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ABSTRACT: A series of monometallic Ag(I) and Cu(I) halide e S N
complexes bearing 2-(diphenylphosphino)pyridine (PyrPhos, L) as . = “‘?{‘”‘;‘ N A

a ligand were synthesized and spectroscopically characterized. The \N.;\ p}@@ ‘:‘ el s " =3
structure of most of the derivatives was unambiguously established ,% »/P’i‘\\ @ Q ARG NN L

by X-ray diffraction analysis, revealing the formation of mono-, di-, “ AN

- A/.ng&; G
and tetranuclear complexes having general formulas MXL; (M = . o i pomos
Cu, X = Cl, Br; M = Ag, X = C|, B, I), Ag,X,L; (X =Cl Br), and ¢ |  colwdcons ]
Ag,X,L, (X = Cl, Br, I). The Ag(I) species were compared to the i :
corresponding Cu(I) analogues from a structural point of view. The
formation of Cu(I)/Ag(I) heterobimetallic complexes MM'X,L,
(M/M’ = Cu, Ag; X = Cl, Br, I) was also investigated. The X-ray
structure of the bromo-derivatives revealed the formation of two
possible MM'Br,L; complexes with Cu/Ag ratios, respectively, of
7:1 and 1:7. The ratio between Cu and Ag was studied by scanning electron microscopy—energy-dispersive X-ray analysis (SEM—
EDX) measurements. The structure of the binuclear homo- and heterometallic derivatives was investigated using density functional
theory (DFT) calculations, revealing the tendency of the PyrPhos ligands not to maintain the bridging motif in the presence of Ag(I)
as the metal center.

1. INTRODUCTION first example of a triple bridging ligand was recently reported
Mono- and polynuclear Cu(I) complexes exhibiting thermally by Art?m ig and  co-workers using - tris[2-(2-pyridyl)ethyl]-
activated delayed fluorescence (TADF) were deeply inves- phosphine.

tigated for their potential application to organic light-emitting Other possible modifications in the skeleton of the NP

diodes (OLEDs). This peculiar feature allows us to harvest ligand“in[:;olve the use of thf44cgorresponding phosphine
both singlet (25%) and triplet excitons (75%) due to the small oxides™ " or arsine derivatives.”"” In both cases, properties
energy gap (AE < 1500 cm™') between the first singlet and such as TADF and X-ray radioluminescence were detected in
triplet states (S; and T,), leading to a potential 100% of the derived Cu(I) complexes.

internal quantum efficiency (IQE).'™® Besides Cu(I) com- As concerns Ag(I) complexes, the corresponding analogues
plexes,” " Ag(D),'*™"7 Au(11I),"*~** and Zn(II) deriva- with NP ligands are much less investigated. Only a few
tives,”">° as well as pure organic molecules, were deeply examples were reported in the literature, for instance, with
studied for such purposes.6’27_ ? In this context, NP ligands tris(2-pyridy1)phosphine,46 diphenyl(2-pyrazy1)phosphine,47
were employed to prepare multinuclear complexes after the and tris(2-pyridyl)phosphine oxide.*®

pioneering studies conducted by Yersin and co-workers using Given the interest toward the synthesis of luminescent

2-(diphenylphosphino)pyridine (PyrPhos).>*~** The possible Cu(I) complexes with halides and NP ligands,***>**=5¢ we
coordination both via the phosphorus and the nitrogen atoms,

together with the different stoichiometries for the Cu(I)
halides, determines a wide variety of architectures that can be
potentially obtained.””** In addition, the modification of the
fragments around the phosphorus atom, for instance,
substitutinjg the pyridine fragment with a pyrimidine or a
pyridazine® ™ or introducing other heterocycles instead of the
phenyl groups,’*™*? permitted one to synthesize a wide library
of NP ligands. It is worth mentioning that in the latter case, the

deemed it interesting to study their corresponding Ag(I)
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derivatives and the formation of heterobimetallic complexes
having the general formula MM'X,L; (M/M’ = Cu, Ag; X =
Cl, Br, I; L = PyrPhos). It is worth mentioning that the
presence of Van der Waals interactions between closed-shell
d' ions proved to influence the photophysical properties of
the corresponding metal complexes as it was previously
reported for Au(I)—Ag(I), Au(I)—Cu(I), and Ag(I)—Cu(I)
derivatives.””~®" The ratio between Cu(I) and Ag(I) was
investigated using scanning electron microscopy in combina-
tion with energy-dispersive X-ray spectroscopy (SEM—EDX)
measurements. To the best of our knowledge, only Ag,CL,L,
and Ag,Cl,L, were previously reported in the literature, but
the position of the nitro§en atoms of the PyrPhos ligands was
not properly assigned.”®> On the other hand, it is worth
mentioning that homoleptic Ag(I) complexes with PyrPhos
behaving as monodentate or bridging ligand were reported in
the past.*

2. EXPERIMENTAL SECTION

2.1. General Remarks. The solvents were purchased from
Fisher Scientific if not stated otherwise. Dichloromethane and
acetonitrile for the complex synthesis were dried with the
solvent purification system (SPS) from MBraun (model MB-
SPS-800) and were degassed with argon before usage (S and
15 min, respectively). The precipitation of the Cu(I)
complexes was performed with n-pentane purchased from
Merck. 2-(Diphenylphosphino)pyridine (PyrPhos) was pur-
chased from aber together with CuBr, AgCl, and Agl (99.9%).
Cul (99.999% trace metal basis) and CuCl (>99.99% trace
metal basis) were purchased from Merck, while AgBr (99.9%)
was purchased from Fisher Scientific. All chemicals were used
without any further purification. The heteronuclear NMR
spectra of the Cu(I) and Ag(I) PyrPhos complexes were
recorded in degassed DMSO-dg or CDCl; purchased from
Euriso-Top. All reactions were carried out under Schlenk
techniques under an Ar atmosphere, and the reaction mixtures
were stirred in the dark. The synthesis and analytical data of
the dinuclear Cu(I) PyrPhos complexes Cu,X,L; (with X = CJ,
Br, I) were reproduced according to the literature procedure.®®

General information concerning NMR, mass spectrometry,
IR, and elemental analyses, as well as melting points, solubility
studies, SEM—EDX, and single-crystal X-ray diffraction (XRD)
analyses, is detailed in the Supporting Information. Additional
information on the experimental procedure is available via the
repository Chemotion.*®

2.2. General Procedure for the Synthesis of [CuX-
(PyrPhos);] (CuXL;, X = Cl, Br) Complexes. PyrPhos (1.00
g, 3.80 mmol, 3.00 equiv) and CuX (0.125 g for CuCl and
0.182 g for CuBr, 1.27 mmol, 1.00 equiv) were suspended in
15 mL of dichloromethane. The reaction mixture was degassed
with Ar for 5 min and was stirred for 24 h at 25 °C. The
volume of the clear and yellow solution was reduced to 10 mL
under reduced pressure. The solution was added dropwise to
250 mL of n-pentane. The precipitate was filtered off, washed
with n-pentane (4 X 25 mL), and dried in vacuo. Complexes
CuCIL; and CuBrL; were, respectively, obtained as off-white
and pale yellow powders and crystallized from acetonitrile.

2.2.1. CuClL;. Yield: 0.775 g (69%). '"H NMR (400 MHz,
DMSO-dg, ppm) & = 8.61 (bs, 3H, Hyp,y), 7.69 (t, Juu = 7.4
Hz, 3H, Hy(pyy)), 7.41—7.28 (m, 36H, Hy(py), Hy(pry). *'P{'H}
NMR (162 MHz, DMSO-d,, ppm) & = —4.38 (bs, 3P). 'H
NMR (400 MHz, CDCl,, ppm) & = 8.52 (bs, 3H, Hypyy),
7.45-7.41 (m, 18H, Hypy, Hyew), 7.31=7.27 (m, 6H,
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Hy(pn)), 7.21-7.17 (m, 12H, Hygpy), 7.12=7.08 (m, 3H,
Hyp,))- °C NMR (101 MHz, CDCl;, ppm) & = 160.0 (d, Jcp
= 35.1 Hz, 3C, CqL(Py,)), 150.4 (d, Jcp = 12.7 Hz, 3C, CL(Pyr))J
135.8 (d, Jep = 6.2 Hz, 3C, Cypyy), 1344 (d, Jop = 15.5 Hg,
12C, Cypw)), 133.7 (d, Jep = 19.0 Hz, 6C, Cyrpp)), 129.8 (d,
Jep = 23.0 Hz, 3C, Cypyy), 129.5 (s, 6C, Cyppy), 128.5 (d, Jep
= 8.6 Hz, 12C, Cypp)), 123.1 (5, 3C, Cypy)- *'P{'H} NMR
(162 MHz, CDCl,, ppm) & = —3.20 (s, 3P). MS (FAB, 3-
NBA) m/z [%] =950 (3) [M + Cu]*, 852 (9) [M — CI]*, 687
(7) [Cu,CIL,]*, 589 (83) [CuL,], 460 (S) [3-NBAJ, 423 (5)
[Cu,CIL]*, 326 (52) [CuL]", 307 (37) [3-NBA], 264 (40) [L
+ HJ*, 185 (13) [PPh,]*, 154 (100) [3-NBAJ], 137 (63) [3-
NBA]. IR (ATR) ¥ [em™] = 3043 (vw), 1571 (w), 1481 (w),
1448 (w),1433 (m), 1419 (w), 1185 (vw), 1153 (vw), 1093
(w), 1047 (vw), 1027 (vw), 987 (w), 766 (w), 740 (m), 692
(m), 618 (w), 505 (m), 444 (w), 409 (w). Anal. calcd for
C4H,,CICuN;P; (%): C, 68.92; H, 4.76; N, 4.73. Found: C,
67.73; H, 4.71; N, 4.72. mp = 172 °C.

