A\C\S

ARTICLES

Published on Web 05/20/2004

Synthesis, Photophysics, Electrochemistry, Theoretical, and
Transient Absorption Studies of Luminescent Copper(l) and
Silver(l) Diynyl Complexes. X-ray Crystal Structures of
[Cus(u-dppm) 3(us-n-C=CC=CPh),]PFs and
[CU 3(,a-dppm) 3(”3-1]1-CECCECH)2]PF6

Wing-Yin Lo," Chi-Ho Lam, Vivian Wing-Wah Yam,*T Nianyong Zhu,'
Kung-Kai Cheung,’ Sofiane Fathallah,* Sabri Messaoudi,* Boris Le Guennic,*
Samia Kabhlal,* and Jean-Francois Halet**

Contribution from the Centre for Carbon-Rich Molecular and Nano-Scale Metal-Based
Materials Research, Department of Chemistry, and HKU-CAS Joint Laboratory of New
Materials, The Uniersity of Hong Kong, Pokfulam Road,
Hong Kong SAR, People’s Republic of China, and Laboratoire de Chimie du Solide et
Inorganique Moleulaire, UMR 6511 CNRS-Urérsitede Rennes 1,
Institut de Chimie de Rennes, Campus de Beaulieu, F-35042 Rennes, France

Received February 9, 2004; E-mail: wwyam@hku.hk; halet@univ-rennesl.fr

Abstract: A series of soluble trinuclear copper(l) and silver(l) complexes containing bicapped diynyl ligands,
[Mg(,u-dppm)g(lug-nl-CECCECR)z]PFe (M = CU, R= Ph, C6H4_CH3-p, C5H4_OCH3-p, "C5H13, H; M= Ag,
R = Ph, C¢Hs,—OCH3s-p), has been synthesized and their electronic, photophysical, and electrochemical
properties studied. The X-ray crystal structures of [Cus(u-dppm)s(us-7t-C=CC=CPh),]PFs and [Cus(u-
dppm)s(us-nt-C=CC=CH),]PFs have been determined.

Introduction which may possess unique properties such as optical nonlin-

Recent interests in metal alkynyl chemistry were stimulated a1ty electrical conductivity, and liquid crystallinity:* The
by the increasing attention on polymeric materials with polariz- Photoluminescence properties of metal-containing oligoynes and

able moieties for the fabrication of electronic, liquid crystal, poly-ynes are relatively less gxplored Recenltly we rgported
and nonlinear optical (NLO) devicds® The linear geometry the syntheses and the !umlnesgence s.tudles of trinuclear
of the poly-ynyl unit and itst-unsaturated nature have made monoynyl copper(l) and silver(]) dlphosphlne_ compleXes,

the metal poly-ynes attractive building blocks for molecular 2Nd tétranuclear copper(l) complexes containing the ntéfb-

) gy .
wires and organometallic oligomeric and polymeric materials @nd diynyl moieties> As an extension of the work on the
monoynyl trinuclear copper(l) and silver(l) complexes, a series

of trinuclear copper(l) and silver(l) complexes of the diynyl
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systems have been synthesized, which would provide further [Cus(u-dppm)s(gs-1*-C=C—C=C—CeHs—CH3-p)2]PFs (2). This
insights into the spectroscopic origin of these classes of compound was prepared according to a procedure similar to tHat of
complexes. It is envisaged that such structural variation by a €xcept H&EC—C=C—CeH,—CHs-p (0.034 g, 0.24 mmol) was used
systematic extension of the acetylenic unit would not only in place of HESC—C=C—Ph. Orange crystals d were obtained.

provide a handle for the understanding of the spectroscopic

studies of these complexes but also serve to produce new

luminescent metal-based carbon-rich materials for applications
in the future design and fabrication of light-emitting oligomeric
and polymeric materials in materials science. Herein are

Yield: 0.06 g (57%). UVIvis (CHCl,), A/nm (ema/dm® mol~t cm™1):
266 (80 380), 298sh (67 090), 336sh (36 200), 364sh (26 680). Raman
(solid) v/icm™% 1983s, 2162s1f{C=C—C=C)]. *H NMR (300 MHz,
acetoneds, 298 K)/ppm: 6 2.5 (s, 6H,—CHz), 3.4 (m, 6H,—CH,;—),
7.0-7.3 (m, 60H,—Ph), 7.4 (d, 4HJ = 7.7 Hz, —C¢Hs—), 7.7 (d,
4H,J = 7.7 Hz,—CeHs—). **P{*H} NMR (202 MHz, acetonels, 298

described the synthesis, electronic structure, luminescencex)/ppm: ¢ —3.7. Positive FAB-MS:m/z 1621 [M — PRj]*. Anal. Calcd

behavior, and electrochemistry of a series of trinuclear copper-
(I) and silver(l) diynyl complexes. The X-ray crystal structures
of [Cus(u-dppm(us-n'-C=CC=CPh}]PFs and [Cu(u-dppm}-
(us-n*-C=CC=CH),]PF; are also reported.

Experimental Section

Materials and Reagents. The ligands bis(diphenylphosphino)-
methane (dppm) was obtained from Lancaster Synthesis Ltd. 1,4-Bis-
(trimethylsilyl)-1,3-butadiyne was purchased from GFS Chemicals.
[Cux(u-dppm)(MeCN)](PFs)2"**and [Ag(u-dppmi(MeCN)](PFs)2'*

were prepared according to literature procedures. Phenylbutadiyne,

4-tolylbutadiyne, 4-methoxyphenylbutadiyffeand 1,3-decadiyrié
were synthesized by reported procedures. All solvents were purified
and distilled using standard procedures before'%g8ll other reagents
were of analytical grade and were used as received. The pyridinium
acceptors were prepared by refluxing the corresponding substituted
pyridine with the appropriate alkylating agent such as methyl iodide
in acetone/ethanol (1:1 v/v) for 4 h, followed by metathesis in water
using ammonium hexafluorophosphate and recrystallization from
acetone-diethyl ether. Tetrabutylammonium hexafluorophosphate
(Aldrich) was recrystallized twice from absolute ethanol before use.
Syntheses of Trinuclear Copper(l) ComplexesAll reactions were

