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Abstract

The search for new antifungals is very important because the large genetic variation of pathogenic organisms has resulted in the
development of increasingly effective defense mechanisms by microorganisms. Metal complexes as potential drugs are gaining nowadays
an interest, because they are characterized by accessible redox states of metal centers and plethora of easily modifiable geometries. In this
work we present two new copper(l) iodide or thiocyanide complexes with 2,9-dimethyl-1,10-phenanthroline (dmp) and
diphenylphosphane derivative of ketoconazole (KeP), where ketoconazole acetyl group is replaced by -CH2PPh; unit, [Cul(dmp)KeP] (1-KeP)
and [CuNCS(dmp)KeP] (2-KeP) - their synthesis and structural characteristics. The analysis of the intrinsic fluorescence of ketoconazole
moiety in the coordinated KeP molecule revealed that the copper(l) central atom does not act as a quencher and the observed decrease of
fluorescence intensity is a result of a strong inner filter effect caused by the presence of CuXdmp unit. Moreover, the complexes exhibit a
remarkable MLCT (metal - ligand charge transfer) based phosphorescence with the emission maximum at 600-615 nm in aqueous media,
which probably results from the formation of dimers and higher order oligomers in the most polar solutions. Both complexes proved to be
promising antifungal agents towards Candida albicans, showing a relatively high efficiency towards the fluconazole resistant strains with -
CDR1 and CDR2 or MDR1 efflux pumps overexpression, what suggests that they overcome at least partially these defense mechanisms.
Simulations of docking to the cytochrome P450 14a-demethylase (the azoles’ primary molecular target) suggested that the compounds
studied were rather uncapable to competitively inhibit this enzyme, unlike ketoconazole and the KeP ligand. On the other hand, the
phosphorescence in aqueous solutions allowed to record the confocal micrographs of the complexes which showed that both of them are
situated in spherical structures inside the cells, most likely in the vacuoles.
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Fig. S7. *C{*H} NMR spectra of 2-KeP in CDCls. (T = 300K).

Fig.S8. Normalized solid state luminescence (upon the excitation at 380 nm; right) and excitation (for
the emission at the band maximum; left) spectra of the studied complexes studied at room temperature
(r.t. - dashed red lines) and at 77K (solid lines).

Tab.S3 Spectroscopic data for the studied compounds in organic solvents.

Fig.S9. Absorption, normalized excitation (for the emission at 370 nm) and emission spectra (for the
excitation at 295 nm) for the complexes and organic compounds (c = 100uM) in four different solvents.

Fig.510. Luminescence data for 1-KeP in H20+DMSO (A, B) and H20+CHsCN (C, D) in two concentrations:
100 uM (=black squares) and 20 uM (ered circles). A, C: fluorescence intensity at the band maximum
(excitation: 295 nm) B, D: position of the fluorescence band maximum (excitation: 295 nm) as function
of the mole fraction of the organic solvent (DMSO or CHsCN).

Fig.S11-A-C. Staining of the DSY1050 strain with 1-KeP imaged by confocal microscopy (excitation at 405
nm, emission 600 - 700 nm signal collected). Top: bright field; Middle: luminescence; Bottom: merged.

Fig.S12-A-B. Staining of the DSY1050 strain with 2-KeP imaged by confocal microscopy (excitation at 405
nm, emission 600 - 700 nm signal collected). Top: bright field; Middle: luminescence; Bottom: merged.

Fig.513 Proliferation rate of NHDF cells measured by MTT assay. NHDF cells were treated with 0.25; 0.5;
1; 2 and 4 x MICso concentrations of Ke, Flc and 1-KeP for 72 h, incubated with MTT and the number of
viable cells measured spectrophotometrically at 540 nm. The bars represent the means + SD of triplicate
values for three independent experiments. ***P<0.001.

Fig.S14 Docking of a) 1-KeP (orange) and b) 2-KeP (purple) to the CYP51 of C. albicans (grey ribbons).
Experimental positions of the heme cofactor (pink) and the inhibitor — posaconazole (cyan) — are taken
from the 5FSA PDB deposit. Docking ensembles of 27 conformations are shown for each ligand. The
large molecules of the complexes 1-KeP and 2-KeP are not able to enter the binding cavity accessible to
the posaconazole molecule; in particular, they are not able to interact directly with the heme cofactor.
They are, instead, located on the protein surface, possibly obstructing the entrance to the binding
cavity.