2.2.2. CuBrlL;. Yield: 0.975 g (83%). '"H NMR (400 MHz,
DMSO-dg, ppm) & = 8.49 (d, Juy = 4.3 Hz, 3H, Hy(pyy)), 7.60
(tt, Jau = 7.7 Hz, Juy = 2.3 Hz, 3H, Hy(py)), 7.38—7.24 (m,
36H, Hy(py), Hien)- *'P{'H} NMR (162 MHz, DMSO-d,,
ppm) 6 = —4.60 (bs, 3P). *C NMR (101 MHz, DMSO-d,,
ppm) & = 159.9 (d, Jcp = 28.3 Hz, 3C, Cyppy), 149.9 (d, Jop =
12.4 Hz, 3C, Cypyy), 1359 (d, Jop = 5.7 Hz, 3C, Cipy),
134.0 (d, Jep = 11.9 Hz, 6C, Cy(pn), 1339 (d, Jcp = 16.1 Hg,
12C, Cypp)), 1294 (s, 6C, Cypn)), 128.7 (d, Jop = 22.7 He,
3C, Cypyr), 128.3 (d, Jop = 8.2 Hz, 12C, Cyppy), 1232 (bs,
3C, Ci(pyr)- MS (FAB, 3-NBA) m/z [%] = 994 (1) [M +
Cul’, 852 (1) [M — Br]*, 730 (2) [Cu,BrL,]*, 589 (15)
[CuL,], 460 (7) [3-NBA], 326 (10) [CuL]*, 307 (37) [3-
NBAJ*, 264 (9) [L + H]*, 185 (3) [PPh,]*, 154 (100) [3-
NBA]J, 137 (77) [3-NBA]. IR (ATR) ¥ [em™'] = 3043 (vw),
1571 (w), 1481 (w), 1449 (w),1433 (w), 1418 (w), 1184
(vw), 1152 (vw), 1092 (w), 1048 (vw), 1027 (vw), 987 (w),
766 (w), 741 (m), 694 (m), 619 (vw), 506 (m), 488 (m), 440
(w), 412 (w). Anal caled for CgH,,BrCuN;P;: C 65.63, H
4.54, N 4.50; found: C 63.07, H 4.37, N 4.47. mp = 207 °C.

2.3. General Procedure for the Synthesis of [AgX-
(PyrPhos);] (AgXL;, X = Cl, Br, I) Complexes. PyrPhos
(1.00 g, 3.80 mmol, 3.00 equiv) and AgX (0.181 g for AgCl,
0.238 g for AgBr, 0.297 g for Agl, 1.26 mmol, 1.00 equiv) were
suspended in 15 mL of acetonitrile. The reaction mixture was
degassed with Ar for 5 min and stirred for 24 h at 90 °C. The
suspension consisted of a clear solution and a white solid. The
solid was filtered off, washed with acetonitrile (2 X 25 mL),
and dried in vacuo in the dark. The complexes were obtained as
colorless powders and crystallized from hot ethanol (AgCIL,),
deuterated DMSO (AgBrL;), and the acetonitrile filtrate in the
freezer (AgIL;).

2.3.1. AgCIL;. Yield: 1.03 g (88%). '"H NMR (400 MHz,
DMSO-dg, ppm) & = 8.52 (d, Juy = 4.6 Hz, 3H, HL(PYI)), 7.65
(tdd, Jum = 7.8 Hz, Juu = 2.9 Hz, Juy = 1.8 Hz, 3H, Hypyy),
7.43=726 (m, 36H, Hyp,, Hyen). >'P{'H} NMR (162
MHz, DMSO-dg, ppm) 6 = 3.31 (s, 3P). *C NMR (101 MHz,
DMSO-dg, ppm) 6 = 159.0 (d, Jep = 31.8 Hz, 3C, Cyr(oyn),
150.3 (d, Jep = 12.8 Hz, 3C, Cypyy)), 1362 (d, Jcp = 6.7 He,
3C, Cy(pyr); 134.0 (d, Jcp = 17.2 Hz, 12C, Cypy)), 133.0 (d,
Jep = 144 Hz, 6C, C 1 1)), 129.9 (s, 6C, Crpny), 128.9 (d, Jep
= 25.8 Hz, 3C, Cypyy), 128.6 (d, Jep = 8.8 Hz, 12C, Cypp),
123.6 (s, 3C, Cy(pyy))- MS (FAB, 3-NBA) m/z [%] = 1038 (1)
[M + Ag]*, 896 (1) [M — Cl]*, 774 (S) [Ag,CIL,]*, 633 (65)
[AgL,]", 370 (100) [AgL]*, 264 (10) [L + HJ*, 185 (24)

https://doi.org/10.1021/acsomega.3c05755
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[PPh,]*. IR (ATR) ¥ [cm™'] = 3040 (vw), 1569 (w), 1478
(w), 1448 (w), 1432 (w), 1417 (w), 1183 (vw), 1151 (vw),
1092 (w), 1046 (vw), 1028 (w), 986 (w), 769 (w), 742 (m),
691 (m), 617 (w), 512 (m), 487 (m), 441 (w). Anal. calcd for
Cs;H,,AgCIN;P; (%): C, 65.64; H, 4.54; N, 4.50. Found: C,
65.50; H, 4.51; N, 4.65. mp = 167 °C.

2.3.2. AgBrL;. Yield: 0.86 g (70%). '"H NMR (400 MHz,
DMSO-dg, ppm) 8 = 8.52 (d, Jun = 4.0 Hz, 3H, Hy(pyy)), 7.65
(tt, Jun = 7.7 Hz, Juy = 2.3 Hz, 3H, Hypy)), 741-7.27 (m,
36H, Hy(pyr), HL(py)). *'P{'"H} NMR (162 MHz, DMSO-d,,
ppm) & = 1.81 (s, 3P). *C NMR (101 MHz, DMSO-d, ppm)
6= 1594 (d, Jep = 29.0 Hz, 3C, Cyipy), 1502 (d, Jep = 12.8
Hz, 3C, Cy(pyy)), 136.2 (d, Jep = 6.2 Hz, 3C, Cypyr), 133.9 (d,
Jep = 17.3 Hz, 12C, Cypy)), 1333 (d, Jop = 117 Hz, 6C,
Cyren)s 129.8 (s, 6C, Cypyy), 128.8 (d, Jop = 24.8 Hz, 3C,
Cuipy)r 128.6 (d, Jep = 8.6 Hz, 12C, Cypy), 123.5 (s, 3C,
Cu(py)- MS (FAB, 3-NBA) m/z [%] = 869 (1) [M — Br]",
818 (2) [Ag,BrL,]*, 633 (69) [AgL,]*, 555 (2) [Ag,BrL]*,
369 (100) [AgL]*, 264 (12) [L + H]*, 185 (29) [PPh,]*. IR
(ATR) 7 [em™] = 3043 (vw), 1570 (w), 1480 (w), 1448 (w),
1434 (m), 1418 (w), 1150 (w), 1093 (w), 1026 (w), 986 (w),
741 (m), 692 (m), 619 (w), 503 (m), 429 (w). Anal. calcd for
Cs H,,AgBIN;P; (%): C, 62.66; H, 4.33; N, 4.30. Found: C,
60.81; H, 4.07; N, 4.19. mp = 162 °C.