for CusCo7rHsoP/Fs: C, 65.93; H, 4.56. Found: C, 66.02; H, 4.47.
[CU3(ﬂ-dppm)g(ﬂg-i]l-CEC_CEC_CeH4-OCH 3P)2]PFs (3). This
compound was prepared by a method similar to thatl afxcept
HC=C—C=C—CgH,—OCH;-p (0.037 g, 0.24 mmol) was used in place
of HC=C—C=C—Ph. Yellow crystals o8 were obtained. Yield: 0.10
g (92%). UVIvis (CHCI,), AInm (ema/dm?® mol~t cm™1): 270 (86 430),
298sh (78 210), 338sh (41 210), 366sh (28 100). Raman (sefod); :
1977s, 2154sfC=C—C=C)]. *H NMR (300 MHz, acetonels, 298
K)/ppm: 6 3.4 (m, 6H,—CH,—), 4.0 (s, 6H,—OCHg), 7.0~7.3 (m,
64H, —C¢Hs— and—Ph), 7.7 (d, 4H,) = 7.8 Hz,—CsHs—). 3*P{*H}
NMR (202 MHz, acetonels, 298 K)/ppm: 6 —3.8. Positive FAB-
MS: m/z 1653 [M — PR]*. Anal. Calcd for CyCo7HgdO2P;Fs: C,
64.75; H, 4.48. Found: C, 64.44; H, 4.49.
[CU3([1-dppm)g(ﬂg-ﬂl-CEC_CEC_nCeH13)2]PF5 (4) This com-
pound was prepared by the method similar to thal except HG=
C—C=C—"C¢H;3 (0.016 g, 0.12 mmol) was used in place of HC
C—C=C—Ph. Orange crystals dfwere obtained. Yield: 0.07 g (68%).
UV/vis (CH.Cly), A/nm (ema/dm?® mol~t cm™1): 264sh (46 350), 296sh
(29 090), 344sh (10 710). Raman (soligjem 1 1960s, 2188s1-
(C=C—C=C)]. 'H NMR (300 MHz, acetonels, 298 K)/ppm: 6 0.9
(t, 6H,J = 6.6 Hz,—CHj), 1.3-1.9 (m, 16H,—CH,CH,CH,CH,), 2.8
(t, 4H,J = 7.7 Hz,—CH,—C=C), 3.4 (m, 6H, P-CH,—P), 7.0-7.4

carried out under anaerobic and anhydrous conditions using :standard(m 60H,—Ph).31P{1H} NMR (202 MHz, acetonek, 298 K)/ppm:

Schlenk techniques.

[Cus(u-dppm)s(us-ni-C=C—C=C—Ph),]PFs (1). A mixture of
[Cuz(u-dppmp(MeCN)](PFs)2 (0.11 g, 0.09 mmol) and HEC—C=
C—Ph (0.03 g, 0.24 mmol) in the presence of an excess of KOH in
acetone/MeOH (15 mL/5 mL) was stirred at room temperature for 24
h. After evaporation to dryness, the solid residue was extracted with
CH.Cl,. Subsequent diffusion of diethyl ether vapor into the concen-
trated solution resulted in the formation of yellow crystald o¥ield:

0.09 g (87%). Alternatively, replacement of KOH by triethylamine also
gave the desired product but in a slightly lower yield. UV/vis (€H
Clp), AInm (ema/dm?® mol~t cm™): 264 (80 010), 296sh (72 800), 338sh
(33 350). Raman (solidy/cm™: 1980s, 2163s(C=C—C=C)]. H
NMR (300 MHz, acetonels, 298 K)/ppm: 6 3.4 (m, 6H,—CH;—),
6.9-7.4 (m, 60H,—Ph), 7.6 (m, 6H, Ph), 7.8 (m, 4H, PHP{*H}
NMR (202 MHz, acetonel, 298 K)/ppm: 6 —3.6. Positive FAB-
MS: m/z 1594 [M - PF(;]+ Anal. Calcd for C&95H76P7F6'1/20H2-
Cly: C, 64.38; H, 4.36. Found: C, 64.55; H, 4.50.

(13) (a) Yam, V. W. W.J. Photochem. Photobiof, Chem 1997, 106, 75. (b)
Yam, V. W. W.; Lo, K. K. W.; Fung, W. K. M.; Wang, C. RCoord.
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—4.1. Positive FAB-MS: n/z 1610 [M — PR]*. Anal. Calcd for
CuCorHgoP-Fs:/,CH,Cl,: C, 63.75; H, 5.12. Found: C, 64.02; H, 5.37.

[Cus(u-dppm)s(us-1*-C=CC=CH),]PF¢ (5). A mixture of [Cu-
(u-dppmp(MeCN),](PFs)2 (0.2 g, 0.11 mmol) and TMSC=C—C=
C—TMS (0.04 g, 0.21 mmol) in the presence of an excess of KF in
acetone/MeOH (15 mL/5 mL) was stirred at room temperature for 24
h. After evaporation to dryness, the solid residue was extracted with
CH,Cl,. Subsequent diffusion of diethyl ether vapor into the concen-
trated solution resulted in the formation of yellow crystal$oYield:
0.110 g (63%). UV/vis (ChKClp), AInm (ema/dm?® mol~t cm™2): 264
(85 300), 276sh (72 530), 356sh (11 290). Raman &4, v/cm:
2105s p(C=C—C=C)]. 'H NMR (300 MHz, acetonel, 298 K)/
ppm: 6 3.4 (m, 6H,—CH,—), 3.6 (s, 2H;—C=CH), 6.9-7.3 (m, 60H,
—Ph). 3'P{'H} NMR (202 MHz, acetonek, 298 K)/ppm: 6 —3.2.
Positive FAB-MS: m/z 1440 [M — PR]*. Anal. Calcd for CyCas
HesP7Fs: C, 62.82; H, 4.29. Found: C, 62.87; H, 4.35.

Syntheses of Trinuclear Silver(l) ComplexesAll reactions were
carried out under anaerobic and anhydrous conditions using standard
Schlenk techniques.

[Ags(u-dppm)s(us-n-C=C—C=C—Ph),]PFs (6). A mixture of
[Ag2(u-dppmi(MeCN)](PFs)2 (0.12 g, 0.09 mmol) and HEC—C=
C—Ph (0.03 g, 0.24 mmol) in the presence of an excess of KOH in
acetone/MeOH (15 mL/5 mL) was stirred at room temperature for 24
h. After evaporation to dryness, the solid residue was extracted with
CH.Cl,. Subsequent diffusion of diethyl ether vapor into the concen-
trated solution resulted in the formation of colorless crystal$.of
Yield: 0.039 g (35%). UV/vis (CKCLy), AInm (ema/dm?® mol~t cm™):
270sh (74 210), 294sh (37 670), 314 (28 550), 334 (14870). Raman
(solid), v/icm™%: 2000s, 2176sf(C=C—C=C)]. *H NMR (300 MHz,
acetoneds, 298 K)/ppm: ¢ 3.6 (m, 6H,—CH,—), 7.0-7.6 (m, 60H,
—Ph).3P{*H} NMR (202 MHz, acetonels, 298 K)/ppm: 6 2.5, 4.2.
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Positive FAB-MS: m/z 1728 [M — PR]". Anal. Calcd for AgCos-
H76P7Fe+Y,CH.Cl,: C, 59.91; H, 4.00. Found: C, 59.62; H, 4.20.

