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A series of luminescent face-to-face dinuclear platinum(ll) alkynyl complexes, [Pt2(u-dppm),-
(C=CR)4] (R = CgH4-Cl-p, CsH4-NO,-p, SiMe3), and a mixed-metal platinum(ll)—silver(l)
complex, [Ptz(u-dppm)(C=CPh),-{ Ag(MeCN)},](BF4)., were synthesized and characterized
by both spectroscopy and X-ray crystallography. Their luminescence behavior were studied
and the nature of the emission origin was elucidated by comparison studies involving the
perturbation of Pt---Pt distances as well as the m-accepting ability of the alkynyl group
through a systematic variation of the nature of the alkynyl moieties and metal ion

encapsulation.

Introduction

The study of the spectroscopic and luminescence
behavior of discrete dinuclear d®—d® complexes has
attracted growing attention since the last few decades,
which is in part due to the interesting observation of
weak metal—metal interactions. A number of dinuclear
d8—d® metal complexes with well-defined metal—metal
distances have been reported, and their unique spec-
troscopic features in the absorption and emission spec-
tra have been extensively studied.! Earlier works in-
clude those of [Ptx(pop)s]*~,12 [Rha(u-dppm)(RNC)4]2H, 10
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[Rh2(u-dppm)2(CO)2Cl], ¢ [Pta(u-dppm)2(CN)4], 14 and a
number of square planar rhodium(l) and platinum(Il)
complexes? such as [Rh(CNR)4]™,2¢ [Pt(bpy)X;] (X = ClI,
CN),2d-f and [Pt(4,7-Ph,phen)(CN),].28 The unique spec-
troscopic properties in these complexes have been sug-
gested to be associated with the presence of weak
metal—metal interactions.»2 As an extension of our
previous work on A-frame diplatinum(ll) alkynyl com-
plexes,® a program was launched to investigate the
luminescence properties of the face-to-face diplatinum-
(11) alkynyl complex [Ptz(u-dppm)2(C=CPh)4], which was
first synthesized by Pringle and Shaw.* It is hoped that
through a systematic variation of the alkynyl ligands
with different z-accepting abilities, a series of structur-
ally related analogues could be synthesized, which
would provide insights into the role played by the
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alkynyl ligands as well as their relation to the extent
of metal—metal interactions in the spectroscopic and
excited-state properties of this class of complexes.
Herein we report the synthesis, luminescence behavior,
and structural characterization of a series of face-to-
face dinuclear platinum(l1) alkynyl complexes, [Pty(u-
dppm)2(C=CR),4] (R = CgH4-Cl-p 1, CsH4-NO,-p 2, SiMe;
3). Attempts to correlate the effect of the Pt---Pt distance
with the nature of the alkynyl moieties and the lumi-
nescence behavior have been made. A related mixed-
metal tetranuclear complex, [Ptz(u-dppm)(C=CPh),-
{Ag(MeCN)}2](BFa4)2 (4), which is an analogue of [Pta(u-
dppm)2(C=CPh)4-{Cu(MeCN)},](PFs), that was pre-
viously reported by us,> has also been synthesized and
structurally characterized. This should provide further
insights into the nature of the excited-state origin by
the perturbation of the metal—metal distance as well
as the z-accepting ability of the alkynyl group via Ag(l)
encapsulation.

Experimental Section

Materials. The ligand bis(diphenylphosphino)methane
(dppm) and [Pt(cod)ClI;] were purchased from Strem Chemicals
Inc. "BuLi in n-hexane (2.5 M), 4-chlorophenylacetylene, and
[Ag(MeCN)4]BF4 were purchased from Aldrich Chemical Co.
Inc. Trimethylsilylacetylene was purchased from GFS Chemi-
cal Co. Ltd. 4-Nitrophenylacetylene,® [Pt(dppm-P,P')Cl,],” and
[Pt2(u-dppm),(C=CPh),]* were prepared according to literature
procedures. All solvents were purified and distilled under N,
using previously used standard procedures.

Syntheses of Dinuclear Platinum(ll) Alkynyl Com-
plexes and Related Mixed-Metal Complexes. [Ptx(u-
dppm)2(C=CCsH4CI-p)4], 1. This was prepared by modifica-
tions of a method for [Pt,(u-dppm)(C=CPh),] described in the
literature.” To a solution of lithium 4-chlorophenylacetylide,
prepared in situ by treating HC=CC¢H,Cl-p (0.066 g, 0.48
mmol) in THF (10 mL) with "BuL.i (0.19 mL, 0.48 mmol) at 0
°C, was added [Pt(dppm-P,P")Cl;] (0.15 g, 0.23 mmol) in
benzene (10 mL). The mixture was stirred at —78 °C for half
an hour and then heated to reflux for 24 h. The resulting
mixture was evaporated to dryness and triturated with
methanol to give a yellow solid residue. Recrystallization from
dichloromethane—acetone afforded 1 as air-stable greenish-
yellow crystals. Yield: 0.16 g (80%). *H NMR (400 MHz, CD,-
Cl,, 298 K, relative to SiMe,): 6 4.65 (m, 4H, PCH.P), 6.36 (d,
8H, phenyl protons ortho to C=C, J = 8.4 Hz), 6.78 (d, 8H,
phenyl protons meta to C=C, J = 8.4 Hz), 7.09 (t, 16H, phenyl
protons meta to P, J = 7.2 Hz), 7.23 (t, 8 H, phenyl protons
parato P, J = 7.2 Hz), 7.78 (d, 16H, phenyl protons ortho to
P,J=7.2 Hz). 3*P{*H} NMR (161 MHz, CD,Cl,, 298 K, relative
to 85% H3PO,): 6 1.99 (s, J(Pt—P) = 2738 Hz). IR (Nujol mull),
v(C=C): 2106 cm™ (s). Positive FAB-MS at m/z: 1701 {M}*.
Anal. Calcd for Cg,HeoP4ClsPt,: C, 57.89; H, 3.55. Found: C,
57.58; H, 3.48.