2.3.3. AglLs. Yield: 0.63 g (49%). 'H NMR (400 MHz,
DMSO-dg, ppm) 8 = 8.57 (d, Juu = 4.7 Hz, 3H, Hy(pyy)), 7.68
(tdd, Juu = 7.7 Hz, Jun = 2.7 Hz, Juy = 1.8 Hz, 3H, Hy(pyy),
7.43=7.37 (m, 18H, Hp), 7.34—7.28 (m, 18H, Hy(pyy), Hypn))-
3p{'H} NMR (162 MHz, DMSO-d,, ppm) & = 0.20 (s, 3P).
3C NMR (101 MHz, DMSO-d,, ppm) & = 159.6 (d, Jep =
27.3 Hz, 3C, Cyi(pyn), 1503 (d, Jep = 12.8 Hz, 3C, Cypy),
136.3 (d, Jp = 5.7 Hz, 3C, Cypy), 133.9 (d, Jp = 17.5 Hg,
12C, Cypny), 133.4 (d, Jcp = 9-8 Hz, 6C, Cyppny), 129.8 (s, 6C,
Crien), 128.7 (d, Jep = 25.5 Hz, 3C, Cpipy), 128.6 (d, Jop =
8.4 Hz, 12C, Cypy)), 123.5 (s, 3C, CL(PW)S. MS (FAB, 3-NBA)
m/z [%] = 1129 (2) [M + Ag]*, 1024 (1) [M + H]*, 896 (4)
M - 1]%, 866 (4) [Ag,IL,]", 633 (86) [AgL,]", 460 (5) [3-
NBAJ, 369 (47) [AgL]*, 307 (32) [3-NBAJ, 264 (100) [L
+H]*, 154 (92) [3-NBA], 137 (60) [3-NBA]. IR (ATR) ¥
[em™'] = 3042 (vw), 1570 (w), 1480 (w), 1447 (w), 1433
(w), 1417 (w), 1149 (w), 1092 (w), 1046 (vw), 1026 (w), 986
(w), 741 (m), 691 (m), 618 (w), 513 (m), 502 (m), 428 (w),
407 (w). Anal. caled for C5Hy,AgINGP, (%): C, 59.78; H,
4.13; N, 4.10. Found: C, 58.13; H, 3.99; N, 4.04. mp = 185 °C.

2.4. General Procedure for the Synthesis of
[Ag,X,(PyrPhos);] (Ag,X,L;, X = Cl, Br) Complexes.
PyrPhos (1.00 g, 3.80 mmol, 3.00 equiv) and AgX (0.363 g for
AgCl and 0475 g for AgBr, 2.53 mmol, 2.00 equiv) were
suspended in 15 mL of acetonitrile. The reaction mixture was
degassed with Ar for S min and was stirred for 24 h at 25 °C.
The suspension consisted of a colorless and clear solution and
a colorless solid. The solid was filtered off, washed with
acetonitrile (2 X 20 mL), and dried in vacuo in the dark. The
complexes were obtained as colorless powders and crystallized
from the acetonitrile filtrate in the freezer.

2.4.1. Ag,Cl,Ls. Yield: 1.15 g (85%). '"H NMR (400 MHz,
DMSO-dg, ppm) 8 = 8.63 (d, Juu = 4.2 Hz, 3H, Hypyr), 7.73
(tdd, Juy = 7.7 Hz, Juy = 3.2 Hz, Juy = 1.8 Hz, 3H, Hy(pyy),
7.57—7.51 (m, 1SH, Hypy, Hypy), 746742 (m, 6H,
Hy (pr), 740—=7.33 (m, 15H, Hypy, Hien). *'P{'H} NMR
(162 MHz, DMSO-d, ppm) 6 = 7.30 (s, 3P). *C NMR (101
MHz, DMSO-dg, ppm) 8 = 157.4 (d, Jop = 43.5 Hz, 3C,
CqLoy)s 1506 (d, Jep = 13.3 Hz, 3C, Cypyy)), 136.6 (d, Jop =
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8.2 Hz, 3C, Cypy), 134.1 (d, Jop = 16.6 Hz, 12C, Cypy)),
131.7 (d, Jep = 25.1 Hz, 6C, Cyrpny), 130.4 (s, 6C, Crpp)),
129.5 (d, Jcp = 28.8 Hz, 3C, Cypyy), 128.7 (d, Jep = 9.7 Hz,
12C, Cyppy), 1242 (5, 3C, Cy(pyry). MS (FAB, 3-NBA) m/z
[%] = 1179 (1) [M + Ag]*, 1038 (3) [M — CIJ*, 916 (2)
[Ag;CLL,]*, 774 (18) [Ag,CIL,]*, 653 (2) [Ag;CLL]*, 633
(72) [AgL,]*, 511 (4) [Ag,CIL]*, 369 (100) [AgL]*, 307 (13)
[3-NBA], 264 (15) [L + H]*, 185 (20) [PPh,]*, 154 (49) [3-
NBA], 137 (33) [3-NBA]. IR (ATR) © [em™'] = 1569 (w),
1479 (w), 1452 (w), 1434 (w), 1419 (w), 1093 (w), 986 (w),
742 (m), 721 (w), 692 (m), 618 (vw), 501 (m), 488 (m), 416
(w). Anal. caled for Cg;H,,Ag,CLNSP; (%): C, 56.90; H, 3.93;
N, 3.90. Found: C, 56.99; H, 3.90; N, 3.95. mp = 164 °C.

2.4.2. Ag,Br,L;. Yield: 1.06 g (93%). 'H NMR (400 MHz,
DMSO-dg, ppm) & = 8.63 (d, Juu = 4.7 Hz, 3H, Hy(py)), 7.75
(tdd, Juy = 7.6 Hz, Jyy = 3.0 Hz, Jyyy = 1.8 Hz, 3H, Hypyr),
7.51=743 (m, 21H, Hypy, Hypn), 741-7.35 (m, 15H,
Hy(pyr), Hypny)- >'P{'"H} NMR (162 MHz, DMSO-dg, ppm) &
= 4.92 (bs, 3P). *C NMR (101 MHz, DMSO-d,, ppm) & =
1582 (d, Jep = 37.8 Hz, 3C, Cy(pyn), 150.6 (d, Jp = 13.3 Hz,
3C, Cy(pyn), 136.5 (d, Jep = 7.1 Hz, 3C, Cypyr), 134.0 (d, Jep
= 17.0 Hz, 12C, Cypy)), 132.3 (d, Jep = 19.5 Hz, 6C, Cyy(pn)),
1303 (s, 6C, Cypy)), 129.1 (d, Jop = 26.6 Hz, 3C, Cypyr),
128.8 (d, Jep = 9.2 Hz, 12C, Cypy)), 124.0 (s, 3C, Cpipyry). 'H
NMR (400 MHz, CDCl,, ppm) 6 = 8.62 (d, Ju = 4.7 Hz, 3H,
Hypyn), 781 (t Juu = 6.9 Hz, 3H, Hy(py), 7.63=7.59 (m,
12H, Hypy)), 7.55 (tdd, Jun = 7.7 Hz, Jyg = 3.1 Hz, Jig = 1.8
Hz, 3H, Hy(pyy), 7.38—7.34 (m, 6H, Hypy)), 7.31-7.27 (m,
12H, Hypy)), 7.21=7.17 (m, 3H, Hyp,,)). Please note that the
reference resonance of CHCI; could not be picked due to an
overlap with the resonances of the compound. *'P{'H} NMR
(162 MHz, CDCl,, ppm) 6 = 5.94 (s, 3P). *C NMR (101
MHz, CDCL;, ppm) & = 158.9 (d, Jep = 36.9 Hz, 3C, Cqy (pyn)»
150.6 (d, Jp = 12.8 Hz, 3C, Cypy), 1362 (d, Jep = 8.0 Hz,
3C, Cp(py), 134.5 (d, Jop = 16.8 Hz, 12C, Cppy)), 1325 (d,
Jep = 209 Hz, 6C, Cypny), 130.3 (d, Jep = 30.0 Hz, 3C,
Cripyy)s 130.1 (s, 6C, Cpip), 128.8 (d, Jep = 9.4 Hz, 12C,
Cyion)) 123.6 (s, 3C, Cypy). MS (EAB, 3-NBA) m/z [%]
1081 (7) [M — Br]*, 1004 (3) [Ag;Br,L,]", 896 (23) [AgL,]",
822 (100), 818 (37) [Ag,BrL,]". IR (ATR) ¥ [em™'] = 3044
(vw), 1569 (w), 1452 (w), 1434 (w), 1418 (w), 1314 (vw),
1182 (vw), 1158 (vw), 1093 (w), 1050 (vw), 1027 (vw), 886
(w), 767 (w), 742 (m), 721 (w), 691 (s), 618 (vw), 501 (s),
488 (m), 431 (w), 416 (w), 395 (w). Anal. calcd for
Cs1H,,Ag,Br,N;P; (%): C, 52.56; H, 3.63; N, 3.61. Found: C,
$2.27; H, 3.53; N, 3.58. mp = 184 °C.

2.5. General Procedure for the Synthesis of
[Ag,X,(PyrPhos),] (Ag,X,Ls, X = Cl, Br, I) Complexes.
PyrPhos (1.00 g, 3.80 mmol, 4.00 equiv) and AgX (0.544 g,
3.80 mmol, 4.00 equiv) were suspended in 15 mL of
acetonitrile. The reaction mixture was degassed with Ar for S
min and stirred for 24 h at 90 °C. The suspension consisted of
a clear solution and a white solid. The solid was filtered off hot,
washed with hot acetonitrile (2 X 25 mL), and dried in vacuo
in the dark. The complexes were obtained as colorless powders
and crystallized from acetonitrile filtrates in the freezer.