[Ag3(,u-dppm)3(,ug-1]1—CEC—CEC—C5H 4+—OCH3-p),]PFs (7). This
compound was prepared by the method similar to tha6 ecept
HC=C—C=C—CsH,—OCH;-p (0.037 g, 0.24 mmol) was used in place
of HC=C—C=C—Ph. Colorless crystals of were obtained. Yield:
0.028 g (25%). UV/vis (CECl,), AInm (emaddm?® mol™ cm™): 266
(72 430), 298sh (47 410), 318sh (23 970), 340 (19 080). Raman (solid),
vicm™L 1999s, 2175s{(C=C—C=C)]. 'H NMR (300 MHz, acetone-
ds, 298 K)/ppm: 6 3.6 (m, 6H,—CH,—), 3.9 (s, 6H,—OCHy), 7.0—
7.5 (m, 64H—CgHs— and—Ph), 7.6 (d, 4H,) = 8.7 Hz, Ph)3!P{H}
NMR (202 MHz, aceton@s, 298 K)/ppm: 6 2.2, 3.9. Positive FAB-
MS: m/z 1403 [M — dppm — PR]*. Anal. Calcd for AgCor
HgoO-P/Fs: C, 60.3; H, 4.17. Found: C, 60.15; H, 4.15.

Physical Measurements and Instrumentation!H and3P NMR
spectra were recorded on either a Bruker AM-500 (500 MHz) or a
Bruker DPX-300 (300 MHz) multinuclear FT-NMR spectrometers.
Chemical shifts §, ppm) were reported relative to tetramethylsilane
(Me4Si) for *H and 85% HPO, for 3P NMR spectroscopy. Positive
ion FAB mass spectra were recorded on a Finnigan MAT95 mass

and amplified by a Tektronix AM 502 differential amplifier@ MHz)
and digitized on a Tektronix model TDS-620A (500 MHz, 2GS/s)
digital oscilloscope interfaced to an IBM-compatible personal computer
for data acquisition and analysis. The transient absorption difference
spectra were generated using the point-to-point method. The back-
electron-transfer (BET) rate constants,j was obtained from a
knowledge of the slopenf) of a plot of the reciprocal of absorbance
change either at 400 nm or at 79810 nm (1AA) versus timet) for
the transient signal withk,et = (Ae)bm where Ae is the extinction
coefficient difference between products and reactants at the monitored
wavelength and is the path length of the cell. The plot is linear over
at least 2.5 half-lives, indicative of second-order kinetics.

Crystal Structure Determination. Single crystals of [Ci{u-dppm}-
(uz-n*-C=CC=CPh}]PF; (1) and [Cu(u-dppm}(us-n'-C=CC=CH),]-
PFs (5) suitable for X-ray diffraction studies were grown by layering
of n-hexane onto a concentrated acetone solution of the complex. Crystal
structure determination data as well as the selected bond distances and
bond angles for complet and5 are summarized in Table 1 and 2,
respectively. The X-ray diffraction data were collected at’@8on a
MAR diffractometer with a 300 mm image plate detector using graphite

spectrometer. Raman spectra were recorded as solid samples on a Bighonochromatized Mo K radiation ¢ = 0.710 73 A). The images were

Rad FT-Raman spectrometer with the 1064 nm line of a Nd:YAG laser

interpreted and intensities integrated using progi2BNZQ2°2 The

as the excitation source. Elemental analyses of the newly synthesizedStructure was solved by direct methods employing the SIR-97 progam.

complexes were performed on a Carlo Erba 1106 elemental analyzer

Full-matrix least-squares refinement &4 was used in the structure

at the Institute of Chemistry, Chinese Academy of Sciences. Cyclic refinement. The positions of H atoms are calculated based on riding

voltammetric measurements were performed by using a CH Instruments,m0de with thermal parameters equal to 1.2 times that of the associated
Inc. model CHI 620 electrochemical analyzer interfaced to an 1BM- C atoms and participated in the calculation of fifeindices?* In the
compatible personal computer. The electrolytic cell used was a final stage of least-squares refinement, all non-hydrogen atoms were

conventional two compartment cell. The salt bridge of the reference refined anisotropically. One crystallographic asymmetric unit consists

electrode was separated from the working electrode compartment by a0f one formula unit ford, including two Pk~ anions and one gNH™

Vycor glass. A Ag/AgNQ (0.1 M in MeCN) reference electrode was
used. The ferroceniusrferrocene couple was used as the internal
standard in the electrochemical measurements in acetonitrile (0.1 M
"BusNPFs). The working electrode was a glassy-carbon (Atomergic
Chemetals V25) electrode with a platinum foil acting as the counter

cation. One crystallographic asymmetric unit consists of one formula
unit for 5.

Theoretical Calculations. A. Density Funtional Theory Calcula-
tions. Density functional theory (DFT) calculations were carried out
on model compounds derived from the experimental structure data using

electrode. Treatment of the electrode surfaces was as reportedn® Amsterdam Density Functional (ADF) progréndeveloped by

elsewherd?

The electronic absorption spectra were obtained on a Hewlett-Packard

8452A diode array spectrophotometer. Steady-state emission spectr

recorded at room temperature and at 77 K were obtained on a Spex

Fluorolog-2 model 111 fluorescence spectrophotometer with or without
corning filters. All solutions for photophysical studies were prepared
under high-vacuum in a 10-édmound-bottomed flask equipped with a
sidearm 1-cm fluorescence cuvette and sealed from the atmosphere b
a Rotaflo HP6/6 quick-release Teflon stopper. Solutions were rigorously
degassed on a high-vacuum line in a two-compartment cell with no
less than four successive freezgump-thaw cycles. Solid-state
photophysical measurements were carried out with the solid sample
loaded in a quartz tube inside a quartz-walled Dewar flask. Liquid
nitrogen was placed into the Dewar flask for low temperature (77 K)
solid-state photophysical measurements. Emission lifetime measure-

ments 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. Lumi-
nescence decay signals were detected by a Hamamatsu R928 PMT an
recorded on a Tektronix model TDS-620A (500 MHz, 2GS/s) digital
oscilloscope and analyzed using a program for exponential fits. Time-

resolved transient absorption spectroscopy was performed using the

355-nm output (third harmonic) of the Spectra-Physics Quanta-Ray
Q-switched GCR-150-10 pulsed Nd:YAG laser as the excitation source,
with the monitoring light beam generated from a 250-W quartz-
tungsten-halogen lamp placed perpendicular to the excitation beam.
The output of the quartz-tungsten-halogen lamp was wavelength
selected by passing through two monochromators (Oriel 772560

and 77 200}/, m). The transient absorption signals were detected by
a Hamamatsu R928 photomultiplier tube connected to &5@sistor

7302 J. AM. CHEM. SOC. = VOL. 126, NO. 23, 2004

a

Baerends and co-worké&fsising the local density approximation (LDA)

in the Vosko-Wilk —Nusair parametrizatiéh and the nonlocal cor-
rections for exchange and correlation of Be€kand Perdevi®
respectively. The atom electronic configurations were described by a
triple-¢ Slater-type orbital (STO) basis set for H 1s, C 2s and 2p, P 3s
and 3p augmented with a 3d sindjepolarization for C and P atoms
and with a 2p singl€: polarization for H atoms. A triplé€-STO basis

set was used for Cu 3d and 4s, augmented with a sinhgle-

){)olarization function for Cu. A frozen-core approximation was used

to treat the core shells up to 1s for C, 2p for P, and 3p forPTu.
Geometries were optimized using the analytical gradient method

(20) (a) Otwinowski, Z.; Minor, W. Processing of X-ray Diffraction Data
Collected in Oscillation Mode. IMethods in Enzymology, Volume 276:
Macromolecular Crystallography, part;ACharles, C. W., Sweet, R. M.,
Jr., Eds.; Academic Press: San Diego, 1997; pp-326. (b) Sheldrick,
G. M. SHELX97, Programs for Crystal Structure Analysislease 97-2;
University of Gdtingen: Germany, 1997.