[Pto(u-dppm)2(C=CCsH4NO,-p)4], 2. This was simi-
larly prepared but with slight modifications. To a solution of
lithium 4-nitrophenylacetylide, prepared in situ by treating
HC=CC¢H4NO,-p (0.21 g, 1.44 mmol) in THF (50 mL) with
"BuLi (0.57 mL, 1.44 mmol) at —78 °C, was added [Pt(dppm-
P,P")Cl;] (0.37 g, 0.569 mmol) in benzene (50 mL). The mixture
was stirred at —78 °C for half an hour and then heated under
reflux for 24 h. The resulting mixture was evaporated to
dryness and purified by column chromatography on silica gel
using acetone as eluent to remove a dark red impurity,
followed by elution with dichloromethane to obtain the orange-
yellow fraction. Removal of solvent gave 2 as an orange-yellow
solid. Recrystallization by vapor diffusion of diethyl ether to
the concentrated dichloromethane solution of the product
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afforded 2 as air-stable orange-yellow crystals. Yield: 0.10 g
(21%). *H NMR (400 MHz, CD,Cl,, 298 K, relative to SiMey):
0 4.59 (m, 4H, PCH,P), 6.41 (d, 8H, phenyl protons ortho to
the C=C, J = 8.9 Hz), 7.12 (t, 16H, phenyl protons meta to P,
J = 7.4 Hz), 7.29 (t, 16H, phenyl protons parato P, J = 7.4
Hz), 7.65 (d, 8H, phenyl protons meta to the C=C, J = 8.9
Hz), 7.76 (d, 16H, phenyl protons ortho to P, J = 7.4 Hz). 3!P-
{*H} NMR (161 MHz, CD,Cl,, 298 K, relative to 85% H3PO,):
0 2.51 (s, J(Pt—P) = 2746 Hz). IR (Nujol mull), »(C=C): 2104
cm~1 (s). Positive FAB-MS at m/z: 1743 {M}*. Anal. Calcd for
C82H50N408P4Pt2'0.5cH2C|2: C, 5548, H, 344, N, 3.13.
Found: C, 55.57; H, 3.53; N, 2.91.

Synthesis of [Ptx(g-dppm).(C=CSiMes3)4], 3. This was
similarly prepared but with slight modifications. To a solution
of lithium trimethylsilylacetylide, prepared in situ by treating
Me3SiC=CH (0.061 g, 0.61 mmol) in THF (10 mL) with "BuL.i
(0.25 mL, 0.61 mmol) at —78 °C, was added [Pt(dppm-P,P’)-
Cl3] (0.20 g, 0.30 mmol) in benzene (10 mL). The mixture was
stirred at —78 °C for half an hour and then heated under reflux
for 24 h. The resulting mixture was evaporated to dryness and
triturated with methanol to give a solid residue. Recrystalli-
zation by addition of acetone to the concentrated dichlo-
romethane solution afforded 3 as air-stable pale yellow crys-
tals. Yield: 0.12 g (58%). *H NMR (400 MHz, CD,Cl,, 298 K,
relative to SiMeys): 6 0.26 (s, 36H, —SiMe3), 4.89 (m, 4H,
PCH,P), 7.36 (t, 16H, phenyl protons meta to P, J = 7.6 Hz),
7.47 (t, 16H, phenyl protons para to P, J = 7.6 Hz), 7.96 (d,
16H, phenyl protons ortho to P, J = 7.6 Hz). 3'P{*H} NMR
(161 MHz, CD,Cl,, 298 K, relative to 85% H3PO.): 6 0.96 (s,
J(Pt—P) = 2819 Hz). IR (Nujol mull), »(C=C): 2034 cm (s).
Positive FAB-MS at m/z: 1547 {M}*. Anal. Calcd for C7oHgoP4-
Pt,Sis: C, 54.32; H, 5.21. Found: C, 54.38; H, 5.24.

[Ptz(u-dppm)z(C=CPh)s{Ag(MeCN)}.](BF4);, 4. To a
yellow suspension of [Pt;(u-dppm).(C=CPh),] (0.080 g, 0.05
mmol) in dichloromethane (10 mL) was added dropwise [Ag-
(MeCN)4]BF4 (0.036 g, 0.10 mmol) in acetone solution (10 mL).
The reaction mixture immediately turned to clear greenish-
yellow solution and was allowed to stir for 30 min. After
removal of solvent under vacuum, a greenish-yellow solid was
obtained. Subsequent recrystallization from acetone—n-hexane
afforded 4 as air-stable greenish-yellow rod-shaped crystals.
Yield: 0.08 g (82%). 'H NMR (400 MHz, CD,Cl,, 298 K,
relative to SiMe,): 6 1.35 (s, 6H, MeCN), 4.65 (m, 4H, PCH,P),
6.20 (d, 8H, phenyl protons ortho to C=C, J = 7.2 Hz), 7.05 (t,
8H, phenyl protons meta to C=C, J = 7.2 Hz), 7.25 (t, 4H,
phenyl protons para to C=C, J = 7.2 Hz), 7.34 (t, 16H, phenyl
protons meta to P, J = 6.9 Hz), 7.43 (t, 8H, phenyl protons
parato P, J = 6.9 Hz), 7.94 (d, 16H, phenyl protons ortho to
P, J = 6.9 Hz). 3'P{*H} NMR (202 MHz, CD,Cl,, 298 K, relative
to 85% H3PO,): 6 4.97 (s, J(Pt—P) = 2588 Hz). IR (Nujol mull),
»(C=C): 2036 cm™! (w). Positive ESI-MS: ion clusters at
m/z 1845 {M — Ag — 2MeCN}*. Anal. Calcd for 4 CgsHqo-
Ag2B.FsN2P,Pty: C, 50.76; H, 3.46; N 1.38. Found: C, 51.04;
H, 3.28; N 1.53.

