and dried in vacuo.  Yield: 55.1 mg (84.9 %).
"H NMR (chloroform-d): & (ppm) 8.42 (2H, AA'XX'm, J(AX) = 8.4 Hz, J(AA') = 2.2 Hz, J(AX") = 0.5
Hz, NO2ph-3 (A)), 8.42 (2H, AA'XX'm, J(A'X") = 8.4 Hz, J(AA') = 2.2 Hz, J(XA') = 0.5 Hz, NOzph-5
(A"), 7.74 2H, AA'XX'm, J(AX) = 8.4 Hz, J(XX") = 2.2 Hz, J(XA') = 0.5 Hz, NO2ph-2 (X)), 7.74 (2H,
AAXX'm, J(A'X')=8.4 Hz, J(XX") =2.2 Hz, J(AX") = 0.5 Hz, NO2ph-6 (X")), 7.72 (2H, s, phen-5), 7.59
(2H, s, phen-3), 7.4-6.9 (28H, m, DPEphos), 2.57 (6H, s, phen-CHs). Anal. Calcd (%) for

Ce2Ha6CuFsN4OsP3: C, 62.18; H, 3.87; N, 4.68.  Found: C, 62.05; H, 3.84; N, 4.65.

Cu!(dmp-3fu) (DPEphos)(PFs) (Cu(3fu)) This complex was synthesized according to a literature
method.>®  [Cu'(CH3CN)4](PFe) (50.0 mg, 0.134 mmol) and DPEphos (72.2 mg, 0.134 mmol) were
dissolved in CH2Cl> (20 ml).  The solution was stirred at r.t. for 0.5 h, and dmp-3fu (45.6 mg, 0.134
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mmol) was added to it.  After additional stirring at r.t. for 2 h, the solvent was removed with a rotary
evaporator.  The product was purified by reprecipitation from a CH;OH-Et,O-n—hexane solution.
Column chromatography on silica gel (2.0 cm x 10 cm; silica gel 60 (Kanto)) using CH>Cl—Et,O (1:1
v/v) provided a solution containing Cu(3fu).  The product was further purified by reprecipitation from
a CH3OH-Et,O-n-hexane.  The resulting yellow powder was filtered off and dried in vacuo.  Yield:
90.2 mg (61.9%). 'H NMR (chloroform-d): § (ppm) 8.14 (2H, s, phen-5), 7.88 (2H, dd, J(Hgu2Hrurs)
= 1.5 Hz, J(Har2Hfug) = 0.9 Hz, furyl-2), 7.68 (2H, dd, J(HawsHu) = 1.9 Hz, J(Hu2Hus) = 1.5 Hz,
furyl-5), 7.55 (2H, s, phen-3), 6.82 (2H, dd, J(HfursHfurs) = 1.9 Hz, J(HtuoHrura) = 0.9 Hz, furyl-4), 7.4-
6.9 (28H, m, DPEphos), 2.48 (6H, s, phen-CH3).  Anal. Calcd (%) for CsgH44CuFsN2O3P3: C, 64.06;

H, 4.08; N, 2.58.  Found: C, 63.69; H, 4.20; N, 2.39.

Cu!(dmp-3th)(DPEphos)(PFs) (Cu(3th)) This complex was synthesized according to a literature
method.>  [Cu'(CH3CN)4](PFe) (25.0 mg, 0.067 mmol) and DPEphos (36.1 mg, 0.067 mmol) were
dissolved in CH>Cl; (20 ml).  The solution was stirred at r.t. for 0.5 h, and dmp-3th (25.0 mg, 0.067
mmol) was added to it.  After additional stirring at r.t. for 2 h, the solvent was removed with a rotary
evaporator.  The product was purified by reprecipitation from a CH;OH—CH>Cl>—n-hexane solution.
Column chromatography on silica gel (2.0 cm x 7.5 cm; silica gel 60 (Kanto)) using CH>Cl-Et,0 (1:1
v/v) provided a solution containing Cu(3th).  The solvent was removed with a rotary evaporator and
dried in vacuo, provided a yellow powder.  Yield: 57.0 mg (76.0%). 'H NMR (chloroform-d): &
(ppm) 8.03 (2H, s, phen-5), 7.64 (2H, dd, J(Hmi2Hwmis) = 2.9 Hz, J(Hmi2Hwmia) = 1.3 Hz, thiophen-2), 7.59
(2H, dd, J(HwmisHmisa) = 4.8 Hz, J(Hmi2Hwmis) = 2.9 Hz, thiophen-5), 7.56 (2H, s, phen-3), 7.37 (2H, dd,
J(HuwisHwnia) = 4.8 Hz, J(Hni2Hwmis) = 1.3 Hz, thiophen-4), 7.4-6.9 (28H, m, DPEphos), 2.50 (6H, s, phen-
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CH3).  Anal. Calcd (%) for CssHasCuFsN,OP3S2: C, 62.22; H, 3.96; N, 2.50; S, 5.73. Found: C,