2.5.1. Ag,Cl,L, Yield: 1.44 g (93%). '"H NMR (400 MHz,
DMSO-dg, ppm) & = 8.75 (d, Jun = 4.7 Hz, 4H, Hy(p,,)), 7.84
(tdd, Juw = 7.7 Hz, Jun = 3.2 Hz, Juy = 1.8 Hz, 4H, Hy ),
7.59—7.41 (m, 48H, Hy(p,, Hyen). *'P{'H} NMR (162
MHz, DMSO-d,, ppm) 6 = 10.24 (s, 4P). *C NMR (101
MHz, DMSO-dg, ppm) & = 156.7 (d, Jop = 49.3 Hz, 4C,
Cqr(pyn)s 150.9 (d, Jep = 13.9 Hz, 4C, Cypyr), 137.0 (d, Jop =
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8.3 Hz, 4C, Cypy), 134.1 (d, Jop = 16.8 Hz, 16C, Cypy)),
131.0 (d, Jcp = 29.7 Hz, 8C, Cyypn)), 130.8 (d, Jep = 1.9 He,
8C, Cr(pn)), 1296 (d, Jep = 28.6 Hz, 4C, Cy(py)), 129.0 (d, Jep
= 10.0 Hz, 16C, Cypp), 124.6 (s, 4C, CL@WS. "H NMR (400
MHz, CDCl;, ppm) 6 = 8.69 (d, Juu = 4.7 Hz, 4H, Hy (),
7.71-7.68 (m, 4H, Hyp,y), 7.63—7.60 (m, 4H, Hy (p,y)), 7.59—
7.54 (m, 16H, Hypy), 7.41-7.37 (m, 8H, HL(Phl)), 7.34—7.30
(m, 16H, Hypy)), 7.25=7.21 (m, 4H, Hyp,,). *'P{'H} NMR
(162 MHz, CDCl,, ppm) 6 = 9.88 (s, 4P). *C NMR (101
MHz, CDCly, ppm) & = 157.9 (d, Jep = 160.0 Hz, 4C,
CqL(pyr)), 151.0 (d, Jcp = 13.5 Hz, 4C, CL(pyr)), 136.4 (d, Jcp =
8.5 Hz, 4C, Cypyy), 134.5 (d, Jep = 16.5 Hz, 16C, Cypp)),
131.6 (d, Jep = 108.0 Hz, 8C, Cyy(pny), 130.5 (s, 8C, Cy(pn)),
130.4 (d, Jcp = 31.3 Hz, 4C, Cy(pyy), 129.0 (d, Jcp = 9.9 Hz,
16C, Cyppy), 124.0 (s, 4C, Cy(pyp)). MS (FAB, 3-NBA) m/z
[%] = 1726 (1) [M+Ag]", 1584 (1) [M — ClI]*, 1442 (1)
[Ag:CLL,]", 1321 (1) [Ag,CLL;]", 1179 (2) [AgCLL,]"
1038 (1) [Ag,CIL,]%, 896 (1) [AgL,]*, 774 (20) [Ag,CIL,]",
633 (63) [AgL,]*, 511 (4) [Ag,CIL]", 460 (7) [3-NBAJ, 369
(83) [AgL]*, 307 (39) [3-NBA], 264 (24) [L + H]", 186 (17)
[L — Ph]*, 154 (100) [3-NBA], 137 (69) [3-NBA]. IR (ATR)
7 [em™] = 2163 (vw), 1570 (vw), 1479 (vw), 1449 (vw),
1435 (vw), 1421 (vw), 1278 (vw), 1096 (vw), 1048 (vw), 987
(vw), 775 (vw), 743 (w), 722 (vw), 691 (w), 618 (vw), 515
(w), 502 (w), 438 (vw), 418 (vw), 401 (vw). Anal. calcd for
CesHseAg,CLN,P, (%): C, 50.22; H, 3.47; N, 3.44. Found: C,
49.96; H, 3.40; N, 3.47. mp = 230 °C.

2.5.2. Ag,Br,L,. Yield: 1.64 g (96%). '"H NMR (400 MHz,
DMSO-dg, ppm) & = 8.73 (d, Juy = 4.8 Hz, 4H, Hy(p,,)), 7.85
(tdd, Jum = 7.7 Hz, Juy = 3.1 Hz, Jiy = 1.8 Hz, 4H, Hyp,y)),
7.57—7.42 (m, 48H, Hyp,, Hyen). *'P{'"H} NMR (162
MHz, DMSO-ds, ppm) 6 = 8.88 (bs, 4P). '"H NMR (400
MHz, CDCly, ppm) & = 8.63 (d, Juy = 4.7 Hz, 4H, HL(PYI)),
7.66—7.63 (m, 4H, HL(Pyr))) 7.59-7.52 (m, ZOH, HL(Pyr))
Hi ), 7.39=7.35 (m, 8H, Hypy), 7.32—7.28 (m, 16H,
Hypy), 7.21-7.18 (m, 4H, Hyp,,). *'P{'"H} NMR (162
MHz, CDCl,, ppm) & = 6.47 (s, 4P). ®*C NMR (101 MHz,
CDCly, ppm) & = 158.9 (d, Jcp = 62.8 Hz, 4C, Cy(pyr)), 150.8
(d, Jep = 52.0 Hz, 4C, Cy(py), 1362 (d, Jcp = 31.6 Hz, 4C,
Cipyn)s 134.5 (d, Jep = 16.8 Hz, 16C, Cypy)), 1324 (d, Jep =
85.2 Hz, 8C, Cyy(pn)), 130.2 (d, Jop = 100.4 Hz, 4C, Cypy,)),
130.2 (s, 8C, Cypn)), 128.9 (d, Jep = 9.5 Hz, 16C, Cypp)),
123.7 (s, 4C, CL(PYI)). MS (FAB, 3-NBA) m/z [%] = Due to
the poor solubility of the complex, no mass spectrum could be
recorded. IR (ATR) ¥ [em™'] = 1568 (w), 1478 (w), 1446
(w), 1434 (w), 1420 (w), 1275 (vw), 1095 (w), 1028 (vw),
988 (w), 771 (w), 743 (m), 723 (w), 692 (m), 618 (vw), 514
(m), 503 (m), 491 (m), 447 (w), 422 (w). Anal. calcd for
CesHseAg,Br,N,P, (%): C, 45.27; H, 3.13; N, 3.11. Found: C,
45.32; H, 3.07; N, 3.15. mp = 258 °C.

2.5.3. Agl L, Yield: 1.78 g (94%). '"H NMR (400 MHz,
DMSO-dg, ppm) & = 8.71 (d, Jun = 4.6 Hz, 4H, Hyp,,)), 7.82—
7.77 (m, 4H, Hy(py), 7.51=7.39 (m, 48H, Hy(py), Hien))-
3P{'H} NMR (162 MHz, DMSO-dg, ppm) & = 2.19 (bs, 4P).
'"H NMR (400 MHz, CDCl;, ppm) 6 = 8.69 (d, Jy = 4.7 Hz,
4H, Hy(pyy)), 7.55=7.50 (m, 24H, Hypy), Hipn)), 7.39-7.29
(m, 24H, Hy pyn), HL(Ph))) 7.19 (qd, Jun = 4.7 Hz, Jyy = 1.7 H,
4H, Hyp,y). *'P{'H} NMR (162 MHz, CDCl,, ppm) 6 =
—0.21 (bs, 4P). *C NMR (101 MHz, CDCl,, ppm) 6 = 150.6
(d, Jep = 12.3 Hz, 4C, Cy(pyy), 136.2 (d, Jcp = 7.0 Hz, 4C,
Cripyr), 134.5 (d, Jep = 17.5 Hz, 16C, Cypy)), 133.7 (d, Jep =
8.9 Hz, 8C, Cy(pyy), 1323 (d, Jep = 9.6 Hz, 4C, Cyr(pyr)),
129.8 (s, 8C, Cypn)), 128.8 (d, Jop = 8.7 Hz, 16C, Cypp),
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128.5 (d, Jep = 12.0 Hz, 4C, Cypyy)), 123.3 (5, 4C, Cypy)). MS
(FAB, 3-NBA) m/z [%] = Due to the poor solubility of the
complex, no mass spectrum could be recorded. IR (ATR) ¥
[em™] = 3043 (vw), 1568 (vw), 1477 (vw), 1446 (w), 1434
(w), 1419 (w), 1276 (vw), 1151 (vw), 1094 (w), 1046 (vw),
1027 (vw), 987 (vw), 844 (vw), 766 (w), 742 (w), 722 (vw),
692 (w), 618 (vw), S11 (w), SO1 (w), 422 (w), 395 (vw).
Anal. caled for CegHyeAg, NP, (%): C, 41.00; H, 2.83; N,
2.81. Found: C, 41.00; H, 2.70; N, 2.85. mp = 272 °C.