Physical Measurements and Instrumentation. UV—
visible spectra were obtained on a Hewlett-Packard 8452A
diode array spectrophotometer, IR spectra as Nujol mulls on
a Bio-Rad FTS-7 Fourier transform infrared spectrophotometer
(4000—400 cm™1), positive ion FAB mass spectra on a Finnigan
MAT95 mass spectrometer, and positive ESI mass spectra on
a Finnigan LCQ mass spectrometer. *H NMR spectra, with
chemical shifts reported relative to tetramethylsilane, and 3!P-
{*H} NMR spectra with chemical shifts relative to 85% Hs-
PO, external reference were recorded on Bruker DPX-300,
Bruker Avance 400, and Bruker DRX-500 NMR spectrometers.
Elemental analyses were performed on a Carlo Erba 1106
elemental analyzer at the Institute of Chemistry in Beijing,
Chinese Academy of Sciences. Steady-state emission and
excitation spectra at room temperature and at 77 K were
obtained on a Spex Fluorolog-2 model F111 fluorescence
spectrophotometer with or without Corning filters. The 77 K
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solid-state emission and excitation spectra were recorded with
solid samples loaded in a quartz tube inside a quartz-walled
optical Dewar flask filled with liquid nitrogen. For solution
emission and excitation spectral studies, the solutions were
prepared in a 10 mL Pyrex bulb connected to a sidearm 1 cm
quartz cuvette and sealed from the atmosphere by a Rotaflo
HP6/6 quick-release Teflon stopper. The solutions were rigor-
ously degassed with no fewer than four freeze—pump—thaw
cycles. Emission lifetime measurements were performed using
a conventional laser system. The excitation source was the 355
nm output (third harmonic) of a Spectra-Physics Quanta-Ray
Q-switched GCR-150-10 pulsed Nd:YAG laser. Luminescence
decay signals were recorded on a Tektronix model TDS620A
digital oscilloscope and analyzed using a program for expo-
nential fits. Time-resolved emission spectra were recorded on
an Oriel Instruments intensified charge-coupled device (ICCD)
detector (Model DH520) and were analyzed using the In-
staSpec V software. The excitation source is the same laser
system as that used for lifetime measurement. The emission
signal was collected by an optical fiber and dispersed onto the
CCD detector with an Oriel MultiSpec 115 imaging spec-
trograph (Model 77480). A Stanford Research Systems (SRS)
delay generator (Model DG 535) was used to produce the
transistor-transistor logic (TTL) pulse needed to operate the
intensifier gating electronics in the detector head. The external
trigger input of the delay generator was connected to the
laser's prepulse trigger output. The delay generator was
controlled via an IBM AT APIB (IEEE 488) card interfaced
with an IBM-compatible Pentium personal computer to allow
the InstaSpec V software to send commands to control the
width and delay of the TTL pulse. The system was operated
at —15 °C by the single stage system in order to reduce the
dark current signal.

Crystal Structure Determination. All crystal structures
were determined on a MAR diffractometer at 28 °C with a 300
mm image plate detector using graphite-monochromatized Mo
Ko radiation (A = 0.71073 A). The images were interpreted
and intensities integrated using the program DENZO.82
Crystal structure of 1 was solved on the basis of systematic
absences and a statistical analysis of intensity distribution,
and the successful refinement of the structure was solved by
Patterson methods and expanded by the Fourier method
(PATTY?®) and refinement by full-matrix least-squares using
the software package TeXsan® on a Silicon Graphics Indy
computer. Crystal structures of 2—4 were solved by direct
methods employing the SHELXS-97 program® on a PC. Pt
atoms were located according to the direct methods. The
positions of the other non-hydrogen atoms were found after
successful refinement by full-matrix least-squares using the
program SHELXL-978% on a PC.

Crystal data for [C82H64P4Pt2'2CH2C|2], 1'2CH2C|2: fw
= 1871.13, monoclinic, space group P2:/n (No. 14), a = 12.406-
(2) A, b =22.845(3) A, ¢ = 13.911(2) A, 8 = 105.99(2)°, V =
3790(1) A3, Z =2, D, = 1.639 g cm~3, u(Mo Ka) = 40.83 cm ™1,
F(000) = 1840, T = 301 K. A yellow crystal of dimensions 0.20
x 0.10 x 0.10 mm inside a glass capillary was used for data
collection. A total of 7328 unique reflections were obtained
from a total of 6996 measured reflections (Ri,: = 0.050). A total
of 5755 reflections with I > 30(l) were observed and used in
the structural analysis. Convergence for 442 variable param-
eters by least-squares refinement on F with w = 4F,%/06?(F.?),
where 0%(F,?) = [0?(1) + (0.040F,?)?] for 5755 reflections with
I > 30(l), was reached at R = 0.035 and Ry, = 0.053 with a
goodness-of-fit of 1.46. (A/o)max = 0.04 except for the C atoms
of the solvent molecules. The final difference Fourier map was
featureless, with maximum positive and negative peaks of 1.29
and 1.16 e A3 respectively.

Crystal data for [Cg:HsoN4OsP4Pt2:4CH,Cl3], 2:4CH,Cly:
fw = 2083.10, monoclinic, space group P2,/n (No. 14), a =
14.390(2) A, b = 15.992(2) A, ¢ = 18.842(2) A, § = 104.09(2)°,
V = 4205.6(9) A%, Z = 2, D, = 1.645 g cm~3, u(Mo Ka) = 37.11

Yam et al.

cm™%, F(000) = 2056, T = 301 K. A reddish yellow crystal of
dimensions 0.40 x 0.40 x 0.15 mm inside a glass capillary
was used for data collection. A total of 7752 unique reflections
were obtained from a total of 24 875 measured reflections (Rint
= 0.058). A total of 6624 reflections with 1 > 40(F,) were
observed and used in the structural analysis. Convergence for
505 variable parameters by full-matrix least-squares refine-
ment on F with w = 4F%/0%(F?), where ¢?(F,?) = [0%(l) +
(0.029F,?)?] for 6624 reflections with | > 40(1), was reached at
R = 0.034 and Ry, = 0.096 with a goodness-of-fit of 1.095. (A/
0)max = —0.01, av 0.001. The final difference Fourier map shows
maximum peaks and holes of 0.692 and —1.94 e A3 respec-
tively.