62.08; H, 4.07; N, 2.44; S, 5.74.

Cu!(dmp-3Bzth)(DPEphos)(PFs) (Cu(3Bzth))  This complex was synthesized according to a literature
method.>  [Cu'(CH3CN)4](PFe) (50.0 mg, 0.134 mmol) and DPEphos (72.2 mg, 0.134 mmol) were
dissolved in CH>Cl> (20 ml).  The solution was stirred at r.t. for 0.5 h, and dmp-3Bzth (63.3 mg, 0.134
mmol) was added to it.  After additional stirring at r.t. for 2 h, the solvent was removed with a rotary
evaporator.  The product was purified by reprecipitation from a CH;OH—-CH>Cl>—n-hexane solution.
The resulting yellow powder was filtered off and dried in vacuo.  Yield: 129.0 mg (78.9%). 'H
NMR (chloroform-d): 6 (ppm) 7.98 (2H, ABCXm, J(CX) = 8.2 Hz, J(AX) = 1.0 Hz, J(BX) = 0.2 Hz,
Benzothiophen-7 (X)), 7.71 (2H, s, phen-5), 7.65 (2H, s, phen-3), 7.62 (2H, br, benzothiophen-2), 7.43
(2H, ABCXm, J(CX) = 8.2 Hz, J(BC) = 8.0 Hz, J(AC) = 0.6 Hz, Benzothiophen-6 (C)), 7.35 (2H,
ABCXm, J(BC) = 8.0 Hz, J(AB) = 7.6 Hz, J(BX) = 0.2 Hz, Benzothiophen-5 (B)), 7.35 (2H, ABCXm,
J(AB) = 7.6 Hz, J(AX) = 1.0 Hz, J(AC) = 0.6 Hz, Benzothiophen-4 (A)), 7.3-6.9 (28H, m, DPEphos),
2.56 (6H, s, phen-CH3).  Anal. Calcd (%) for CscHasCuFsN2OP3S2: C, 64.99; H, 3.97; N, 2.30; S, 5.26.

Found: C, 64.65; H, 4.33; N, 2.16; S, 4.91.

Cu!(dmp-2th)(DPEphos)(PFs) (Cu(2th)) This complex was synthesized according to a literature
method.>  [Cu'(CH3CN)4](PFe) (25.0 mg, 0.067 mmol) and DPEphos (36.1 mg, 0.067 mmol) were
dissolved in CH2Cl; (20 ml).  The solution was stirred at r.t. for 0.5 h, and dmp-2th (25.0 mg, 0.067
mmol) was added to it.  After additional stirring at r.t. for 2 h, the solvent was removed with a rotary
evaporator.  The product was purified by reprecipitation from a CH;OH—-CH>Cl>—n-hexane solution.
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The resulting yellow powder was filtered off and dried in vacuo.  Yield: 40.9 mg (54.5%). 'HNMR
(chloroform-d): ¢ (ppm) 8.28 (2H, s, phen-5), 7.63 (2H, dd, J(HwmisHwmis) = 5.3 Hz, J(HmisHwiz) = 1.2 Hz,
thiophen-5), 7.60 (2H, s, phen-3), 7.49 (2H, dd, J(HmisHwiz) = 3.5 Hz, J(HuisHwmiz) = 1.2 Hz, thiophen-3),
7.31 (2H, dd, J(HmisHmi4) = 5.3 Hz, J(HmiaHwmiz) = 3.5 Hz, thiophen-4), 7.4-6.9 (28H, m, DPEphos), 2.50
(6H, s, phen-CH3).  Anal. Calcd (%) for CssHasCuFsN2OP3S2: C, 62.22; H, 3.96; N, 2.50; S, 5.73.