Since the structure refinements are agafi#sR-indices based of? are

larger than (more than double) those basedForfror comparison with

older refinements based énand an OMIT threshold, a conventional index

R, based on observel values larger thand{F,) is also given (corre-

sponding to intensityl] > 20(1)). WR, = {[W(F¢* — FA)?)/[W(F?)4} 2,

Ry = ||Fo| — |F¢||/|Fol. The goodness of fit (GooF) is always based on

F2 GooF = S = {[w(Fs2 — F3/(n — p)}¥2, wheren is the number

of reflections andp is the total number of parameters refined. The

weighting scheme isw = 1/[0%(F.?) + (aP} + bP], whereP is [2F2 +

Max(Fo?, 0)]/3.

(22) ADF2.3andADF2002.01 SCM: Theoretical Chemistry, Vrije Universiteit,
Amsterdam, The Netherlands, http://www.scm.com.

(23) (a) te Velde, G.; Bickelhaupt, F. M.; van Gisbergen, S. J. A.; Fonseca
Guerra, C.; Baerends, E. J.; Snijders, J. G.; Ziegler, Tainput. Chem
2001 22, 931. (b) Fonseca Guerra, C.; Snijders, J. G.; te Velde, G;
Baerends, E. JTheor. Chem. Accl998 99, 391.

(24) Vosko, S. D.; Wilk, L.; Nusair, MCan. J. Chem199Q 58, 1200.

(25) (a)Becke, A. DJ. Chem. Phys1986 84, 4524. (b) Becke, A. DPhys.
Rev. A. 1988 38, 3098.

(26) Perdew, J. PPhys. Re. B 1986 33, 8822;34, 7406.
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Table 1. Crystal and Structure Determination Data of 1 and 5
complex 1 5
empirical formula GoiHgo2CusF12NPg CgsHesCusFsP7
formula weight 1986.14 1586.78
temperature 301K 301K
wavelength 0.710 73 A 0.710 73 A
crystal system monoclinic monoclinic
space group P2,/c P2i/n
A 24.089(3) A 14.633(2) A
B 14.957(3) A 27.457(4) A
C 28.235(3) A 19.035(3) A
o 90° 90°
s 110.53(3) 106.80(3)
y 9 9
volume 9527(3) A 7321.4(19) R
z 4 4
F(000) 4080 3248
density (calculated) 1.385 mgm 1.440 mg m?3
crystal size 0.35 0.25x 0.05 mn# 0.4x 0.25x 0.2 mn?
collection range @max= 48.8 20max= 51.04
index ranges & h=<27,0=k=16,-31=<1=<29 —17=<h=<17,-3=<k=33,-22=<1=<22
reflections collection 11 937 41 952
goodness-of-fit orfF2 0.963 1.009

final Rindices

largest diff. peak and hole +0.474 and-0.762 eA—3

[I > 20(1)] R = 0.0576 WR= 0.1500

[ > 20(1)] Ry = 0.0527 wR, = 0.1437
+0.639 and-0.761 eA 3

ARnt = Y|Fo? — FA(mean)/3[Fe?, R = ¥|[Fol — IF/l/Y|Fol andwR, = {3 [W(Fo? — FAA/ Y [W(Fo?)?} 2.

implemented by Verluis and Ziegléf.Electronic absorption spectra
were predicted using the time-dependent density functional theory (TD-
DFT) method implemented within the ADF program using the default
optimization criteriZ¢ The representations of the molecular orbitals
were done using MOLEKEL4.2’.

B. Extended Huckel Calculations Extended Hukel (EH) calcula-
tions were carried out within the extended dkel formalisni® using
the CACAO progran?! The Slater exponent§)and the valence shell
ionization potentialsH in eV) were respectively: 1.3;713.6 for H
1s; 1.625,~21.4 for C 2s; 1.625;-11.4 for C 2p; 1.600,-18.6 for P
3s; 1.600,—14.0 for P 3p; 2.200;-11.40 for Cu 4s; 2.200;6.06 for
Cu 4p. TheH; value for Cu 3d was at-14.00. A linear combination
of two Slater-type orbitals with exponents = 5.95 andZ, = 2.30
with the weighting coefficients, = 0.5933 and:,; = 0.5744 were used
to represent the Cu 3d atomic orbitals. EH calculations were carried
out on models derived from the averaged DF-optimized geometries of
[Cus(u-dHpmM)(us-17*-C=C—C=CH),]" (5-H) and [Cu(u-dHpm)-
(u3-7]1-CECH)2]+ (8-H).

Results and Discussion

Synthesis.Trinuclear bi-capped copper(l) diynyl complexes,
[Cus(u-dppmy(usn'-C=C—C=C—R)]PFs [R = Ph 1), GeHs—
CHz-p (2), CeHs—OCHs-p (3), "CeH13 (4)] were prepared by
treatment of [Cu(u-dppm)(MeCN)](PFs)2 with the corre-
sponding diyne in a molar ratio of 3:8 with a 1-fold excess of
diyne in the presence of an excess of KOH in acetone/MeOH
(3:1 v/v) mixture. Alternatively, use of triethylamine instead

(usn*-C=C—C=C—R)]PFs [R = Ph (6), CeHs—OCHs-p (7)],

were obtained by a method similar to that for the preparation
of the bicapped copper(l) diynyl complexes except g
dppmi(MeCN)](PFes)2 was used in place of [Gu-dppm}-
(MeCN)Y](PFe)2. All the newly synthesized copper(l) and
silver(l) complexes gave satisfactory elemental analyses and
were characterized by positive FAB-MS, Ramaé, and31P
NMR spectroscopy.

The FT-Raman spectra of the trinuclear copper(l) diynyl
complexes revealed two strong bands at ca. 1980 and 2160
cm1, characteristic of the(C=C) stretches of the diynyl ligand.
Similar bands were too weak to be observed in the IR spectra.
Similarly, thev(C=C) stretches of the silver(l) diynyl complexes
were observed at ca. 2000 and 2175 énThe3P{1H} spectra
for the trinuclear copper(l) diynyl complexes exhibit a singlet
at ca.0 —3.2 to —4.1 showing that the six phosphorus atoms
are chemically equivalent. The upfiel® NMR chemical shift
observed fromd —3.2 to —4.1 upon going frond to 1 to 2 to
3to 4 are in line with the increasing electron richness of the
diynyl ligands in the order5 < 1 < 2 < 3 < 4. The3P{1H}
spectra for the trinuclear silver(l) diynyl complexes showed two
unresolved signals at ca.2.2—2.5 and 3.9-4.2 arising from
107Ag—31P and'%°Ag—3P spin-spin coupling.