Crystal data for [CyoHgoP4Pt:Sis], 3: fw = 1547.76,
triclinic, space group P1, a = 11.664(2) A, b = 11.845(2) A, ¢
=14.093(3) A, a. = 108.47(3)°, f = 100.62(3)°, y = 103.75(3)°,
V =1721.3(6) A3, Z =1, D, = 1.493 g cm 3, u(Mo Ka) = 42.60
cm™1, F(000) = 772, T = 301 K. A pale yellow crystal of
dimensions 0.40 x 0.30 x 0.25 mm inside a glass capillary
was used for data collection. A total of 5714 unique reflections
were obtained from a total of 10 306 measured reflections (Rint
= 0.072). A total of 5181 reflections with | > 40(F,) were
observed and used in the structural analysis. Convergence for
361 variable parameters by full-matrix least-squares refine-
ment on F with w = 4F2/0%(Fy?), where 0%(F?) = [0%(1) +
(0.029F,?)?] for 5181 reflections with I > 40 (1), was reached
at R = 0.049 and Ry, = 0.121 with a goodness-of-fit of 1.053.
(Alo)max = —0.01, av 0.001. The final difference Fourier map
shows maximum peaks and holes of 1.248 and —1.705 e A3,
respectively.

Crystal data for [C85H70AngngN2P4Pt2], 4. fw = 203486,
orthorhombic, space group Pnn2, a =20.211(2) A, b = 20.214-
(2 A, c=19.308(2) A, v =7888.2(14) A3, Z=4,D, = 1.713 g
em~3, u(Mo Ka) = 41.71 cm™1, F(000) = 3968, T = 301 K. A
yellow crystal of dimensions 0.40 x 0.30 x 0.15 mm inside a
glass capillary was used for data collection. A total of 9713
unique reflections were obtained from a total of 15 209
measured reflections (Rine = 0.072). A total of 7408 reflections
with 1 > 40(F,) were observed and used in the structural
analysis. Convergence for 889 variable parameters by full-
matrix least-squares refinement on F with w = 4F%/0%(F.?),
where 0?(Fy?) = [0?%(l) + (0.029F,?)?] for 7408 reflections with
I > 40(1), was reached at R = 0.040 and Ry, = 0.099 with a
goodness-of-fit of 1.023. (A/o)max = 3 for BF4~ anions, 0.5 for
some C atoms, and most are lower than 0.01, av 0.039. The
final difference Fourier map shows maximum peaks and holes
of 0.939 and —0.881 e A3, respectively.

Crystal and structure determination data as well as the
selected bond distances and bond angles of 1—4 are collected
in Tables 1 and 2, respectively.

Results and Discussion

In the synthesis of the face-to-face dinuclear plati-
num(ll) alkynyl complexes, LIC=CR, generated in situ
from the corresponding RC=CH and "BuLi, was used
to react with [Pt(dppm-P,P")CI;] at —78 °C. Unlike in
the preparation of [Pty(u-dppm)2(C=CPh),], where the
LiC=CPh generated is relatively stable, the LiC=CR
formed in the present work were comparatively less
stable at room temperature, especially for the more
electron-deficient RC=CH. Thus the preparations of the
related complexes were performed at —78 °C instead of
at room temperature to produce a higher yield.

Similar to the analogue complex, [Pta(u-dppm),-
(C=CPh)4], 1 and 3 are not very soluble in common
organic solvents but only dissolve slowly in dichlo-
romethane, while 2 is soluble in both acetone and
dichloromethane. For the purification of 1 and 3, the
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Table 1. Crystal and Structure Determination Data

1 2 3 4
formula CgoHgoP4Cl4Pt:2CH,CI, CgoHgsN4OgP4Pt,-4CH,ClI, C7oHgoP4P1,Si4 CgsH70Ag2B2F12 NoP4Pt,
fw 1871.13 2083.10 1547.76 2034.86
T, °C 28 28 28 28
a A 12.406(2) 14.390(2) 11.664(2) 20.211(2)

b, A 22.845(3) 15.992(2) 11.846(2) 20.214(2)
c, A 13.911(2) 18.842(2) 14.093(3) 19.308(2)
a, deg 108.47(3)

B, deg 105.99(2) 104.09(2) 100.62(3)

y, deg 103.75(3)

v, A3 3790(1) 4205.6(9) 1721.3(6) 7888.2(14)
cryst syst monoclinic monoclinic triclinic orthorhombic
space group P21/n P21/n P1 Pnn2

V4 2 2 1 4

F(000) 1840 2056 772 3968

D¢, gcm—3 1.639 1.645 1.493 1.713

cryst color/shape
cryst dimens, mm
1, A (graphite
monochromated,
Mo Ka)

u,cm™t

collection range

data collection
mode

yellow crystal
0.20 x 0.10 x 0.10
0.71073

40.83

260max = 51.1°%;

h: O0to 12

k: 0to42,1: —25t025
2.8° oscillation (60
images) x 120 mm
distance x 540 s

reddish yellow crystal
0.40 x 0.4 x 0.15

yellow crystal
0.40 x 0.30 x 0.25

yellow crystal
0.40 x 0.30 x 0.15

0.71073 0.71073 0.71073
40.01 38.45 40.01

20max = 51.1°; 20max = 51.1°; 260max = 51.1°;
h: —16 to 17, h: —13to 12, h: —24 to 20,

ki —19t0 19, I: —22t0 22
2.0° oscillation (82
images) x 120 mm
distance x 300 s

k: —14to 14, I: —16 to 17
2.5° oscillation (100
images) x 120 mm
distance x 300 s