Found: C, 62.32; H, 4.02; N, 2.31; S, 5.46.

Cu!(dmp-2Bzth)(DPEphos)(PFs) (Cu(2Bzth))  This complex was synthesized according to a literature
method.>  [Cu'(CH3CN)4](PFe) (24.7 mg, 0.066 mmol) and DPEphos (35.5 mg, 0.066 mmol) were
dissolved in CH>Cl> (20 ml).  The solution was stirred at r.t. for 0.5 h, and dmp-2Bzth (31.3 mg, 0.066
mmol) was added to it.  After additional stirring at r.t. for 2 h, the solvent was removed with a rotary
evaporator.  The product was purified by reprecipitation from a CH;OH—-CH>Cl>—n-hexane solution.
The resulting yellow powder was filtered off and dried in vacuo.  Yield: 68.6 mg (85.2%). 'HNMR
(chloroform-d): o (ppm) 8.37 (2H, s, phen-3), 8.00 (2H, AAMXX'm, J(XA) = 7.8 Hz, J(XA'") = 1.3 Hz,
J(XX")=0.8 Hz, J(MX) = 0.5 Hz, Benzothiophen-4 (X)), 7.93 (2H, AAMXX'm, J(A'X") = 7.9 Hz, J(AX")
= 12 Hz, JXX') = 0.8 Hz, Benzothiophen-7 (X')), 7.77 (2H, AAMXX'd, JIMX) = 0.5 Hz,
Benzothiophen-3 (M)), 7.71 (2H, s, phen-3), 7.49 (2H, AAMXX'm, J(XA) = 7.8 Hz, J(AA') = 7.3 Hz,
J(AX'")=1.2 Hz, Benzothiophen-5 (A)), 7.47 2H, AAMXX'm, J(A'X")=7.9 Hz, J(AA") = 7.3 Hz, J(XA")
= 1.3 Hz, Benzothiophen-6 (A')), 7.4-6.9 (28H, m, DPEphos), 2.54 (6H, s, phen-CH3).  Anal. Calcd
(%) for CesHasCuFsN2OP3S2: C, 64.99; H, 3.97; N, 2.30; S, 5.26.  Found: C, 64.71; H, 4.02; N, 2.27;

S, 5.45.
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Cu!(dmp-2Bzfu) (DPEphos)(PFs) (Cu(2Bzfu))  This complex was synthesized according to a literature
method.>  [Cu!(CH3CN)4](PFs) (41.4 mg, 0.11 mmol) and DPEphos (59.2 mg, 0.11 mmol) were
dissolved in THF (20 ml).  The solution was stirred at r.t. for 0.5 h, and dmp-2Bzfu (50.0 mg, 0.11
mmol) was added to it.  After additional stirring at r.t. for 2 h, the solvent was removed with a rotary
evaporator.  The product was purified by reprecipitation from a CH>Cl,—~CH30OH-n-hexane solution.
The resulting yellow powder was filtered off and dried in vacuo.  Yield: 111.2 mg (85.1%). 'H
NMR (chloroform-d): & (ppm) 8.72 (2H, s, phen-5), 8.00 (2H, s, phen-3), 7.82 (2H, ddd, J(HezfursHpzfur7)
= 8.1 Hz, J(HszusHpf7) = 1.0 Hz, J(HpzusHp2t7) = 0.6 Hz, Benzofuran-7), 7.65 (2H, d,
J(HgzursHpzmur4) = 0.9 Hz, Benzofuran-3), 7.65 (2H, dddd, J(HszursHpzsurs) = 8.1 Hz, J(HpztursHzfurs) =
J(HBztur3HBzsura) = 0.9 Hz, J(HBzfuraHp2ur7) = 0.6 Hz, Benzofuran-4), 7.46 (2H, ddd, J(HefursHpzfurs) = 8.1
Hz, J(HgfursHpzturs) = 7.6 Hz, J(HpztursHezfue7) = 1.1 Hz, Benzofuran-5), 7.37 (2H, ddd, J(HsfursHp2fur7)
= 8.1 Hz, J(HBzfursHBzturs) = 7.6 Hz, J(Hp2tursHp2turs) = 0.9 Hz, Benzofuran-6), 7.4-6.9 (28H, m, DPEphos),
2.55 (6H, s, phen-CH3).  Anal. Calcd (%) for CssHasCuFsN2O3P3: C, 66.75; H, 4.07; N, 2.36.