2.6. General Procedure for the Synthesis of Hetero-
bimetallic [MM’X,(PyrPhos);] (MM’X,L;, M = Cu, Ag; X =
Cl, Br, 1) Complexes. PyrPhos (0.50 g, 1.90 mmol, 3.00
equiv), CuX (0.63 mmol, 1.00 equiv), and AgX (0.63 mmol,
1.00 equiv) were suspended in 15 mL of acetonitrile. The
reaction mixture was degassed with Ar for S min and stirred for
24 h at 90 °C in the case of MM'CLL; and MM'Br,L;, and at
25 °C in the case of MM'LL;. The light-yellow solids were
filtered off hot, washed with acetonitrile (2 X 25 mL), and
dried in vacuo in the dark. Yields are calculated considering a
ratio 1:1 between Ag(I) and Cu(I). The complexes were
crystallized from the slow diffusion of n-pentane into
acetonitrile solutions.

2.6.1. MM'Cl,L;. Yield: 70% (0.4S g). 'H NMR (400 MHz,
DMSO-dg, ppm) & = 8.77 (bs, 3H, Hy(pyy)), 7.80 (t, Jyn = 7.6
Hz, 3H, Hy(p,y)), 7.47—7.34 (m, 36H, Hy (p,r), Hypn))- >'P{'H}
NMR (162 MHz, DMSO-dg, ppm) & = 4.73 (bs, 3P). °C
NMR (101 MHz, DMSO-d,, ppm) & = 157.3 (d, Jcp = 47.3
Hz, 3C, CqL(pyr)), 150.8 (d, Jcp = 14.0 Hz, 3C, CL(pyr)), 136.9
(d, Jep = 6.1 Hz, 3C, Cypy), 133.9 (d, Jep = 15.9 Hz, 12C,
Crion), 1315 (d, Jep = 28.1 Hz, 6C, Copy), 1304 (s, 6C,
Creny)y 129.7 (d, Jep = 25.4 Hz, 3C, Cypyy), 128.8 (d, Jep =
9.5 Hz, 12C, Cy(py)), 124.6 (s, 3C, Cy(pyr))- MS (FAB, 3-NBA)
m/z [%] = 1091 (2) [M + Cul*, 994 (4) [M — Cl]*, 774 (7)
[Ag,CIL,]*, 730 (17) [AgCuCIL,]*, 687 (13) [Cu,CIL,]*, 633
(52) [AgL,]*, 589 (50) [CuL,]*, 467 (11) [AgCuCIL]*, 423
(24) [Cu,CIL]Y, 369 (62) [AgL]*, 326 (100) [CuL]*, 264
(21) [L+H]*, 185 (27) [PPh,]*. IR (ATR) ¥ [em™'] = 3045
(vw), 1277 (vw), 1569 (w), 1479 (w), 1452 (w), 1434 (w),
1419 (w), 1314 (vw), 1181 (vw), 1159 (vw), 1093 (w), 1050
(vw), 1028 (vw), 997 (w), 987 (w), 846 (vw), 767 (w), 742
(m), 721 (w), 692 (m), 618 (w), 501 (m), 489 (m), 436 (w),
417 (w). Anal. caled for Cg;H,,AgCLCuN;P; (%): C, 59.35;
H, 4.10; N, 4.07. Found: C, 59.13; H, 4.08; N, 4.15.

2.6.2. MM'Br,L;. Yield: 86% (0.61 g). '"H NMR (400 MHz,
DMSO-dg, ppm) & = 8.75 (bs, 3H, Hy(pyr)), 7.80 (t, Jygys = 7.7
Hz, 3H, Hy(p,,)), 7.46—7.34 (m, 36H, Hy (p,r), Hypn)). >'P{'H}
NMR (162 MHz, DMSO-dg, ppm) & = 2.72 (bs, 3P). Due to
the poor solubility of the complex, the *C NMR spectrum
could be recorded. MS (FAB, 3-NBA) m/z [%] = 1038 (3) [M
— Br]", 994 (4) [BrCu,L;]", 818 (2) [Ag,BrL,]*, 774 (9)
[AgBrCuL,]*, 730 (19) [BrCu,L,]", 633 (39) [AgL,]*, 589
(49) [CuL,]", 511 (6) [AgBrCuL]*, 467 (14) [BrCu,L]", 369
(36) [AgL]". Due to the poor solubility of the complex, only
some bulk signals could be assigned. IR (ATR) 7 [cm™']
3042 (vw), 1569 (w), 1479 (w), 1452 (w), 1434 (m), 1419
(w), 1314 (vw), 1182 (vw), 1159 (w), 1092 (w), 1027 (vw),
987 (w), 767 (m), 742 (m), 720 (w), 692 (s), 618 (w), 502
(s), 489 (s), 435 (w), 417 (w). Anal. caled for
C, H,,AgBr,CuN,P, (%): C, 54.64; H, 3.78; N, 3.75.
Found: C, 54.12; H, 3.68; N, 3.79.

2.6.3. MM'I,L;. Yield: 95% (0.73 g). "H NMR (400 MHz,
DMSO-ds, ppm) 6 = 8.66 (bs, 3H, Hy(pyy)), 7.73 (t, Jum = 6.9
Hz, 3H, Hy(p,,)), 744731 (m, 36H, Hyp,), Hypn)- *'P
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NMR (162 MHz, DMSO-dg, ppm) § = —1.43 (bs, 3P). Due to
the poor solubility of the complex, the *C NMR spectrum
could be recorded. MS (FAB, 3-NBA) m/z [%] = 1088 (10)
[M —1]%, 1043 (17) [Cu,IL,]", 866 (18) [Ag,IL,]*, 780 (40)
[Cuw,IL,]*, 749 (64) [AgCu,l,L]*. Due to the poor solubility
of the complex, only some bulk signals could be assigned. IR
(ATR) ¥ [em™'] = 3040 (vw), 1585 (m), 1570 (w), 1479 (w),
1451 (w), 1434 (w), 1418 (w), 1183 (vw), 1157 (w), 1093
(w), 1027 (vw), 988 (w), 765 (w), 742 (m), 720 (w), 692
(m), 618 (vw), 505 (m), 491 (m), 419 (w). Anal. calcd for
Cy,H,,AgCuLN,P, (%): C, 50.41; H, 3.48; N, 3.46. Found: C,
50.91; H, 3.47; N, 3.66.

2.7. SEM—EDX Measurements. The approximate metal
ratios of the heterobimetallic samples were studied through
scanning electron microscopy (SEM) in combination with
energy-dispersive X-ray spectroscopy (EDX). The spectra were
measured at 20 keV using an Oxford INCA 350 energy-
dispersive X-ray spectrometer connected with a Hitachi S-4800
scanning electron microscope (SEM). For the EDX measure-
ments, a small amount of each sample was taken. The powder
samples were attached to the SEM specimen stubs using a
conductive double-sided carbon adhesive tape and coated with
a thin layer of carbon to improve conductivity. Measurements
were made from a large area to obtain an average composition
and from points to study compositional variations. For
compound MM'CLL; (M/M’ = Cu or Ag), only one sample
was investigated, whereas for MM'Br,L; and MIL; samples,
respectively, from five and two different vials were considered
(the complete data are collected in the Supporting
Information).

2 8 DFT Calculations. The Turbomole program pack-
age”” and the resolution-of-the-identity (RI) approximation
were used for all calculations. The ground-state structures were
optimized using CAM-B3LYP/def2-TZVP (def2-SV(P) for

H).°® For Ag and I, effective core potentials (ECPs) were used.
In all of the calculations, an integration grid of size 4 was used.
Weight derivatives were used for all optimizations. Con-
vergence criteria for the ground-state structures were set to
107% E, for the energy and 107° E,/aj for the gradient.