k: —9to 23, I: —23 to 22
2.0° oscillation (33
images) x 120

mm distance x 300 s

exposure exposure exposure exposure

no. of data collected 6996 24 875 10 306 15 209

no. of unique data 5755 7752 5714 9713

Rint 0.045 0.058 0.072 0.0328

no. of data used in 5755 (I > 3o(l)) 6624 (1 > 40(l)) 5181 (I > 4o(l)) 7408 (1 > 40(1))

refinement, m

no. of params 442 505 361 889

refined, p

R 0.035 0.034 0.049 0.040

Rw 0.053 0.096 0.121 0.099

S 1.46 1.10 1.053 1.023

max. shift 0.01 0.001 0.001 0.01 except for the

(shift/error)max some C atoms and
BF4~ anions

residual extremain  +1.29, —1.16 +0.692, —1.938 +1.25, —1.71 +0.939, —0.881

final diff map, e A—3

reaction mixtures were triturated with methanol, fol-
lowed by recrystallization from dichloromethane—
acetone to afford the product as pure air-stable greenish-
yellow crystals. For 2, the product was purified by
column chromatography on silica gel using acetone as
eluent to remove a dark red impurity band. A second
yellowish orange band containing the desired product
was collected by using dichloromethane as eluent.
The structures of 1—4 have been determined by X-ray
crystallography. Figures 1—4 show the perspective
drawings of 1—3 and the complex cation of 4, respec-
tively. All of them show a face-to-face arrangement with
two mutually eclipsed platinum atoms bridged by two

dppm ligands to form an eight-membered ring (Pt—P—

C—P—Pt—P—C—IID). Each platinum atom exhibits a
distorted square planar geometry with the two alkynyl
groups [C—Pt—C, 163.2(3)—172.14(17)°] and the two
bridging dppm phosphorus atoms [P—Pt—P, 174.9(4)—
177.89(9)°] arranged in a trans disposition. Similar face-
to-face arrangement has also been observed in a related
complex, [Pta(u-dppm)2(CN)4],24 in which the four alky-
nyl groups were replaced by four cyanide ligands. It is
noteworthy that the greatest deviation from the ideal-
ized square planar geometry for the two alkynyl groups
with the platinum atom [C—Pt—C 163.2(3)°] was ob-

served in 3. Such a phenomenon, together with the
observed C=CSi bond angles of 171.4(7)° and 176.3(7)°
that are deviated from the idealized 180°, are believed
to be due to the steric bulkiness of the trimethylsilyl
groups on the two eclipsed platinum moieties, since the
corresponding C=C—-C angles in 1 and 2 are less
deviated from the linear arrangement [174.7(5)—178.2-
(5)°]- In the mixed-metal complex 4, each of the silver(l)
centers is w-bonded to one pair of the preorganized
alkynyl groups, which serve as n?-ligands, and is
coordinated to one acetonitrile molecule in a trigonal
planar geometry [N(1)—Ag(1)—C(51) 125.2(8)°, N(2)—
Ag(2)—C(67) 126.3(8)°]. The C=C bond distances are in
the range 1.186(15)—1.204(12) A, slightly longer than
the C=C bond distances in the related [Pt («-dppm).-
(C=CPh),] precursor.* The weakening of the C=C bond
upon silver(l) coordination is in accord with the m-co-
ordination mode of the alkynyl group and is in agree-
ment with the observation of a lower C=C stretching
frequency {2036(w) cm™1 4; 2106(s) cm ™! [Pty(u-dppm);-
(C=CPh)4]} in the IR spectroscopy. The Pt---Pt dis-
tances of 1—4 together with the analogue complexes
[Pta2(u-dppm)2(C=CPh)4] and [Ptz(u-dppm)(C=CPh),-
{Cu(MeCN)}.](PF¢), are summarized in Table 3. The
short Pt---Pt distances of 1-3 in the range 3.25—-3.34
A, which are comparable to that of the related



Downloaded by CARLI CONSORTIUM on June 29, 2009
Published on September 14, 2002 on http://pubs.acs.org | doi: 10.1021/0m0200930

4330 Organometallics, Vol. 21, No. 21, 2002

Yam et al.

Figure 1. Perspective drawing of 1 with atomic numbering scheme. The H atoms have been omitted for clarity. Thermal

ellipsoids are shown at the 30% probability level.

02

c22

Figure 2. Perspective drawing of 2 with atomic numbering scheme. The H atoms have been omitted for clarity. Thermal

ellipsoids are shown at the 30% probability level.

[Pta(u-dppm)2(CN)4] [Pt-+-Pt 3.301(1) A],1d suggest the
presence of a weak Pt:--Pt interaction. It is interesting
to note that the Pt---Pt distances in [Pta(u-dppm)(C=
CR)4] vary with the nature of the alkynyl ligands. In
general, shorter Pt---Pt distances were found for com-
plexes with less electron-rich or the more bulky alkynyl
groups (R = Ph, 3.437 A; CsH4-Cl-p, 3.340 A; CgH4-NO,-
p, 3.250 A; SiMes, 3.349 A). The platinum centers,
coordinated to the less electron-rich alkynyl ligands with
weaker donor strength, would probably favor the oc-
currence of metal—metal interactions in order to com-
pensate for the reduced electron density, and therefore
the Pt---Pt distances decrease. On the other hand, the
bulky alkynyl groups such as Me3SiC=C cause the
bending of the C—Pt—C bond, forcing the two Pt centers
to approach each other more closely due to the steric
crowdedness of the two adjacent alkynyl groups. This
has been supported by the large deviation observed of

the C—Pt—C angle [163.2(3)°] from 180° and the short-
ening of the Pt--+Pt distance (3.349 A) in 3 relative to
[Pta(dppm)o(C=CPh),] [C—Pt—C 174.4(4)°; Pt---Pt 3.437
A].5 Comparatively stronger Pt---Pt interactions were
observed in the mixed-metal complexes, 4 [3.0637(9) A]
and [Pta(dppm)2(C=CPh),-{ Cu(MeCN)},](PFs) [3.0124-
(1) A],5 in which the Pt---Pt distances are found to be
significantly shorter than that of the precursor complex
[Pto(dppm)2(C=CPh)4] [3.437(1) A].> The substantial
decrease in the Pt:--Pt distances upon metal ion encap-
sulation is ascribed to the encapsulation of copper(l) or
silver(l) metal ions into the cleft between the two
alkynyl groups, which pulls the platinum atoms into
close proximity as a result of the reduced donor strength
of the alkynyl ligands as well as the steric demands
required upon copper(l) or silver(l) coordination. The
larger ionic radius of the silver(l) ion compared to that
of the copper(l) ion as well as the weaker Lewis acid-
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Figure 3. Perspective drawing of 3 with atomic numbering scheme. The H atoms have been omitted for clarity. Thermal

ellipsoids are shown at the 30% probability level.