Found: C, 66.57; H, 4.08; N, 2.37.
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Figure S32. 'H NMR spectrum (400 MHz, chloroform-d) of Cu(Bph).
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Figure $33. 'H NMR spectrum (400 MHz, chloroform-d) of Cu(NCph).
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"H NMR spectrum (400 MHz, chloroform-d) of Cu(3fu).
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"H NMR spectrum (400 MHz, chloroform-d) of Cu(3Bzth).
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Figure S40. H NMR spectrum (400 MHz, chloroform-d) of Cu(2Bzfu).
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X1 2 76106 ddd J(A1X1) 74 J(X1X1') 1.5 J(X1A1) 09 A 2 7.8699 ddd J(AX) 7.9 J(AA) 1.8 J(XA) 05
X1 2 76103 ddd J(AT'X1) 8.1 J(X1X1') 15 J(A1X1) 0.9 A 2 7.8685 ddd J(AX) 7.9 J(AA) 1.8 J(AX) 05
Hs 2 75705 s Hs 2 77213 s
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M2 2 75034 dddd  J(A2M2) 83 J(M2X2) 7.4 J(M2M2) 0.9 J(M2A2) 0.4 X 2 76805 ddd  J(AX) 7.9 J(XX) 18 J(AX) 05
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Figure S41.  Peak analysis of the "H NMR spectra (400 MHz, chloroform-d) of Cu(Bph) and Cu(NCph).
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Figure S42.
Cu(3Bzth), Cu(2th), and Cu(2Bzth).

Peak analysis of the 'H NMR spectra (400 MHz, chloroform-d) of Cu(NOzph), Cu(3fu), Cu(3th),
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Figure S43.  Peak analysis of the 'H NMR spectra (400 MHz, chloroform-d) of Cu(2Bzfu).

Crystal Structure Determination.

Suitable crystals for X-ray diffraction analysis were obtained for Cu(ph) as
Cu(ph)-1.85(Et20)-0.3(MeOH) (yellow crystals, 0.4 x 0.7 x 0.3 mm?) by slow diffusion of Et:O vapor
into a hot solution of MeOH at 4°C, for Cu(NCph) as Cu(NCph)*Et:O (yellow platelet crystals, 0.27 X
0.12 X 0.02 mm?) by slow diffusion of Et;O vapor into a solution of MeOH from —20 °C to r.t., for
Cu(2Bzth) (yellow platelet crystals, 0.11 x 0.08 x 0.04 mm?) by slow diffusion of Et,O vapor into a
solution of MeOH from —20° C to r.t., and for Cu(2Bzfu) (yellow platelet crystals, 0.22 x 0.07 x 0.02
mm?) by slow diffusion of Et;O vapor a solution of MeOH at r.t.

Diffraction data were collected on a Rigaku R-AXIS RAPID II (SPIDER) imaging-plate
diffractometer equipped with a Rigaku VariMax confocal optical system for Cu-Ka radiation (1 =
1.54184 A) at 93 or 121 K using a Rigaku low-temperature apparatus. ~ The initial structure were solved
by direct methods, using the SIR20145!! or a charge flipping method, using the SUPERFLIPS!2/EDMAS!
programs, and was refined on F? by means of full-matrix least-squares procedures, using the SHELXL-

2014/6 or SHELXL-2018/1 programs.>'*  Tables S2-S6 provide crystallographic data details.
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In the least-squares refinements, all non-hydrogen atoms were refined using anisotropic displacement
parameters. ~ For the methyl and hydroxyl groups, the H atoms were generated in the calculated
positions with torsion angles from the electron densities around the central C or O atoms, respectively,
using a riding-model with isotropic thermal parameters 1.5 times those of the attached C or O atoms,
respectively. For methylene group and aromatic C—H bonds, the H atoms were geometrically
generated and refined as a riding-model with isotropic thermal parameters 1.2 times those of the attached
C atoms.