Crystal Structure Determination. The perspective drawings
of the complex cations of [G(u-dppm)(us-7'-C=CC=CPh}]-

of KOH as the base to deprotonate the diyne also gave thepg; (1) and [Cu(u-dppm)(us-n-C=CC=CH),]PFs (5) are

desired products but in lower yield. Butadiynyl copper(l)
complexes, [Cy(u-dppm)(uz-11-C=C—C=CH),]PFs (5), were
prepared by the reaction between 1,4-bis(trimethylsilyl)-1,3-
butadiyne and [Ci{u-dppmp(MeCN)](PFs)2 in a 3:8 ratio in
the presence of KF in acetone/MeOH (3:1 v/v) mixture.
Trinuclear bicapped silver(l) diynyl complexes, [#@-dppm}-

(27) Verluis, L.; Ziegler, T.J. Chem. Phys1988 88, 322.

(28) van Gisbergen, S. J. A.; Snijders, J. G.; Baerends, Eotput. Phys.
Commun.1999 118 119.

(29) Flikiger, P.; Lithi, H. P.; Portmann, S.; Weber,Molekel 4.1 Swiss Center
for Scientific Computing (CSCS): Manno, Switzerland, 26@001.

(30) Hoffmann, RJ. Chem. Phys1963 39, 1397.

(31) Mealli, C.; Proserpio, DJ. Chem. Educl199Q 67, 399.

depicted in Figures 1 and 2, respectively.

Both complex cations consist of an isosceles triangle of
copper atoms with a dppm ligand bridging each edge to form
a roughly planar [CsP¢] core. The CuP,C rings adopt envelope
conformations with the methylene carbon atoms on the flap,
one of them folded toward one of the faces of the triangle and
the other two folded away from it. In the complex, each diynyl
ligand is C-bonded to the three copper atoms, showing an
asymmetricus-n* bridging mode with the copper-to-carbon
distances significantly different. The €€ bond distances in
1 and5 are in the range of 2.02(2R.49(4) A and 2.084(6)
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Table 2. Selected Bond Lengths (A) and Angles (deg) for [Cus(u-dppm)s(us-71-C=CC=CPh),]PFs (1) and for
[Cus(u-dppm)s(us-nt-C=CC=CH),]PFs (5), with Estimated Standard Deviations (esd’s) Given in Parentheses

[Cus(u-dppm)(us-n*-C=CC=CPh}|PFs (1)
Bond Lengths (A)

Cu(ly--Cu(2) 2.602(2) C(3yC4) 1.24(3)
Cu(2y--Cu(3) 2.619(2) C(AHCu(1) 2.43(9)
Cu(Ly--Cu(3) 2.742(2) C(1BCu(2) 2.19(2)
C(1)-Cu(1) 2.02(2) C(1BrCu(3) 2.04(2)
C(1)-Cu(2) 2.11(2) C(11C(12) 1.24(2)
C(1)-Cu(3) 2.49(4) C(12yC(13) 1.34(3)
C(1)-C(2) 1.20(2) C(13yC(14) 1.15(2)
C(2)-C(3) 1.45(3)

Bond Angles (deg)
Cu(1)y-Cu(2)-Cu(3) 63.35(5) C(2rC(3)-C(4) 177(1)
Cu(1)-Cu(3)-Cu(2) 58.02(5) Cu(BC(11)-Cu(3) 74.9(5)
Cu(2)-Cu(1)y-Cu(3) 58.62(5) Cu(2yC(11)-Cu(3) 76.3(6)
Cu(1)-C(1)-Cu(2) 78.2(6) Cu(LyC(11)-Cu(2) 68.0(1)
Cu(1)-C(1)—Cu(3) 73.9(4) Cu(BrC(11)-C(12) 110.2(7)
Cu(2)-C(1)—Cu(3) 68.7(4) Cu(2yC(11)-C(12) 129.7(9)
Cu(1)-C(1)-C(2) 146(1) Cu(3)C(11)-C(12) 153.9(1)
Cu(2)-C(1)-C(2) 131(1) C(11)>C(12)-C(13) 173(1)
Cu(3-C(1)-C(2) 126(9) C(12yC(13)-C(14) 174(1)
C(1)-C(2)-C(3) 178(1)

Cug(u-dppmy(us-1'-C=CC=CH),]PFs (5)
Bond Lengths (A)

Cu(ly--Cu(2) 2.7755(9) C(3)C(4) 1.185(8)
Cu(2y--Cu(3) 2.8624(8) C(5)Cu(1) 2.218(5)
Cu(1)--Cu(3) 2.5698(8) C(5)Cu(2) 2.496(6)
C(1)-Cu(1) 2.084(6) C(5yCu(3) 2.089(5)
C(1)-Cu(2) 2.270(4) C(5)yC(6) 1.149(7)
C(1)-Cu(3) 2.390(5) C(6YC(7) 1.377(8)
C(1)-C(2) 1.124(7) C(7C(8) 1.215(9)
C(2)-C(3) 1.413(8)

Bond Angles (deg)
Cu(1)-Cu(2)-Cu(3) 54.21(2) C(2yC(3)-C(4) 177.5(6)
Cu(1)-Cu(3)-Cu(2) 61.17(2) Cu(BC(5)—Cu(3) 73.18(17)
Cu(2)-Cu(1)y-Cu(3) 64.62(2) Cu(2yC(15)-Cu(3) 76.69(18)
Cu(1)-C(1)-Cu(2) 79.09(18) Cu(B)C(5)—Cu(2) 71.87(16)
Cu(1)-C(1)—Cu(3) 69.74(17) Cu(BC(5)-C(6) 136.4(4)
Cu(2)-C(1)—Cu(3) 75.76(15) Cu(2)C(5)-C(6) 115.5(4)
Cu(1)-C(1)-C(2) 175.0(5) Cu(3yC(5)—C(6) 149.4(4)
Cu(2)-C(1)-C(2) 101.5(4) C(5)C(6)—C(7) 178.3(6)
Cu(3)-C(1)-C(2) 115.3(4) C(6)YC(7)—C(8) 177.0(9)
C(1)-C(2)-C(3) 174.0(6)

2.496(6) A, respectively. The bond angles between the diynyl weak metatmetal interactions. Such short €Cu distances
group and each of the copper atomdliand5 are in the range are also commonly observed in electron-deficient organocopper
of 110.2(7Y—153.9(1y and 101.5(4)—175.0(5Y, respectively. systems3oe

It is noted that one of the three €€ distances is relatively Bonding and Electronic Structure Calculations.To provide
longer than the other two CtC distances. The £C bond  petter insight into the electronic structures of the title com-
distances in both complexes are in the range of 1.15(24(3) pounds, in particular to explain their experimental spectroscopic,