Figure 4. Perspective drawing of the complex cation of 4
with atomic numbering scheme. The H atoms and phenyl
rings of dppm have been omitted for clarity. Thermal
ellipsoids are shown at the 30% probability level.

ity of Ag' than Cu' may account for the slightly longer
Pt---Pt distance in 4 than that in its copper analogue,
[Ptz(dppm)z(C=CPh),s+{ Cu(MeCN)}2](PFe)2.

The electronic absorption spectra of 1—4 show two
low-energy absorption bands at ca. 318—386 and 372—
415 nm, respectively, in dichloromethane solution, and
their electronic absorption data are summarized in
Table 4. Figure 5 depicts the electronic absorption
spectra of 1, 2, and [Ptx(dppm)2(C=CPh),] in dichlo-
romethane at room temperature. It is interesting to note
that the nature of the alkynyl ligands, the Pt---Pt
separation, and the coordination of d'® metal centers

have an influence on the position of the low-energy
absorption bands. In general, the better the z-accepting
ability of the alkynyl group, the lower the energy of the
low-energy absorption band. In addition, the mixed-
metal complexes always show a lower energy absorption
band than the dinuclear platinum(l1) face-to-face pre-
cursor. With reference to the spectroscopic studies on
[Pta(u-dppm)2(CN)4]*d as well as our previous report on
[Pta(u-dppm)z(C=CPh),],° in which the lowest energy
absorption bands are red-shifted with respect to the
respective [d(Pt) — 2*(C=N)] and [d(Pt) — 7*(C=CPh)]
metal-to-ligand charge transfer (MLCT) transitions of
their mononuclear analogues, trans-[Pt(dppm)(CN),]°
and trans-[Pt(dppm),(C=CPh),],3¢° the low-energy ab-
sorptions in 1—4 are suggested to involve a transition
of [dy*(Pt2) — p,(Pt2)/n*(C=CR)] metal—metal-to-ligand
charge transfer (MMLCT) character. The LUMO was
believed to have substantial mixing of the zn* of the
alkynyl group with the p,(Pty) orbital of the Pt—Pt
bonding interaction, where d,* and p, denote the
antibonding combination of the d,2(Pt)—d,2(Pt) interac-
tion and bonding combination of the p,(Pt)—p.(Pt)
interaction, respectively, taking the Pt---Pt direction as
the z-axis. Thus, the absorption energy in the order [Pt,-
(u-dppm)z(C=CPh)4] > [Pta(u-dppm)z(C=CCsH4CI-p)4]
> [Pta(u-dppm)2(C=CCsH4NO2-p)4], is in line with the
s-accepting ability of RC=C, in which R = Ph < CgHy-
Cl-p < CgH4NO2-p. On the other hand, the d,* orbital
would also be higher-lying in energy when the complex
showed a stronger Pt---Pt interaction, as reflected by
the shorter Pt---Pt distance observed in the X-ray crystal
structure. Both effects would cause a narrowing of the
HOMO-LUMO energy gap. Such a red-shift of the
absorption band is in accord with the assignment of an
MMLCT transition. The exceptionally large extinction
coefficients observed in 2, which are almost 5 times that
of the free ligand, nitrophenyl acetylene, are suggestive

(9) (&) Yip, H. K,; Lin, H. M.; Wang, Y.; Che, C. M. J. Chem. Soc.,
Dalton Trans. 1993, 2939. (b) Yip, H. K.; Lin, H. M.; Cheung, K. K;
Che, C. M.; Wang, Y. Inorg. Chem. 1994, 33, 1644.
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Table 2. Selected Bond Distances (A) and Angles
(deg) with Estimated Standard Deviations in
Parentheses

[Pta(u-dppm)2(C=CCeH4Cl-p)4] (1)

Bond Distances (A)

Yam et al.