The following treatments were used for the disordered parts in the crystal structures:

Cu(ph)  The structures of the disordered PF¢ anions were refined by dividing one PF¢ moiety into two
parts with restraints. ~ The "DFIX" command was applied to the P-F distances, which were fixed at
1.579 A.  For neighboring F-F distances, which were fixed at 2.233 A, the "SIMU" command was
used for each F atom in the different parts of the PFs anions to preserve their octahedral structures and
unify F atoms’ thermal ellipsoids. ~ The three types of Et2O molecules present in the unit cell were
refined with restraints. The "DFIX" command was used to fix the C—O distances at 1.43 A,
neighboring C—C bond distances at 1.52 A, the 1,3 distances of the C—C—O bonds at 2.41 A, and the 1,3
distances of the C—O—C bonds at 2.27 A to preserve a suitable structure for Et;O.  The MeOH
molecules were refined with restraints.  "DFIX" was used to fix each C-O distance at 1.43 A to
preserve a suitable structure for MeOH.  The structures of two types of disordered solvent molecules
on inversion centers were refined as single 0.5 occupied Et;O molecules, using no restraints for the
thermal factors or by dividing them into two parts and summing the occupation as 0.5 each of one Et,O
molecule or two MeOH molecules.  The thermal factors of the latter case were restrained using the
"RIGU" command for all five atoms in the Et;O part and "SIMU" for the same types of atoms in the two
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parts of the MeOH molecules.  The other disordered EtoO molecule was refined by dividing it into two
parts using the "SIMU" restraint for the same type of atoms in the different parts.
Cu(2Bzth)  One PFs anion was refined by dividing it into two parts with restraints. ~ The "DFIX"
command was used to fix P-F distances at 1.579 A and neighboring F-F distances at 2.233 A, and the
"SIMU" command was used for the same F and P atoms in the different parts of the PFs anion to preserve
its octahedral structure and unify the F atoms’ thermal ellipsoids. = One DPEphos ligand was refined
by dividing into two parts: Two P atoms and two phenyl rings were shared, with restraints, using the
“SADI” command for C—-O bonds and P-C bonds in the different parts. =~ The "AFIX66" command
fixed the structures of the phenyl groups as aromatic 6-membered rings, and the "EADP" command
constrained the same types of C atoms and O atoms in the different parts to unify these atoms’ thermal
ellipsoids.  The occupancy of the minor DPEphos part was 0.16, which made it difficult to refine the
crystal structure without these restraints and constraints.
Cu(Bzfu) One DPEphos ligand was refined by dividing it into two parts. ~ One phenyl ring was shared,
with restraints, using the “SADI” command for the same types of Cu—P, Cu—phenyl, P—phenyl, C-O, and
the 1,3-distance of the C—O—C bonds in the different parts. = The "AFIX66" command fixed the
structure of the phenyl groups as aromatic 6-membered rings, and the "FLAT" command fixed the
planarity of the partial structure of the P—phenyl and P-phenyl—O in a minor part of the structure. =~ The
"EADP" command constrained the same C and O atoms in the different parts to unify these atoms’
thermal ellipsoids.  The occupancy of the minor DPEphos part was 0.07, which made it difficult to
refine the crystal structure without these restraints and constraints.

Crystallographic data for the structures has been deposited at the Cambridge Crystallographic Data
Center (CCDC numbers: 1895526-1895529).
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Figure S44. ORTEP model of the crystal structure of
Cu(ph)-1.85(Et.0)-0.3(MeOH). H atoms, PFs
anions, and solvent molecules are omitted for
clarity.  Displacement ellipsoids are drawn at the
50% probability level.

C54  cs5

c52 c
- ’ " cs6

Figure S46. ORTEP model of the crystal structure of

Cu(2Bzth). H antoms, PF¢ anions, and the other
part of DPEphos are omitted for
clarity.  Displacement ellipsoids are drawn at the

50% probability level.

Figure S45. ORTEP model of the crystal structure of

Cu(NCph)+Et,0. H atoms, PFs anions, and
solvent molecules are omitted for
clarity.  Displacement ellipsoids are drawn at the

50% probability level.