Aand 1.149(7y 1.24(7) A forl ands, respectively, which are  g,ctyral, and electrochemical properties, quantum chemical
characteristic of metatalkynyl o-bonding? This is suggestive 5 cjjations of DFT type were first carried out using the ADF
of a o-bonding modg with 'the QW?’.'C)Z core “of the suite of programs on the hydrogen-substituted model complexes,
[Cu3(Czcs:ECR)2] m0|.ety malply degcrlbed as a .5-center- [Cus(u-dHpmy(us--C=C—C=CH),]* (5-H) and [Cu(u-
4-electron” system with relatively little contribution of a dHpMY(uz-y-C=C—C=CPh}]* (1-H) of C, symmetry. Their

m-donation from the &C unit (vide supra). The CuCu electronic structure was compared and contrasted to that of the
distances inl and5 are in the range of 2.602(2p.742(2) A monoynyl parent molecules [Gu-dHpmy(uz-n-C=CH),|*

and 2.5698(8)2.8624(8) A, respectively. The observation of (8-H) and the hydrogen-substituted model of jGudppm)-

Cu---Cu distances shorter than the sum of van der Waals radii
. -pt-C=C—CPh}]* reported previously22 [Cus(u-dHpm)-
for copper (2.8 A3 be estive of the presence of some #37 ' S
rrcopper ( Jmay be suggestive o presence ot some (us-n*-C=CPh}]* (9-H). Computational details are given in

(32) Nast, R.Coord. Chem. Re 1982 47, 89. the Experlmental Section.

(33) (@) Slater, J. CJ. Chem. Phys1964 41 3199 (b) van Koten, G ; James, As shown in Table 3, modeH and1-H quite satisfactorily
S. L.; Jastrzebski, J. T. B. H. ldomprehensie Organometallic Chemistry . L .
Il: Abel, E. W., Stone, F. G. A., Wilkinson, G., Eds.; Pergamon: Oxford, Mimic the metric distances of the crystallographically character-

1995; Vol. 3, pp 5#133. (c) Hathaway, B. J. InComprehensie i i
Coordination Chemistrywilkinson, G., Gillard, R. D., McCleverty, J. A., ized complexe$ an(_j 1, respectively, althc_)ugh the computed
Eds.; Pergamon: Oxford, 1987; Vol. 5, pp 53874. Cu—Cu and Cu-C distances somewhat differ from the corre-
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C(18)

Figure 1. Perspective drawing of the complex cation of jGudppm}-
(us-n1-C=CC=CPh}]PFs (1) with the atomic numbering scheme. Hydrogen
atoms and phenyl rings of dppm ligands have been omitted for clarity.
Thermal ellipsoids are shown at the 40% probability level.

H(4)

HE®)®

Figure 2. Perspective drawing of the complex cation of fGudppm)-
(us-1*-C=CC=CH),]PFs (5) with the atomic numbering scheme. Hydrogen
atoms and phenyl rings of dppm ligands have been omitted for clarity.
Thermal ellipsoids are shown at the 40% probability level.

sponding experimental values. The-€Q and C-C distances
computed for the monoynyl analogue mod&H essentially

reproduce the experimental structure of compo@itigiving
confidence in the computed bond lengths in mo8efl for

which no X-ray data are available yet. The distance values are

quite similar to those in models-H and 1-H with two rather
short and one rather long €& distances (see Table 3).

(34) Diez, J.; Gamasa, M. P.; Gimeno. J.; Aguirre, A.; Gar@randa, S.
Organometallics1991, 10, 380.

Table 3. Pertinent DFT Results: HOMO—-LUMO Gap (eV),
Selected Computed Bond Lengths (A), and Hirshfeld Atomic
Charges for the Model Complexes
[CU3(/,{-dHpm)3(/43-7]1-CEC_CECH)2]+ (5-H),
[Cus(u-dHpm)a(us-n*-C=CH).]* (8-H),
[Cus(u-dHpm)z(us-nt-C=C—C=CPh),]" (1-H), and
[Cus(u-dHpm)3(us-nt-C=CPh),]* (9-H), with Experimental Bond
Lengths (A) Given in Parentheses for
[Cus(u-dppm)s(us-1'-C=C—C=CH)]" (5),
[Cus(u-dppm)s(us-nt-C=C—C=CPh),]* (1), and
[Cus(u-dppm)s(us-1-C=CPh),]" (9) for Comparison

complex 5-H 8-H 1-H 9-H
HOMO—-LUMO Gap
3.08 3.40 2.60 2.98
Bond Lengths
Cu(1)-Cu(2) 2.736(2.8624) 2.712 2.742(2.742) 2.662(2.603)
Cu(2)-Cu(3) 2.713(2.7755) 2.663 2.668(2.619) 2.656(2.584)
Cu(1)-Cu(3) 2.662(2.5698) 2.643 2.653(2.602) 2.623(2.565)
Cu(1)-C() 2.292(2.390) 2.352  2.457(2.43) 2.333(2.331)
Cu(2)-C(o) 2.152(2.270) 2241 2.239(2.19) 2.157(2.154)
Cu(3)-C() 2.070(2.084) 2.067 2.015(2.04) 2.127(2.115)
Cu(1)-C(a') 2.020(2.089) 2.104 2.037(2.02) 2.085(2.061)
Cu(2)-C(o')  2.352(2.218) 2.156  2.156(2.11) 2.229(2.186)
Cu(3)-C(a')  2.424(2.496) 2432  2.454(2.49) 2.340(2.323)
C(a)—C(B) 1.249(1.124) 1.234 1.251(1.24) 1.243(1.234)
C(B)—C(y) 1.357(1.377) 1.352(1.45)
C(y)—C(%) 1.222(1.185) 1.231(1.15)
C()—C(s") 1.248(1.149) 1.235 1.253(1.20) 1.245(1.231)
C)—-Cu") 1.364(1.413) 1.352(1.34)
C(y")—C(d") 1.223(1.215) 1.233(1.24)
Hirshfeld Charges

Cu(1) 0.19 0.18 0.16 0.16
Cu(2) 0.16 0.18 0.17 0.17
Cu(3) 0.18 0.17 0.17 0.17
C(o) —0.26 —-0.26 —0.26 —0.28
C(p) —0.05 -0.12 -0.07 —0.06
C(y) —0.04 —0.05
C(©) —0.06 —0.01
C(a) —0.25 -0.27 -0.27 —0.28
C(B") —0.07 -0.12 -0.07 —0.06
C@") —0.04 —0.06
C(0") —0.08 —0.01

It is worth mentioning that optimization of the modélsH
and 8-H with higher symmetry €y gives geometries nearly
isoenergetic to those @@, symmetry, though the CtCu and
Cu—C distances somewhat differ. This reflects indeed the “soft”
bonding interaction between th@'® metal centers in these
systems which results from a mixing of the s, p, and d le¥els.