References —extended information on the cited papers in the main article.
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Tab.S1. Chemical shifts and coupling constants from the **C{*H} NMR spectra of KeP, KeOP, 1-KeP and 2-KeP in CDCls.

13C{1H} KeP * KeOP * 1-KeP 2-KeP dmp
-CH2PPh2 C1)d 61.40 3.6 58.43 88.1 59.08 27.2 59.16 26.3
Cc()d 138.38 12.7 132.42 97.2 not obs. 134.87 254
C(o) d 132.83 18.2 131.28 9.1 133.06 12.7 132.64 13.6
C(m)d 128.36 6.4 128.50 11.8 128.23 8.2 128.37 8.2
C(p) s/d 128.52 - 131.86 2.7 129.30 129.36
pip C(2;6)d 54.55 9.1 55.54 8.2 55.23 5.4 55.07 6.4
C(3,5) s 50.46 50.43 49.94 50.07
pip-Ph c()s 152.19 152.28 152.01 152.15
C(o) s 117.99 117.98 117.62 117.77
C(m)s 115.15 115.18 115.06 115.13
C(p) s 146.18 146.05 145.89 145.94
D C(2) s 107.97 108.00 107.84 107.97
C@)s 74.79 74.81 74.74 74.80
C() s 67.71 67.75 67.68 67.74
C(7)s 51.27 51.31 51.30 51.32
C(8)s 67.57 67.60 67.53 67.59
Im C(2) s 131.30 131.35 131.28 131.33
C@4)s 127.17 127.21 127.17 127.21
Cc(®) s 129.48 129.51 129.48 129.51
PhCI C@)s 135.80 135.85 135.80 135.84
C(2) s 134.60 134.61 134.47 134.59
C@3)s 138.74 138.78 139.01 139** S**
C@4)s 132.94 132.98 132.90 132.96
C(B)s 128.55 128.56 128.44 128.5* s*
C(6) s 121.07 121.12 121.16 121.2* s*
dmp C29s 159.28 158.96 159.07
C38s 124.81 124.88 123.29
C*7s 136.35 136.47 136.07
C56s 125.28 125.36 125.22
Cllizg 142.98 142.93 145.03
Clslag 126.96 126.91 126.58
CHss 26.76 26.36 26.64

* - data from de Almeida R.F.M., Santos F.C., Marycz K., Alicka M., Krasowska A., Suchodolski J., Panek J.J., Jezierska A., Starosta R., New diphenylphosphane
derivatives of ketoconazole are promising antifungal agents. Sci. Rep. 2019, 9, 16214 https://doi.org/10.1038/s41598-019-52525-7
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Tab.S2. Chemical shifts and coupling constants from the 3P{*H} and *H NMR spectra of KeP, KeOP, 1-KeP and 2-KeP in CDCls.

KeP * KeOP * 1-KeP 2-KeP
SIP{H} -27.39 27.18 -19.3* -18.6*
H NMR:
-CHzPPh2 H(1) d 3.28 2.9 3.31 6.9 3.51* 3.30*
Ph 7.32-7.38 6H 7.46-7.55 6H 7.22-7.32 6H 7.22-7.32 6H
7.47-7.50 4H 7.83-7.87 4H 7.60-7.63 4H 7.41-7.44 4H
pip H(2;6) m 2.83 281 2.54 2.50
H(3,5) m 3.12 3.03 2.66 2.70
pip-Ph H(o) AA' 6.89 6.84 6.69 6.71 (one
H(m) BB 6.75 6.73 6.67 6.71 singlet)
D H(4) dddd 4.34 6.6; 6.5;5.1; 5.0 4.34 6.6; 6.5; 5.1; 5.0 4.32 6.6; 6.5; 5.1; 5.0 4.34 6.5; 6.5;5.1; 5.0
H(5a) dd 3.74 8.4;4.9 3.73 8.4,4.9 3.71 8.3;4.9 3.73 8.4;4.9
H(5b) dd 3.88 8.3; 6.6 3.87 8.4; 6.5 3.86 8.5; 6.6 3.88 8.3;6.6
H(7) A 451 14.68 4.51 14.88 4.49 14.7 451 14.7
H(7) B 4.41 14.68 4.42 14.88 41.39 14.7 4.49 14.7
H(8) dd 3.74 9.7;5.1 3.74 9.6,5.1 3.71 9.9;5.1 3.73 9.6; 5.2
H(8") dd 3.33 9.6; 6.7 3.32 9.6,6.8 3.30 9.6; 6.8 3.33 9.7, 6.9
Im H(2)d under Ph under Ph 7.46 1.9 7.47 1.9
H(4) dd 7.25 8.4;21 7.25 8.4,22 7.25 84;19 under Ph
H(5) d 7.58 8.4 7.58 8.4 7.57 8.4 7.58 8.4
PhClI H(3) s* 7.00 6.99 6.97 6.99
H(5) s* 6.97 6.96 6.95 6.97
H(6) s* 7.51 under Ph 7.56 7.52
dmp* H56 s 7.75 7.76
H47d 8.18 8.2 8.20 8.0
H38d 7.47 8.2 7.51 ~8
CHss 2.82 2.79