Figure S47. ORTEP model of the crystal structure of

Cu(2Bzfu). H atoms, PFs anions, and the other
part of DPEphos are omitted for
clarity.  Displacement ellipsoids are drawn at the

50% probability level.
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Table S2.  Crystallographic Data for the Cu Complexes
Cu(ph)-1.85(Et,O) Cu(NCph)-Et,O Cu(2Bzth) Cu(2Bzfu)
-0.3(MeOH)
Empirical Ce9.7He7.7CuFN203.15P3 | CesHs6CuFsN4O2P3 | CosHasCuFsN2OP3S, | CesHasCuFsN,O3P3
formula
Formula weight | 1254.2 1231.6 1219.6 1187.5
Crystal system | Triclinic Monoclinic Monoclinic Monoclinic
Space group P-1 Cc P2i/n P2i/c
alA 13.0866(2) 25.2690(5) 12.8297(2) 16.5427(9)
bl A 13.8935(3) 10.3808(2) 31.7439(6) 19.4269(10)
c/A 17.7742(3) 23.3271(4) 13.4204(3) 17.0695(10)
o/ deg 91.467(1) 90 90 90
B/ deg 106.610(1) 105.514(1) 90.793(1) 94.292(2)
y/ deg 92.064(1) 90 90 90
VA 3092.65(10) 5896.04(19) 5465.13(18) 5470.3(5)
VA 2 4 4 4
T/K 121 93 93 93
Rint 0.0590 0.0545 0.0455 0.1311
Number of total | 11116 10394 9920 10005
reflections
Number of 973 761 776 712
parameters
R1[I>20(D]* | 0.0478 0.0530 0.0455 0.0794
WR2 [1>20(1)]" | 0.1268 0.1286 0.1189 0.2031
GOF* on F* 1.100 1.111 1.043 1.016

“R1=X(|[Fo| - |Fd|)/ Z|Fo|. "WR2 = [Z[w(Fs* — F?*]/ ZWFES]. °GOF = [Ew(|Fo| — [F2)? / (m —n)]"?,