Calculations of extended 'Husel theory (EHT) type were
carried out as well on models-H and 8-H of Cs symmetry
derived from the DFT-optimized structures, to analyze quali-
tatively the bonding between the copper triangle and the carbon
moieties in this kind of cluster complex. Their EH-molecular
orbital diagrams are compared in Figure 3. They were built up
from the interaction of the frontier molecular orbitals (FMO)
of the metallic fragment [Ciu-dHpm)]3+ with those of the
bis-diynyl [(C4H)2]%~ or the bis-monoynyl [(gH),]?~ ligands
(the charges of the fragments are arbitrary). The metallic
fragment consists of three nonconi€y, d'° ML, units?® the
FMO of which combine to yield a nest of 12 low-lying d-based
MOs below a set of 9 sp and p energy-spread MOs (see the
middle of Figure 3). The FMOs of the bis-diynyl [{8),]%~

(35) (a) Mehrotra, P. K.; Hoffmann, Rnorg. Chem1978 17, 2187. (b) Merz,
K. M.; Hoffmann, R.Inorg. Chem.1988 27, 2120. (c) Vega, A.; Calvo,
V.; Spodine, E.; Zarate, A.; Fuenzalida, V.; Saillard, J.hYorg. Chem.
2003 41, 3389.

(36) Albright, T. A.; Burdett, J. K.; Whangbo, M.-HOrbital Interactions in
Chemistry John Wiley: New York, 1985.
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Figure 3. EH orbital interaction diagram for [G(u-dHpm)(us-171-C=CC=CH);] " (5-H) (left) and [Cu(u-dHpm)(us-n'-C=CH),]" (8-H) (right). FMO

occupations after interaction are given in brackets.

and the bis-monoynyl [(&1),]2~ fragments consist of a set of
in-phase and out-of-phase combinations ofr, ands* carbon
orbitals (see the left-hand and right-hand sides of Figure 3).
In both complexes5-H and 8-H, the Cu-C bonding is
dominated by strong-type interactions between vacant metal
orbitals and in-phase and out-of-phase combinationsjldfatd
C,H o-type FMOs (see Figure 3). This leads to an important
electron donation from the bis-diynyl [(€);]2~ and the bis-
monoynyl [(GH);]?~ fragments toward the metallic fragment
as illustrated numerically by values in brackets in Figure 3 which
indicate the electron occupation of FMOs after interaction of

Representations for some DFT MOs in their HOMOJMO
region are shown in Figure 4. F&-H, a set of four nearly
degenerate MOs constitutes the HOMO region. Two of them,
the HOMO and HOMO- 2 are predominantly localized on
the carbon ¢chain and to a lesser extent on the copper, whereas
the HOMO — 1 and HOMO-— 3 are heavily weighed on the
copper triangle. These four occupied MOs are separated by a
large gap of 3.08 eV from two nearly degenerate LUMOs
strongly formed byn-type carbon orbitals with contributing
copper orbitals. Variation of the carbon ligand, i.e., bis-diynyl
vs bis-monoynyl, hardly affects the energy and the composition

the component fragments. The strongly bonding interactions areof the HOMOs. Indeed, four nearly degenerate MOs are found

hardly complemented by back-donation from the low-lying
occupied metallic MOs into accepting FMOs of the carbon

in the HOMO region foB-H as well (see Figure 4). The HOMO
and HOMO— 1 are principally copper in character, whereas

units (see Figure 3). Note that the weak back-donation is very the HOMO — 2 and HOMO— 3 are both delocalized on the

slightly more important irb-H than in8-H. Indeed, a highly
delocalized 4-electron/5-center picture accounts for theCu
bonding in these kinds of complexes. Large HOMIOJMO
gaps are computed for both compleXa$i and 8-H for the
count of 46 metal valence electrons.

bis-monoynyl and the metal atoms. The energy and composition
of the LUMOs of8-H are more affected. Their energy is higher
than that of the LUMOs of the bis-diynyl complex, leading to
a larger DFT HOMG-LUMO gap for the former (3.40 eV vs
3.08 eV). It turns out that the LUMOs are rather dHpm in

These qualitative conclusions are further supported by density o aracter and are less heavily weighed on the carbon fragment

functional molecular orbital calculations, which were carried
out on5-H and 8-H. Comparable CtC bonding reflects in
the DFT computed Hirshfetdatomic net charges which indicate
some flow of electron density from the copper triangle to the

carbon chains. It follows that a substantial amount of negative

charge ends up on @J and to a lesser extent on the rest of the

carbon ligand (see Table 3). As discussed above, this is mainly

due too-type Cu-C interactions.

(37) Rt = 3 |Fo® — Fef(mean)/3[Fo7.
7306 J. AM. CHEM. SOC. = VOL. 126, NO. 23, 2004

and the metal triangle (see Figure 4). Vacant MOs strongly
localized on the bis-monoynyl ligand are found higher in energy.

Comparable energy and composition of the HOMOs of the
bis-diynyl-copper and the bis-monoynyl-copper complexes
should lead to comparable ionization potentials (IP). This is
confirmed by the vertical first ionization potentials (IP) com-
puted for5-H and8-H. Close values are calculated (9.84 and
9.95 eV, respectively). Solution-phase oxidation potentials
generally track gas-phase IPs. Indeed, fairly similar first
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LUMO+1 LUMO+1
(-4.54 eV) (13/58) (-4.21eV) (9/11)
LUMO LUMO
(-4.68 eV) (15/68) (-4.29 eV) (13/9)
HOMO HOMO
(-7.76 eV) (40 / 57) (-7.69 eV) (76 / 24)
HOMO-1 HOMO-1

(-7.79 eV) (61/35) (-7.77 eV) (70/ 4)

HOMO-2
(-7.80 eV) (37 /61)

HOMO-2
(-7.94 eV) (48 / 45)

HOMO-3
(-7.89 oV) (67 / 4)

HOMO-3
(-7.98 eV) (48/ 44)

(@) (®)

Figure 4. DFT molecular orbital plots for some frontier molecular orbitals of (a)j{@dHpm)(us-1*-C=CC=CH),] " (5-H) and (b) [Cu(u-dHpm)(usz-
n1-C=CH),]* (8-H). Energy and metal (left)/carbon ligand (right) percentage contributions of the MOs are given in parentheses.

oxidation potentials are experimentally measured for complexesThis is in accordance with the electrochemical properties
containing the same end group, with the monoynyl complexes reported for the [Cy(u-dppm}(us-n'-C=C—C=CR),] " series
only very slightly easier to oxidize than their diynyl counterparts (vide infra).