# - Free dmp ligand: 1H NMR H%8 s: 7.62 ppm; H*7d: 8.04 ppm d (J=8.2 Hz); H38d: 7.42 ppm (J=8.2 Hz); CHs s: 2.90 ppm;
* - data from de Almeida R.F.M., Santos F.C., Marycz K., Alicka M., Krasowska A., Suchodolski J., Panek J.J., Jezierska A., Starosta R., New diphenylphosphane
derivatives of ketoconazole are promising antifungal agents. Sci. Rep. 2019, 9, 16214 https://doi.org/10.1038/s41598-019-52525-7
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Fig. S3. 3'P{*H} and *H NMR spectra of 1-KeP in CDCls. (T = 300K)
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Fig. S4. 3C{*H} NMR spectra of 1-KeP in CDCls. (T = 300K)
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Fig.58. Normalized solid state luminescence (upon the excitation at 380 nm; right) and excitation (for the emission at the band
maximum; left) spectra of the studied complexes studied at room temperature (r.t. - dashed red lines) and at 77K (solid
lines).
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Tab.S3 Spectroscopic data for the compounds in organic solvents

Ke KeP KeOP 1-KeP 2-KeP
MeOH
ABS: Amax 1:297 * 1: sh* 1: 299%
2:243 * 2:246 * 2:243 *
EM295) Ao 368 * 373 * 369 * 362 361
EXB70) A ax 293 * 297 * 295 * 289 5" 302# 289 sh 302#
LT: (280->370) 1: 0.28 (0.087) * 0.11 (0.464) * 0.29 (0.506) * 1.43 (0.964) 1.34 (0.866)
T /ns (a) [x*] 2:1.63(0.913) * 1.37 (0.536) * 0.58 (0.494) * 2.66 (0.036) 2.08 (0.536)
[1.525] * [1.434] * [1.446] * [1.225] [1.321]
<t>:1.51* <t>:0.78 * <t>:0.43 * <t>:1.47 <t>:1.44
EtOH
ABS: Amax 1:295 * 1: sh* 1:295 *
2:245 * 2:247 % 2:245 *
EM95) \ oy 362 * 365 * 363 * 368 369
EXB70) A\ max 291 * 296 * 295 * 291 5" 303# 291 sh 302#

LT: (280->370)
T/ns (a) [x*]

1: 1.05 (0.209)
2:1.68 (0.791)

1: 0.62 (0.233)
2:1.37 (0.767)

1: 0.46 (0.981)
2:1.95 (0.019)

1:0.50 (0.513)
2:1.57 (0.487)

1: 0.49 (0.521)
2:1.52 (0479.)