where m = the number of reflections and » = the number of parameters.
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Table S3.  Selected Bond Lengths (A) and Angles (deg) for Cu(ph)-1.85(Et,0)-0.3(MeOH)
Bond Lengths
Cu(1)-P(1) 2.3104(6)  Cu(1)-P(2) 2.2220(5)  Cu(1)-N(1) 2.0747(17)
Cu(1)-N(2) 2.0906(16) P(1)-C(32) 1.8302)  P(1)-C(38) 1.835(2)
P(1)-C(44) 1.838(2)  P(2)-C(14) 1.8272)  P(2)-C(20) 1.833(2)
P(2)-C(26) 1.826(2)  C(3)-C(51) 1.487(3)  C(8)-C(57) 1.488(3)
Bond Angles
P(1)-Cu(1)-P(2) 116.79(2)  P(1)-Cu(1)-N(1) 101.69(5)  P(1)-Cu(1)-N(2) 99.18(5)
P(2)-Cu(1)-N(1) 126.00(5)  P(2)-Cu(1)-N(2) 124.81(5)  N(1)-Cu(1)-N(2) 80.57(7)
Cu(1)-P(1)-C(32) 122.08(8)  Cu(1)-P(1)-C(38) 103.20(7)  Cu(1)-P(1)-C(44) 119.85(7)
C(32)-P(1)-C(38) 103.56(10) C(32)-P(1)-C(44) 102.15(10)  C(38)-P(1)-C(44) 103.46(10)
Cu(1)-P(2)-C(14) 109.48(6)  Cu(1)-P(2)-C(20) 119.89(7)  Cu(1)-P(2)-C(26) 116.92(7)
C(14)-P(2)-C(20) 103.78(9)  C(14)-P(2)-C(26) 105.41(9)  C(20)-P(2)-C(26) 99.69(9)
Table S4.  Selected Bond Lengths (A) and Angles (deg) for Cu(NCph)-Et,O
Bond Lengths
Cu(1)-P(1) 2280(2)  Cu(1)-PQ2) 2.2213(18)  Cu(1)-N(1) 2.052(5)
Cu(1)-N(2) 2.082(5)  P(1)-C(15) 1.825(7)  P(1)-C(21) 1.827(7)
P(1)-C(27) 1.833(7)  P(2)-C(38) 1.832(7)  P(2)-C(39) 1.810(7)
P(2)-C(45) 1.828(6)  C(3)-C(51) 1.482(8)  C(8)-C(57) 1.496(9)
Bond Angles
P(1)-Cu(1)-P(2) 118.91(7)  P(1)~Cu(1)-N(1) 103.93(15)  P(1)-Cu(1)-N(2) 103.12(15)
P(2)-Cu(1)-N(1) 124.37(14)  P(2)-Cu(1)-N(2) 117.87(15)  N(1)-Cu(1)-N(2) 81.30(19)
Cu(1)-P(1)-C(15) 101.5(2)  Cu(1)-P(1)-C(21) 1248(2)  Cu(1)-P(1)-C(27) 119.3(2)
C(15)-P(1)-C(21) 104.93)  C(15)-P(1)-C(27) 105.93)  C(21)-P(1)-C(27) 98.6(3)
Cu(1)-P(2)-C(38) 109.8(2)  Cu(1)-P(2)-C(39) 119.02)  Cu(1)-P(2)-C(45) 115.42)
C(38)-P(2)-C(39) 105.2(3)  C(38)-P(2)-C(45) 106.03)  C(39)-P(2)-C(45) 100.2(3)
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Table S5.  Selected Bond Lengths (A) and Angles (deg) for Cu(2Bzth)
Bond Lengths
Cu(1)-P(1) 2.22288)  Cu(1)-P(2) 2.3195(8)  Cu(1)-N(1) 2.065(2)
Cu(1)-N(2) 2.083(2) P(1)-C(15) 1.824(3)  P(1)-C(21A) 1.8225(18)
P(1)-C(27A) 1.8530(15)  P(2)-C(38A) 1.853(3)  P(2)-C(39A) 1.877(3)
P(2)-C(45) 1.821(3) C(3)-C(51) 1.47833)  C(8)-C(59) 1.479(4)
Bond Angles
P(1)-Cu(1)-P(2) 116.66(3)  P(1)-Cu(1)-N(1) 125.89(6)  P(1)-Cu(1)-N(2) 123.93(6)
P(2)-Cu(1)-N(1) 102.36(6)  P(2)-Cu(1)-N(2) 99.67(6)  N(1)-Cu(1)-N(2) 80.81(9)
Cu(1)-P(1)-C(15) 121.36(9)  Cu(1)-P(1)-C(21A) 118.70(8)  Cu(1)-P(1)-C(27A) 107.03(7)
C(15)-P(1)-C(21A) 97.88(12)  C(15)-P(1)-C(27A) 102.72(11)  C(21A)}-P(1)-C(27A)  107.48(10)
Cu(1)-P(2)-C(38A) 119.66(16)  Cu(1)-P(2)-C(39A) 121.93(19)  Cu(1)-P(2)-C(45) 102.70(9)
C(38A)-P(2)-C(39A)  102.7(3) C(38A)-P(2)-C(45) 104.57(17)  C(39A)-P(2)-C(45) 102.8(2)
Table S6.  Selected Bond Lengths (A) and Angles (deg) for Cu(2Bzfu)
Bond Lengths
Cu(1)-P(1A) 2.2278(19) Cu(1)-P(2A) 2276(2)  Cu(1)-N(1) 2.081(4)
Cu(1)-N(2) 2.061(4)  P(1A)-C(15A) 1.828(3)  P(1A)-C(21A) 1.856(3)
P(1A)-C(27A) 1.860(3)  P(2A)-C(38A) 1.846(3)  P(2A)-C(39) 1.819(6)
P(2A)-C(45A) 1.833(4)  C(3)-C(51) 1.467(7)  C(8)-C(59) 1.462(6)
Bond Angles
P(1A)-Cu(1)-P(2A) 117.42(9)  P(1A)—-Cu(1)-N(1) 119.29(15)  P(1A)~Cu(1)-N(2) 126.70(12)
P(2A)-Cu(1)-N(1) 104.47(16) P(2A)-Cu(1)-N(2) 101.80(15) N(1)-Cu(1)-N(2) 79.99(16)
C(15A)-P(1A)-C(21A) 1022(2)  C(15A)-P(1A)-C(27A) 106.2(2)  C(21A)-P(1A)-C(27A) 104.02)
Cu(1)-P(2A)-C(38A)  117.15(18) Cu(1)-P(2A)-C(39) 103.75(18) Cu(1)-P(2A)-C(45A)  121.7(2)
C(38A)-P(2A)-C(39)  104.7(4)  C(38A)-P(2A)-C(45A) 101.1(2)  C(39)-P(2A)-C(45A)  107.1(4)
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