3. RESULTS AND DISCUSSION

3.1. Synthesis of the Complexes. Mononuclear Cu(I)
and Ag(I) complexes having general formulas MXL; (M = Cu,
Ag; X = Cl, Br) were obtained by reacting PyrPhos and the
corresponding Cu(I) or Ag(I) halide in ratio 3:1. In the first
case, the reaction was carried out at room temperature in
dichloromethane, while for Ag(I) derivatives, acetonitrile as
solvent and T = 90 °C were required. In the case of CuBrLs;,
AgBrL;, and AgIL;, the carbon content measured via
elemental analysis was unexpectedly low, probably due to the
hygroscopicity of the complexes. Regarding the dinuclear
homometallic PyrPhos Cu(I) complexes, Cu,X,L; (with L =
PyrPhos, X = Cl, Br, I) were synthesized in dichloromethane at
room temperature according to the literature procedure
reported by Zink and co-workers.”> The corresponding
Ag(I) derivatives AgX,L; (with L = PyrPhos, X = Cl, Br)
were prepared in acetonitrile at room temperature in dark
conditions, as depicted in Scheme 1. The complexes Ag,CL,L;
and Ag,Br,L; were obtained as colorless powders in contrast
to their Cu(I) analogues that are pale yellow-colored.
Unfortunately, the iodide analogue Ag,I,L; was not accessible
using the same reaction conditions described for the chloride
and bromide complexes.
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Scheme 1. Synthesis of the Dinuclear Homometallic Ag(I)
PyrPhos Complexes AgX,L; (L = Perhos; X = Cl, Br)

X
N = | _N
f«,_ _PPh,

light
N PPha exclu5|on
| + AgX ———> Al
5z CH3CN, rt \\ //
X= Cl, Br N Ph2
N
(3.00 equiv.)  (2.00 equiv.) |
%
AgxXols
L = PyrPhos

In preliminary experiments, crystals of Ag,CL,L; were
obtained from the reaction of the PyrPhos ligand with freshly
prepared silver chloride (2:1 ratio) in ethanol after refluxing for
8 h in the dark. AgCIL; and Ag,Cl,L, were obtained as
impurities, as suggested by elemental analysis measurements,
where ratios, respectively, of 1:1 and 1:3 of PyrPhos and AgCl
were detected. The tetranuclear complexes having general
formulas Ag,X,L, (X = Cl, Br, I) were prepared following the
same synthetic procedure employed for AgXL; but with a ratio
1:1 between AgX (X = Cl, Br, I) and PyrPhos. Crystals of the
dinuclear Ag(I) PyrPhos chloro-complex Ag,ClL,L, were
isolated as impurities and analyzed by single-crystal X-ray
diffraction (vide infra). However, the direct synthesis of the
Ag,X,L, complexes exploiting the reaction conditions used for
the synthesis of the other PyrPhos complexes (dichloro-
methane at rt, CH;CN at rt, and CH;CN at 90 °C) was not
successful. In general, the formation of the tetranuclear Ag(I)
PyrPhos complexes was favored at high temperatures.

The solubility of both Cu(I) and Ag(I) homometallic
complexes was investigated in various solvents (see the
Supporting Information for details and Table SI for the
complete data). In general, their solubility is relatively low
compared to various other homo- and heteroleptic Cu(I)
complexes bearing at least one NP-bridging ligand with
additional substituents on the pyridine, such as methyl or
tert-butyl.”>*" Almost none of the Cu(I) and Ag(I) complexes
reported in this study showed a solubility higher than 1 mg
mL™' in n-hexane, toluene, ethanol, and acetonitrile. In
dichloromethane and chlorobenzene, the solubility of the
metal complexes increased with the size of the corresponding
halide, Cl > Br > L. In addition, the monometallic Cu(I) and
Ag(I) complexes MXL; are far more soluble in chlorinated
solvents compared to the dimetallic complexes M,X,L;, while
the tetrametallic complexes M,X,L, are hardly soluble at all. In
general, the solubility of the Cu(I) complexes was similar or
higher compared to the corresponding Ag(I) complexes.

With the homometallic Cu(I) and Ag(I) complexes in hand,
we deemed it interesting to synthesize heterobimetallic
PyrPhos complexes having the general formula MM'X,L,
(M/M’' = Cu, Ag). It is worth mentioning that the first
heterobimetallic Ag(I)/Cu(I) complex was reported by
Fackler et al. in 1992 using the bidentate 2-mercaptothiazoline
as a ligand.”® However, most of the examples described in the
literature are heterobimetallic derivatives with four or more
metal centers.”'~”” Only using diphenyl(1-pyridyl)phosphine
sulfide as a ligand, a dinuclear Ag(I)/ Cu(I) complex was
isolated by Olmos and co-workers.”® The reaction of
stoichiometric amounts of the PyrPhos ligand with Cu(I)
and Ag(I) halides in a ratio 3:1:1 (dichloromethane, rt) in the
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dark resulted in a suspension that consisted of a colorless solid
(AgiX,L,;) and a yellow solution (Cu,X,L;). Therefore,
acetonitrile was chosen as the solvent for the synthesis of the
heterobimetallic Cu(I)/Ag(I) PyrPhos complexes following
the conditions described earlier for the preparation of the
Ag(I) derivatives. The reactions were carried out at room
temperature for CuAgl,L;, while T = 90 °C was required for
the chloro- and bromo-species (see Scheme 2 for complete-
ness). The elemental analyses are in agreement with the
expected CHN values for the heterobimetallic Cu(I)/Ag(1)
PyrPhos complexes.

Scheme 2. Synthesis of the Dinuclear Homobimetallic
Cu(I)/Ag(I) PyrPhos Complexes CuAgX,L; (L = PyrPhos;

X = Cl, Br, 1)®
P N
X _-PPhy

light
s Ph; exclusion Phy Sed™ hg
> u
~ + CuX + AgX  ch,oNe >/
(3.00 equiv.) (1.00 equiv.)(1.00 equiv.) N\ Ph,
X=Cl,Br, | |

=
CuAgX,Ls
L = PyrPhos

“T = 90 °C for CuAgClL,L; and CuAgBr,L;; rt for CuAgl,L,.

3.2. Molecular Structure Determination. The PyrPhos
complexes based on Cu(I) and Ag(I) were characterized via
single-crystal X-ray diffraction (see the Supporting Information
for the experimental details). The molecular structures of
CuClIL; and CuBrL;, and AgXL, (L = PyrPhos, X = Cl, Br, I)
are reported in Figures S1—SS5. In AgBrL;, a positional
disorder of one DMSO solvent molecule was observed.
Crystallographic and refinement data are collected in Tables
S2 and S3. The metal—halide and metal—phosphorus bond
lengths and angles of CuXL, (X = Cl, Br) and AgXL, (X = CJ,
Br, I) are collected in Table S4, together with the data from the
previously reported CulL, for comparison.”' Differently from
the Cu(I) complexes, the three AgXL; complexes are
isostructural and crystallized in the triclinic P1 space group.
On the other hand, the CuXL; derivatives crystallize,
respectively, in the orthorhombic P2,2,2,; (CuCIL;), in the
triclinic P1 (CuBrL;), and in the trigonal P3 (CulL,) space
groups.®

The structure of the two dinuclear monometallic Ag(I)
PyrPhos complexes Ag,Cl,L; and Ag,Br,L; is shown in Figure

1 (see Figures S6 and S7 for the ORTEP). The molecular
structure of Ag,Cl,L; is a redetermination of BEBGEU at 123
K.%% All of the positions of the nitrogen atoms of the PyrPhos
ligands in the dinuclear Ag(I) complex could be assigned.
Crystallographic and refinement data are collected in Table S5
(see Table S6 for selected bond lengths and angles). Similarly
to the corresponding Cu(I) complexes, the two Ag(I)
complexes are isostructural and crystallize in the monoclinic
space group P2,/n. The Ag(I) derivatives exhibit a butterfly-
shaped core where the pyridines of the ancillary PyrPhos
ligands coordinate only via the phosphorus atom to the metal,
pointing all in the same direction. In contrast, both pyridines of
the ancillary PyrPhos ligands are pointing in opposite
directions of the bridging PyrPhos ligand in the previously
reported Cu,I,L;.°° The bond lengths (A) of the molecular
structures of the dinuclear monometallic PyrPhos complexes
Cu,X,L; and Ag,X,L; (X = Cl, Br) and the values found for
the computed structures are collected in Table 1 (see Section 2
for details on the DFT calculations).