[1.283] [1.509] [1.362] [2.131] [2.185]
<t>:1.55 <t>:1.19 <t>: 0.49 <t>:1.02 <t>:0.98
CHsCN
ABS: Amax 1:299 * 1: sh* 1:305 *
2:247 % 2:250 * 2:249 %
EM@95) \max 370 * 372 % 372 * 371 373
EXB79) A pax 301 * 306 * 303 * 291 sh 306 291 sh 306

LT: (280->370)
t/ns (a) [x*]

1:1.22 (0.355)
2:1.71 (0.645)

1:1.13 (0.779)
2:1.62 (0.221)

1: 0.85 (0.979)
2:2.10 (0.021)

1: 0.67 (0.463)
2: 1.47 (0.537)

1: 0.59 (0.413)
2: 1.45 (0.587)

[1.051] [1.189] [1.277] [1.343] [1.203]
<t>:1.53 <t>: 1.24 <t>: 0.88 <t>: 1.10 <t>: 1.09
DMSO
ABS: Amax 303 sh 306
EM95) Aoy 374 374 377 378 377
EXB70 \ax 300 307 305 291%h311# 291%",310#

LT: (280->370)
t/ns (a) [

1: 1.33 (0.986)

2:3.27 (0.014)
[1.151]
<t>:1.36

1:1.03 (0.979)

2:2.44 (0.021)
[1.352]
<t>:1.06

1: 0.54 (0.995)
2:4.48 (0.005)
[1.544]
<t>: 0.56

1:0.99 (0.987)

2:3.87(0.013)
[1.456]
<t>:1.03

1:1.02 (0.987)

2:3.86 (0.015)
[1.572]
<t>:1.06

sh —shoulder; # inner-filter effect; <t> =T11a1 + 1222 [ns]; * - data from: Starosta R., de Almeida R.F.M. “Luminescence properties
of the antifungal agent ketoconazole and its diphenylphosphane derivatives” J. Lumin. 2020, 220, 116956; DOI:
10.1016/j.jlumin.2019.116956
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Fig.510. Luminescence data for 1-KeP in H20+DMSO (A, B) and H20+CH3CN (C, D) in two concentrations: 100 uM (=black squares)
and 20 uM (ered circles). A, C: fluorescence intensity at the Ke fluorescence band maximum (excitation: 295 nm) B, D:
position of the fluorescence band maximum (excitation: 295 nm) as function of the mole fraction of the organic solvent
(DMSO or CHsCN).
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Fig.S11-A. Staining of the DSY1050 strain with 1-KeP imaged by confocal microscopy (excitation at 405 nm, emission 600 - 700
nm signal collected). Top: bright field; Middle: luminescence; Bottom: merged.




Fig.511-B. Staining of the DSY1050 strain with 1-KeP imaged by confocal microscopy (excitation at 405 nm, emission 600 - 700
nm signal collected). Top: bright field; Middle: luminescence; Bottom: merged.
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Fig.S11-C. Staining of the DSY1050 strain with 1-KeP imaged by confocal microscopy (excitation at 405 nm, emission 600 - 700
nm signal collected). Top: bright field; Middle: luminescence; Bottom: merged.




Fig.512-A. Staining of the DSY1050 strain with 2-KeP imaged by confocal microscopy (excitation at 405 nm, emission 600 - 700
nm signal collected). Top: bright field; Middle: luminescence; Bottom: merged.




Fig.S12-B. Staining of the DSY1050 strain with 2-KeP imaged by confocal microscopy (excitation at 405 nm, emission 600 - 700
nm signal collected). Top: bright field; Middle: luminescence; Bottom: merged.
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Fig.513 Proliferation rate of NHDF cells measured by MTT assay. NHDF cells were treated with 0.25; 0.5; 1; 2 and 4 x MICso
concentrations of Ke, Flc and 1-KeP for 72 h, incubated with MTT and the number of viable cells measured
spectrophotometrically at 540 nm. The bars represent the means + SD of triplicate values for three independent
experiments. ***P<0.001.
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Fig.S14 Docking of a) 1-KeP (orange) and b) 2-KeP (purple) to the CYP51 of C. albicans (grey ribbons). Experimental positions of
the heme cofactor (pink) and the inhibitor — posaconazole (cyan) — are taken from the 5FSA PDB deposit. Docking
ensembles of 27 conformations are shown for each ligand. The large molecules of the complexes 1-KeP and 2-KeP are
not able to enter the binding cavity accessible to the posaconazole molecule; in particular, they are not able to interact
directly with the heme cofactor. They are, instead, located on the protein surface, possibly obstructing the entrance to
the binding cavity.
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