Table 3. Pt:--Pt Distances of Dinuclear Pt(ll)
Alkynyl Complexes

Pt(1)—P(1) 2.304(1) C(9)—C(10) 1.194(6)
Pt(1)—P(2) 2.296(1) P(1)—C(29) 1.837(5)
Pt(1)-C(1) 2.004(5) P(2)—C(29) 1.829(5)
Pt(1)—C(9) 2.004(5)
C(1)—C(2) 1.198(6)
Bond Angles (deg)
P(1)—-Pt(1)-P(2) 174.9(4) Pt(1)-C(1)—-C(2) 170.1(4)
P(1)—Pt(1)—C(1) 96.0(1) Pt(1)-C(9)-C(10)  171.9(4)
P(1)—Pt(1)—C(9) 88.5(1) C(1)—C(2)—-C(3) 175.5(5)
P(2)—Pt(1)-C(1) 84.5(1) C(9)—-C(10)—-C(11) 177.8(5)
P(2)—Pt(1)—C(9) 92.0(1) P(1)-C(29)—P(2) 118.4(3)
C(1)-Pt(1)-C(9)  168.5(2)
[Pto(u-dppm)2(C=CCeH4NO2-p)4] (2)
Bond Distances (A)
Pt(1)—P(1) 2.306(11) C(9)—C(10) 1.204(6)
Pt(1)—P(2) 2.312(10) P(1)—C(24) 1.818(4)
Pt(1)—C(1) 1.992(5) P(2)—C(36) 1.812(5)
Pt(1)—C(9) 2.018(5)
c(1)-C(2) 1.197(6)
Bond Angles (deg)
P(1)—-Pt(1)-P(2) 176.2(1) Pt(1)—C(1)—C(2) 176.3(4)
P(1)—Pt(1)-C(1) 91.2(1) Pt(1)—C(9)—C(10) 172.3(4)
P(1)—Pt(1)—C(9) 85.1(1) C(1)-C(2)-C(3) 178.2(5)
P(2)—Pt(1)—C(1) 87.4(1) C(9)-C(10)-C(11)  174.7(5)
P(2)—Pt(1)—C(9) 96.6(1) P(1)-C(17)-P(2) 118.1(3)
C(1)-Pt(1)-C(9) 172.1(2)
[Ptz(ﬂ-dppm)z(CECSiM83)4] (3)
Bond Distances (A)
Pt(1)—P(1) 2.294(16) C(6)—C(7) 1.188(10)
Pt(1)—P(2) 2.307(16) P(1)—C(11) 1.840(7)
Pt(1)—C(1) 2.024(7) P(2)—C(11) 1.838(7)
Pt(1)—C(6) 2.017(7)
C(1)—C(2) 1.193(10)
Bond Angles (deg)
P(1)-Pt(1)-P(2)  175.7(1)  Pt(1)-C(1)-C(2)  168.1(6)
P(1)—Pt(1)—C(1) 84.7(2)  Pt(1)-C(6)-C(7)  167.9(7)
P(1)—Pt(1)—C(6) 86.7(2) C(1)-C(2)-Si(1)  176.3(7)
P(2)—Pt(1)—-C(1) 94.2(2) C(6)—C(7)-Si(2) 171.4(7)
P(2)—Pt(1)—C(6) 95.3(2) P(1)-C(11)-P(2)  119.5(3)
C(1)—Pt(1)—C(6) 163.2(3)

[Pta(u-dppm)2(C=CPh)s-{ Ag(MeCN)} 2](BF4)2 (4)

Bond Distances (A)

Pt(1)—-P(1) 2.336(3) Ag(1)—C(51) 2.353(10)
Pt(1)—P(3) 2.322(3) Ag(1)—C(52) 2.412(11)
Pt(1)—C(75) 2.006(12) Ag(1)—C(59) 2.354(12)
Pt(1)—C(59) 2.047(12) Ag(1)—C(60) 2.433(12)
C(59)—C(60) 1.186(15) Ag(1)—N(1) 2.390(4)
C(51)—C(52) 1.204(19) Ag(2)—N(2) 2.420(4)
P(1)-C(1) 1.816(1) N(1)—C(83) 1.13(6)
P(2)—-C(1) 1.827(1) N(2)—C(85) 1.22(6)
Bond Angles (deg)
P(1)—Pt(1)—P(3) 177.9(1) Pt(1)—C(75)—C(76) 168.0(9)
P(1)—Pt(1)—C(75) 96.9(4) Pt(2)—C(51)—C(52) 169.6(9)
P(1)—Pt(1)—C(59) 86.5(4) C(59)—C(60)—C(61) 169.9(12)
P(3)—Pt(1)—C(75) 83.3(4) C(75)—C(76)—C(77) 172.3(12)
P(3)—Pt(1)—C(59) 93.7(4) N(1)—Ag(1)—C(51) 125.2(8)
C(59)—Pt(1)—C(75) 168.0(4) N(2)—Ag(2)—C(67) 126.3(8)

of the addition effect of the extinction coefficients of the
four C=CCgH4NO2-p units and the mixing of the in-
traligand (IL) & — #*(C=CCgH4NO,-p) transition into
the MMLCT transition. Figure 6 shows the electronic

complex d(Pt---Pt), A
[Ptz(u-dppm)2(C=CCeH4Cl-p)4] (1) 3.340
[Pto(u-dppm)z(C=CCeH4NO2-p)4] (2) 3.250
[Pt2(u-dppm)2(C=CSiMes)4] (3) 3.349
[Ptz(dppm)z(C=CPh)s-{ Ag(MeCN)}2](BF4)2 (4) 3.064
[Pt2(dppm)2(C=CPh),J2 3.437
[Pt2(dppm)2(C=CPh)s-{ Cu(MeCN)} 5](PF¢),2 3.012

a From ref 5.

10 e/dm°mol”’em’

T T
300 400 500

Wavelength /nm

Figure 5. Electronic absorption spectra of [Pty(u-dppm),-
(C=CPh)g] (—),1(-—-),and 2 (----- ) in dichloromethane
solution at 298 K.

absorption spectra of 4, [Pty(u-dppm)(C=CPh),-{Cu-
(MeCN)}2](PFe)2, and [Pty(dppm),(C=CPh),] in dichlo-
romethane at room temperature. Similarly, the red-shift
of the absorption band upon encapsulation of silver(l)
ions in 4 (354 and 400 nm) and [Pty(dppm)2(C=CPh),-
{Cu(MeCN)}2](PFg)2 (372 and 419 nm) compared to
its precursor complex, [Pty(dppm)2(C=CPh),] (330 and
370 nm), can be ascribed to the narrower HOMO—
LUMO energy gap as a consequence of an increase in
the alkynyl z-acceptor ability as well as the stronger
Pt---Pt interaction. The higher absorption energy of the
bands observed in 4 relative to its copper(l) analogue,
[Pt2(dppm)2(C=CPh)4-{ Cu(MeCN)},](PFs)2, is ascribed
to the weaker acidity of Ag' than Cu'. The stronger
Lewis acidity of Cu' and the shorter Pt:--Pt distance in
[Pt2(dppm)2(C=CPh)4+-{ Cu(MeCN)},](PFs)> would lower
the 7*(C=CPh) orbital energy as well as raise the d,*
orbital energy, leading to a lowering of its MMLCT
transition energy.