Complexes with general formulas Ag,X,L, (X = Cl, Br, 1)
were crystallized from acetonitrile filtrate solutions at low
temperatures (see Figure 2). Crystallographic and refinement
data are collected in Table S7 (see Table S8 for selected bond
lengths and angles). It is worth mentioning that complex
Ag,CLL, was previously described by Inoguchi and co-
workers, and the molecular structure is a redetermination of
BUFLOD at 173 K (see Figure S8 for the ORTEP).® All of
the positions of the nitrogen atoms of the PyrPhos ligands in
the tetranuclear Ag(I) complex were assigned. The three
derivatives are not isostructural, and they crystallize in the
monoclinic space group C2/c (Ag,CL,L,) and in the trigonal
space groups R3c:H (AgBr,L,) and P31c (AgJ,L,). The
ORTEP plots of Ag,Br,L, and Ag,J,L, are presented in
Figures S9 and S10. As previously observed in the
mononuclear AgXL; complexes, all of the PyrPhos ligands
are coordinated via the phosphorus atom to the metal also in
the tetranuclear Ag(I) complexes. The silver halide core Ag,X,
of the tetranuclear PyrPhos complexes has a cubane shape. A
similar structural motif, ie., the Ag,Cl,-core coordinated to
four phosphorus atoms of two bidentate phosphines, was
reported by Yersin et al. in 2014,** and a bromide analogue was
described by Osawa and co-workers in 2017.%° Differently
from these examples, no evidence of chairlike structures was
observed.**™** As previously stated, crystals of the dinuclear
Ag(I) PyrPhos chloro-complex Ag,Cl,L, were isolated as
impurities and analyzed by single-crystal X-ray diffraction (see
Figure S11 for the ORTEP). Crystallographic and refinement

Figure 1. Molecular structure of the homometallic Ag(I) PyrPhos complexes Ag,CL,L; and Ag,Br,L;. Ag,CL,L; is a redetermination of BEBGEU
at 123 K% All positions of the nitrogen atoms of the PyrPhos ligands in the dinuclear Ag(I) complex could be assigned.
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Table 1. Overview of the Metal—Metal (M:*M) and Metal—
Halide (M—X) Bond Lengths in Increasing Order in the
Different Homometallic M,X,L; PyrPhos Complexes with
M = Cu or Ag and X = Cl or Br (X-ray and Computed
Structures) and in the Pure Metal Halides as Starting
Materials (Start. Mat.)

M--M M-X

[A] [A] MM [A] M-X[A] M-X [A]b
complex X-ray X-ray computed” computed” start. mat.
Cu,CLL;" 2.878 2.389 2.823 2.372 2.34
2.395 2.414
2.426 2.443
2.436 2.461
average 2.412 2.422
Cu,Br,L," 2.883 2.509 2.814 2.507 2.49
2.522 2.554
2.543 2.575
2.570 2.587
average 2.536 2.556
AgZCIZLf 3.050 2.615 3.177 2.571 2.77
2.620 2.631
2.652 2.700
2.688 2.710
average 2.644 2.653
Ag,Br,L; 3.030 2.722 3.138 2.692 2.89
2.741 2.743
2.745 2.823
2.788 2.833
average 2.749 2.773

“CAM-B3LYP/def2-TZVP. The values for the metal—halide (M—X)
distances of the pure metal halides were taken from the report of Ono
and co-workers to complete the data.*’ “The data for Cu,ClL,Ls,
Cu,Br,L;, and Ag,Cl,L; were obtained from the literature 5>

data are collected in Table S9 (see Table S10 for selected bond
lengths and angles).

The heterobimetallic Cu(I)/Ag(I) PyrPhos complexes were
crystallized from the slow diffusion of n-pentane into
acetonitrile solutions. Crystallographic and refinement data
are collected in Table S11. Structure and geometrical
parameters are in the expected range for the MM'X,L,
derivatives (see Table S12 for selected bond lengths and
angles). It is worth mentioning that in the case of the bromo-
derivative, two structures with different Cu:Ag ratios were
obtained (respectively, 7:1 and 1:7). The molecular structure
of the four heterobimetallic complexes is presented in Figure 3

(see also Figures S12—S15). Except for MM'L,L; (M/M' =
Cu, Ag), which crystallizes in the triclinic space group P1, the
other three compounds crystallize in the monoclinic space
group P2,/n. The heterobimetallic bromo- and chloro-
complexes exhibit the same configuration in the PyrPhos
ligands as observed in the MX,L; complexes (M = Cu, Ag; X =
Cl, Br, I). Instead, the equal configuration of the PyrPhos
ligands is found in the corresponding heterobimetallic Cu(I)/
Ag(I) iodide complex MM'L L.

For the investigation of the heterobimetallic Ag(I)/Cu(I)
PyrPhos complexes MM'X,L; (M/M' = Cu, Ag; X = Cl, Br, I),
additional scanning electron microscopy with energy-dispersive
X-ray analyses (SEM—EDX) was performed to determine the
Ag/Cu ratios of the samples (see Section 2 for details). SEM—
EDX measurements of PyrPhos complex MM'CLL; were
collected from a large area to obtain an average composition
and from points to find out compositional variations. The
Cu:Ag molar ratio varies from point to point, being between
0.6:1 and 2:1 (see Table 2). The measurement area and points
and the SEM—EDX spectra are shown in Figure 4. In the
selected crystal (representative for the sample) used for the
single-crystal X-ray diffraction analysis, the Ag/Cu ratio is
determined as 1:1. It was deviated from the free refinement of
the occupancies of Ag and Cu at position 1 M(P/N) and
position 2 M'(P/P) at the isotropic stage of the refinement
and then fixed for the anisotropic refinement (see CIF data for
details).

The structure is an MM’ CL,L; complex with M (position 1)
= Cu or Ag and M’ (position 2) = Cu or Ag. As observable in
Table 3, due to the disorder of the Ag(I) and Cu(I) atoms,
there are four possible types of bi- and/or monometallic
structures for position 1 M(P/N) and position 2 M'(P/P)
(type 1: Ag(P/N)/Cu(P/P); type 2: Cu(P/N)/Ag(P/P); type
3: Ag(P/N)/Ag(P/P); type 4: Cu(P/N)/Cu(P/P)).

The experiments highlight that the monometallic complex-
ation is preferred, with the formation of the Ag,CL,L; (type 3)
or Cu,CLL; (type 4) complexes with a maximum occupancy
of 40% each. On the other hand, for the heterobimetallic
complexes, the formation of type 1 complex AgCuCl,L; is
favored (minimum occupancy 20%). This is in good
correlation with the results found in the two molecular
structures of MM'Br,L; and in MM'LL, (see Figure S). In
complex MM'Br,L; (with a general excess of Cu), the
occupancy at position 1 was found as Ag/Cu 15:85 and at
position 2 as Ag/Cu 10:90. In complex MM'Br,L; (with a
general excess of Ag), the occupancy at position 1 was

s\%\
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Figure 2. Molecular structure of the tetranuclear Ag(I) PyrPhos complexes Ag,X,L, (X = Br, I).
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Figure 3. Molecular structure of the heterobimetallic Cu(I)/Ag(I) PyrPhos complexes MM'X,L; (M/M’ = Cu, Ag; X = C|, Br, I). The Cu/Ag

ratios are given in percentage.

Table 2. Element Molar Ratios of the Sample MM'CL L, (with M, M’ = Cu or Ag)“

spectrum in stats. C F P
yes 91.92 5.01
yes 92.83 3.37
yes 86.71 1.40 5.44
max. 92.83 1.40 5.54
min. 86.71 1.40 3.37

Cl Cu Ag Cu/Ag ratio Cu/Ag ratio”
1.63 0.99 0.46 2:1
2.10 0.65 1.06 0.6:1
3.19 1.63 1.64 1:1
0.7:1
3.19 1.63 1.64
1.63 0.65 0.46

“All of the elements analyzed are normalized, and all of the results are given in atom %. bIn large area.

determined as Ag/Ag’ 95:5 and as Ag/Cu 75:25 at position 2.
All possible permutations of the complexes MM'Br,L; are
presented in Figures S16 and S17 (see Table S15 and Figure
S19 for the SEM—EDX measurements conducted on five
different vials). In the iodide complex MM L,L;, the occupancy
at position 1 was found as Ag:Cu 35:65 (see Figure 3). A type
2 heterobimetallic complex is less probable. This can be
justified considering that with the increasing occupancy of the
type 2 complex also the occupancy of type 1 is increasing,
while the occupancies of type 3 and type 4 complexes are
decreasing by the same ratio. In general, the separation of the
two bimetallic isomers AgCuX,L; and CuAgX,L; was not
possible due to the insolubility of the PyrPhos complexes and
the Ag/Cu ratio in the crystals of the PyrPhos complexes was
not consistent.

It is worth noting that, in the case of the iodo-derivative, a
complex having general formula MIL; with M = Cu(I) and
Ag(I) in a ratio of 1:1 was isolated as impurity and the
structure was investigated through X-ray diffraction (see
Figures S and S18 for the two possible permutations).
Crystallographic and refinement data are collected in Table
S13 (see Table S14 for selected bond lengths and angles). The
SEM—EDX measurements conducted on two vials containing
the MIL; complex highlighted a ratio between Ag and Cu of
50:50 (see Figure S20 and Table S16).

3.3. DFT Calculations. The singlet ground-state S,
structures of all 12 dinuclear homo- and heterometallic
MM'X,L; complexes (M/M' = Cu, Ag; X = Cl, Br, I) were
optimized using CAM-B3LYP/def2-TZVP (def2-SV(P) for
hydrogen atoms). To investigate the impact of metal exchange,
two starting points for the structure optimizations were chosen
(see the Supporting Information for details). The first one
(type A) can be described by a synperiplanar conformation
with respect to the pyridine groups of the ancillary PyrPhos
ligands, which are at the top and almost coplanar. The
synperiplanar conformation remained unchanged during the
optimization for the homometallic Cu(I) complexes, while a
gauche conformation was found for the homometallic Ag(I)
complexes, as highlighted in Figure 6a,b. The second starting
point (type B) can be described by an anticlinal conformation
with respect to the pyridine groups of the ancillary PyrPhos
ligands, i.e., with one pyridine ring directed toward the top,
while the other one comes out of the plane. This starting point
was obtained by a scan of the conformation space; see the
Supporting Information for more details. During the
optimization, the anticlinal conformation remained unchanged
for the homometallic Cu(I) and Ag(I) complexes, as
observable for Cu,Br,L; and Ag,Br,L; in Figure 6¢,d.

Three indicators of structural changes are considered for
discussion: the metal—metal (M--M’) distance in addition to
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Figure 4. Measurement area and points (top) and corresponding SEM—EDX spectra (bottom) of MM'CLL; complex (M, M’ = Cu or Ag).

Table 3. Different Possible Types of Bi- and/or Monometallic Structures for Position 1 M(P/N) and Position 2 M’(P/P) in

the PyrPhos Complexes MM'CLL,

7 = 7 X
N~ I _N N ~ | _N
|
PhZP "» PPh2 PhyP ~c /,, PPh2 Ph2P\Ag~‘C “ng= P2 thP\CJ\C/ —~PPhy
Vi / \ / \ci'/ \cr'/
Ny PPhy NS 'oPh, N_ PPh, N_ PPh,
J J J J
Type 1 Type 2 Type 3 Type 4
type M(P/N) occupancy M(P/N) [%] M'(P/P) occupancy M'(P/P) [%]
type 1 Ag 20 + x Cu 20 + x
type 2 Cu x Ag x
type 3 Ag 40 — x Ag 40 — x
type 4 Cu 40 — x Cu 40 — x

the distance and Wiberg bond index (WBI) between the metal
at M(P/N) and the bridging nitrogen (see Table S17). Overall,
the homo- and heterometallic Cu(P/N) complexes are less
affected by the conformation of the ancillary PyrPhos ligands

2228

compared to the homo- and heterometallic Ag(P/N)
complexes. As an example, the results of the bromide
complexes as differences of optimized type B structures with
respect to optimized type A structures are presented in Table 4
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Figure S. Molecular structure of the MIL; complex (M = Cu, Ag).
The Ag/Cu ratios are given in percentage.

Figure 6. Calculated S, structures of Cu,Br,L; (a, c) and Ag,Br,L;
(b, d), starting from synperiplanar conformation (a, b; type A) and
anticlinal conformation (c, d; type B). Hydrogen atoms were omitted
for clarity (CAM-B3LYP/def2-TZVP; def2-SV(P) for hydrogen
atoms). Color map: Cu, blue; Ag, light gray; Br, red; N, sea green
(marked with an arrow); P, orange; C, gray. Hydrogen atoms are
omitted for clarity.

Table 4. Difference of the Metal-Metal (M*+M’) Distance,
Metal—Nitrogen (M—N) Distance, and the Wiberg Bond
Index (WBI) between Type B and Type A Structures of the
Homo- and Heterometallic Bromide Complexes

type B—type A A(M--M) [A] A(M-N) [A] A(WBI)
Cu,Br,L, —0.003 —0.021 +0.03
CuAgBr,L, —0.024 —0.001 +0.01
AgCuBr,L, —0.073 —0.121 +0.04
Ag,Br,L, —0.137 —0272 +0.06

(see Table S17 for the full data). In the case of Cu,Br,L;, the
metal—metal (M:-M’) and metal—nitrogen (M—N) distances
decrease only by 0.003 and 0.021 A, respectively, from type A
(synperiplanar) to type B (anticlinal). The shorter M—N
distance is also reflected by the increase of the WBI. A similar
trend is observed for CuAgBr,L; with Cu(P/N) and Ag(P/P)
as the bridging motif is primarily determined by Cu(P/N).
Hence, the M—N distance and WBI are less affected than the
M---M’ distance, as observable in Tables 4 and S17.
Additionally, the M---M’ distance of CuAgBr,L; and
AgCuBr,L; compared to that of Cu,Br,L; is larger by about
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0.2 A. An interesting result was found for AgCuBr,L; with
Ag(P/N) and Cu(P/P). The M—N distance is increased by
about 0.4 A compared to that of CuAgBr,L;. This is also
reflected in a decrease of WBI from 0.28 to 0.12 passing from
type A of CuAgBr,L; to AgCuBr,L;. The trend continues for
Ag,Br,L;, and a further increase of the M—N distance is
observed, leading to a decrease in WBI to 0.06. This weak
bridging interaction allows greater flexibility, resulting in a
gauche conformation for the pyridine groups of the ancillary
PyrPhos ligands in Ag,Br,L, (see Figure 6b). However, for the
type B of Ag,Br,L,, the anticlinal conformation was found. In
this conformation, the M—N distance is reduced by 0.272 A
and the WBI is increased by 0.06 compared to the gauche
conformation (type A), indicating a stronger bridging
interaction in the anticlinal conformation. This reduces the
flexibility, and the ancillary PyrPhos ligands remain in the
anticlinal conformation. In addition, as observable in Table
S17, the type B structures are also lower in energy by 6.19—
7.53 kJ/mol for the homo- and heterometallic Cu(P/N)
complexes. Instead, for the homo- and heterometallic Ag(P/
N) complexes, this range is decreased to the range —0.51 and
4.76 kJ/mol.

It is worth mentioning that cuprophilic and/or argentophilic
interactions were not relevant to the equilibrium structures of
the dinuclear complexes presented in this work. Grimme’s
D3(BJ) dispersion correction for the atom pairs Ag—Ag, Ag—
Cu, and Cu—Cu (see Figure S21) and the potential curves
clearly show that the metal-metal distances in the X-ray
structures are shorter than what would be expected from the
dispersion forces. Thus, the metal-metal distances are
predominantly determined by the bridging halogen atoms
and the ligands.

Furthermore, for all of the homo- and heterometallic Cu(P/
N) complexes, the highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital
(LUMO) are, respectively, located on the metal—halide core
and the bridging pyridine group, as shown in Figure 7. In the
homo- and heterometallic Ag(P/N) complexes, the LUMO is
located at the pyridine group of the PyrPhos ancillary ligand
linked to Ag(P/N).

All of the presented data lead to the conclusion that the
homo- and heterometallic Cu(P/N) complexes are structurally
less affected by the conformation of the ancillary PyrPhos
ligands compared to the homo- and heterometallic Ag(P/N)
derivatives due to the stronger bridging interaction when
Cu(P/N) is present.

4. CONCLUSIONS

A series of heteroleptic mono-, di-, and tetranuclear Cu(I) and
Ag(I) complexes were synthesized by reacting the correspond-
ing metal—halide with the PyrPhos ligand in different
stoichiometries. The molecular structure of almost all of the
described complexes was determined by single-crystal X-ray
diffraction analysis. However, despite the fact that the
molecular structure of Ag,Cl,L, was unambiguously estab-
lished by X-ray diffraction, the direct synthesis of Ag,X,L, (X
= Cl, Br, I; L = PyrPhos) complexes was not favored. In
addition, the possible formation of heterobimetallic complexes
having the general formula MM'X,L; (M/M’ = Cu, Ag; X =
Cl, Br, I; L = PyrPhos) was investigated. X-ray diffraction
analyses revealed that in the case of MM'Br,L; two different
structures are possible, with Cu/Ag ratios, respectively, of 7:1
and 1:7. The ratio between the metal centers was studied
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Figure 7. HOMO (blue/red) and LUMO (green/purple) of
Cu,Br,L; (top left), AgCuBr,L; (top right), CuAgBr,L; (bottom
left), and Ag,Br,L; (bottom right) with anticlinal conformation of the
ancillary ligands (CAM-B3LYP/def2-TZVP; def2-SV(P) for hydro-
gen atoms; isovalue of 0.06 a5>'2). Color map: Cu, blue; Ag, light
gray; Br, red; N, sea green; P, orange; C, gray. Hydrogen atoms are
omitted for clarity.

through SEM—EDX measurements for all of the hetero-
bimetallic Cu(I)/Ag(I) complexes. The homo- and hetero-
metallic Ag(I) complexes were compared to their Cu(I)
analogues employing DFT calculations, revealing that the latter
are less likely to maintain the bridging motive of the PyrPhos
ligands if Ag(I) is present. To conclude, the present study
extends the use of the PyrPhos ligand to Cu(I) and Ag(I)
complexes, as well as to Cu(I)/Ag(I) heterobimetallic species,
and it will help the design of the next generation of materials.
In particular, the photophysical properties of the latter will be
investigated to study the effect of possible cuprophilic and
argentophilic interactions, as previously observed for other d'°
heterobimetallic species.
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supplementary crystallographic data for this paper. These data
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Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_
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