Upon excitation at 4 > 350 nm, 1—4 exhibit strong
luminescence in the solid state both at room tempera-
ture and at 77 K and in room-temperature fluid solution.
The photophysical data of 1—4 together with their
related complexes are shown in Table 4. Room-temper-
ature emission spectra in dichloromethane show an
emission band at ca. 620—664 nm. Figure 7 shows the
emission spectra of 1 and 2 in room-temperature dichlo-
romethane solution. Similar to the electronic absorption
spectra, the energy dependence of the emission band on
the nature of the alkynyl group, together with the
previous spectroscopic works on related d®—d8 dinuclear
systems®? and the close resemblance of the excitation
maxima to the low-energy absorption bands, are sug-
gestive of an emission of SMMLCT origin. The observa-
tion of a lower emission energy in 1 (628 nm) and 2 (664
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absorption?

emission

complex AInm (emax/dm3 mol~1 cm~1) medium (T/K) Aem/nNM (To/us)
1 276 (52,110), 334 (23,940), CH,Cl, (298) 628 (1.3 £ 0.1)
374 (21,250)
solid (298) 575¢ (6.2 £ 0.2)
solid (77) 575 (6.7 + 0.3)
glassa (77) 485 (3.1 + 0.2), 5669 (19.8 4 0.3)
2 386 (66,980), 415 (64,040) CH.ClI; (298) 664 (1.3 & 0.1)
solid (298) 574¢(<0.1)
solid (77) 574 (6.4 + 0.1)
glass? (77) 566 (69.5 & 0.5), 5959 (91.6 + 0.5)
3 274 (11,080), 318 (14,380), CH.ClI; (298) 630 (<0.1)
372 (7470)
solid (298) e
solid (77) 595¢ (<0.1)
glass? (77) 477 (<0.1), 5949 (<0.1)
4 354 (32,040), 400 sh (10,780) CH.Cl, (298) 622 (<0.1)
solid (298) 470 (<0.1), 615 (1.9 £ 0.2)
solid (77) 465 (1.5 + 0.1), 620 (4.3 £ 0.4)
glass? (77) 460 (2.9 + 0.3), 6009 (7.7 + 0.8)

[Pta2(u-dppm)2(C=CCe¢Hs)4]’
370 (25,540)

[Pt2(dppm)z(C=CPh)4:{ Cu(MeCN)}2](PFs)'

270 (56,810), 330 (28,890),

372 (33,160), 418 (18,350)

CH.Cl, (298)

620 (<0.1)

solid (298) 580 {615}¢ (<0.1)

solid (77) 607 (6.0 + 0.6)

glass? (77) 460 (3.4 £ 0.3), 5459 (8.2 + 0.8)
CH.Cl, (298) 625 (0.22 + 0.02)

solid (298) 495 (<0.1), 610 (2.2 & 0.2)
solid (77) 490 (4.1 & 0.4), 634 (6.1 = 0.6)
glass® (77) 476 (2.0 £ 0.2), 590 (8.9 + 0.9)

aln CHCly. P In EtOH—MeOH (4:1 v/v), emission maxima are recorded by time-resolved emission measurement. ¢ In crystal form
before rigorous drying. 9 Vibronic-structured with vibrational progressional spacings of 2190—2220 cm~1. ¢ Not emissive. f From ref 5.

e x 10 dm®mol'em™

3(I)0 3£I')0 4(‘)0 4.:)0 560 550
Wavelength /nm
Figure 6. Electronic absorption spectra of [Pt,(u-dppm),-

(C=CPh),] (—), [Pta(u-dppm)(C=CPh),{Cu(MeCN)},]2*
-—-),and4(----- ) in dichloromethane at 298 K.

nm) compared to that in [Pta(u-dppm)2(C=CPh),] (620
nm) is attributed to the lower 7*(C=CR) orbital energy
due to the presence of the electron-withdrawing chloro
and nitro substituent. Mixing of an intraligand (IL)
character into the SMMLCT state cannot be completely
ruled out for 2 in the presence of the highly electron-
deficient nitrophenyl-substituted alkynyl ligand. In the
solid state and glass state at 77 K, two emission bands
were found at ca. 460—500 and 545—634 nm, and these
emission bands are believed to be of different origins
on the basis of their large energy separation and
difference in excited-state lifetimes. The higher energy
emission was tentatively assigned as intraligand phos-
phorescence. In view of the vibrational progressional
spacings of ca. 2000—2200 cm™1, which is typical of the
v(C=C) stretch in the ground state, the lower energy

Normalized Emission Intensity

T T T T
550 600 650 700 750
Wavelength/ nm

Figure 7. Emission spectra of 1 (—) and 2 (- — -) in
degassed dichloromethane at 298 K.

vibronic-structured emission band is assigned as origi-
nated from the SMMLCT state. The 77 K emission
spectrum of 1 is shown in Figure 8. The lower emission
energy of 4 than the precursor complex in 77 K glass is
consistent with this SMMLCT assignment. The coordi-
nation of the Ag' ion will shorten the Pt---Pt distance
since the bending of the C—Pt—C bond will force the
two Pt centers into closer proximity. This, together with
the reduction of electron density at the Pt center as
a result of an increase in s-accepting ability of the
PhC=C groups upon z-donation to Ag', would bring the
two Pt centers into close proximity. Both the contrac-
tion of the Pt---Pt distance and the increase in s-ac-
cepting ability of the alkynyl group would result in a
narrowing of the HOMO—-LUMO energy gap, and hence
a lower emission energy of 4 was observed, again
consistent with the findings in the electronic absorption
studies. The slightly higher emission energy of the
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Figure 8. Time-resolved emission spectrum of 1 in dichlo-
romethane at 77 K recorded 29 us after the laser flash
excitation.

mixed-metal complex, 4, than its copper analogue has
been ascribed to the weaker Lewis acidity of Ag' as well
as the larger ionic radius of Ag' than Cu', which raises

Yam et al.

the 7*(C=CPh) orbital energy and lowers the d,* orbital
energy, leading to higher MMLCT transition energy in
4,
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