(Vide infra). On the other hand, enhancement of the electron- Time_dependent density functional theory (TD_DFT) was

releasing properties of the end-group linked to theo€ C; used to calculate the vertical electronic transition energies of
ligands gives lower IPs. Calculations on different diynyl the bis-diynyl complex modd-H in order to gain more insight
complex models [Cafu-dHpm)(us-n'-C=C—C=CR)]* (R = into the nature of the electronic spectral features observed for

Ph (1-H), CsHs—CHs-p (2-H) and GHs—OCHs-p (3-H)) 5 and congeners. Because of the lack of symmetnb-&f,
indicate some significant shift to higher energy of the HOMOs. numerous transitions are allowed. Nevertheless, relevant to the
Accordingly, these compounds are more readily ionized than experimental absorption spectrumoivhich shows an absorp-
the hydrogenated counterp&rH (e.g., 8.71 forl-H, 8.62 for tion band at 356 nm (see below), two rather intense bands are
2-H, and 8.58 eV foi3-H, respectively, vs. 9.84 eV fd@-H). computed at 359 (oscillator strength= 0.024) and 364 nm
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Table 4. Electronic Absorption and Emission Data for Complexes 1—7 and 9

complex medium (T/K) absorption Apa/NM (€maddm?® mol~* cm~?) emission Aen/NM? (7o/u45)

1 acetone (298) 264 (80 010), 296sh (72 800), 338sh (33 350) 533, 596sh (19.2)
solid (298) 540, 601, 6858h(<0.1)
solid (77) 547, 615

2 acetone (298) 266 (80 380), 298sh (67 090), 336sh (36 200), 364sh (26 680) 531, 586sh (19.4)
solid (298) 580, 658 (<0.1)
solid (77) 530, 581, 655

3 acetone (298) 270 (86 430), 298sh (78 210), 338sh (41 210), 366sh (28 100) 524, 580sh (21.5)
solid (298) 592, 676(<0.1)
solid (77) 520, 580

4 acetone (298) 264sh (46 350), 296sh (29 090), 344sh (10 710) 540, 600 (0.5)
solid (298) 616° (15.2)
solid (77) 655

5 acetone (298) 264 (85 297), 276sh (72 533), 356sh (11 287) 514, 579sh (0.4)
solid (298) 538 (0.2)
solid (77) 500

6 acetone (298) 270sh (74 210), 294sh (37 670), 314 (28 550), 334 (14 870) 479, 534, 602 (16.5)
solid (298) 491, 542, 605€0.1)
solid (77) 492, 550, 622

7 acetone (298) 266 (72 430), 298sh (47 410), 318sh (23 970), 340 (19080) 482, 538, 608 (19)
solid (298) 539, 609 <0.1)
solid (77) 489, 538, 608

gt2a MeCN (298) 255sh (48 830), 305sh (32 390) 495 (B5)
acetone (298) 450, 540 (0.4%2
solid (298) 450, 53022
solid (77)

a Excitation wavelength= 350 nm.P Excitation wavelength= 450 nm.

(f =0.012). They correspond to multiorbital mixed transitions
from the HOMO region which is both carbon and metal in
character to the LUMO region, in particular the LUM® 2
which is, analogous to the LUMO and LUM® 1 depicted in
Figure 4, mainly carborr* in character. In agreement with a
larger HOMO-LUMO gap with respect to that of the bis-diynyl
complex modeb-H, the calculated lowest electronic excitations
of the mono-diynyl complex moded-H are shifted to higher
energies. Four excitations are computed in the-386 nm
region which might tentatively be assigned to the absorption

stretch in the ground state. This observation is suggestive of
the involvement of the diynyl ligands in the excited state.
Possible assignments for the origin of these emissions in the
trinuclear copper(l) and silver(l) diynyl complexes involve
emissive states derived from ligand-centereeH 7*(C=CC=
CR)] (IL) transition, metal-centered & s transition or from
either metal-to-ligand charge transfer (MLCT) or ligand-to-metal
charge transfer (LMCT) transition. The long lifetime of the
emissive state in the microsecond range exhibited by both the
copper(l) and silver(l) diynyl complexes is suggestive of a triplet

band at 305 nm experimentally observed for the related parentparentage.

molecule9 (vide infra). Again they largely derived from the
promotion of electrons from the HOMO region, in particular
the HOMO and HOMO- 1, to the LUMO region. This clearly

The silver(l) diynyl complexe$ and 7 were found to emit
at higher energy than the corresponding copper(l) analogues
and 3. A red shift in the emission energy of ca. 0.26 eV was

shows a significant dependence of the excitation energies uponcbserved from [Ag(u-dppm)(us-n'-C=C—C=C—Ph)]PFs (6)

the carbon chain length of the ligands in this kind of species.

Electronic Absorption and Emission Spectroscopy.The
electronic absorption spectra of trinuclear copper(l) and
silver(l) diynyl complexesl—7 in dichloromethane are domi-
nated by an intense absorption band at ca.—Z&6#D nm and
absorption shoulders in the region of 29866 nm. The high
energy absorption bands at ca. 270 nm are ascribed to
o — a* (dppm) intraligand (IL) transition, since free dppm
ligand also absorbs strongly in this region. The absorption
shoulders at ca. 296366 nm are likely to involve metal-
perturbedr — 7* (C=CC=CR) transitions as suggested by
TD-DFT calculations. The electronic absorption data are
summarized in Table 4.

Excitation of solid state and fluid solutions of the trinuclear
copper(l) and silver(l) diynyl complexes—7 with 1 > 350

nm produced long-lived and intense luminescence. Their pho-

tophysical data are collected in Table 4. Vibronic structures with
vibrational progressional spacings of ca. 18@200 cnt! are

observed for the diynyl complexes in both the solid-state and

solution emission spectra, which are typical of hE€=C)

7308 J. AM. CHEM. SOC. = VOL. 126, NO. 23, 2004

(Amax = 479 nm) to its copper(l) analogue, [efu-dppm(uis-
n1-C=C—C=C—Ph)]PFs (1) (Amax = 533 nm) in acetone
solution. It is suggested that the possible origins for the observed
red shift in energy from silver(l) to copper(l) involve states
derived from either a metal-to-ligand charge transfer [d{M)
w*(acetylide)] MLCT or a ligand-to-metal charge transfer
[RC=CC=C~ — Cug] LMCT transition. Copper(l) is much
more easily oxidized, given the higher energy of the copper(l)
3d orbitals relative to those of the silver(l) 4d orbitals, and thus
the MLCT energy for copper(l) should be lower than that for
silver(l). However, the ionization energy of Ag, is nearly 10
cm! larger than that for Cyg,3® and thus an assignment of
the emissive state as derived from a MLCT transition is less
likely, given the relatively small energy difference for the
emission of the trinuclear silver(l) diynyl complexes and their
copper(l) analogues. The red shifts in the emission energy are
in close resemblance with those observed in related sysS#ms,
where an LMCT origin was proposed. For the related trinuclear

(38) (a) Moore, C. ENatl. Stand. Ref. Data Ser., (U.S. Natl. Bur. Staid®71,
NSRDS-NBS35, 51. (b) Moore, C. ENatl. Stand. Ref. Data Ser., (U.S.
Natl. Bur. Stand.)1971, NSRDS-NBS35, 116.
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Figure 6. Transient absorption difference spectrum recordeds Sfter
Wavelength / nm the laser flash for a degassed acetone solution (O"BMNPFs) of [Cus-
Figure 5. Normalized solid-state emission spectra of §@udppmy(us- (u-dppmy(us-n'-C=C—C=C—Ph)]PFs (1) (1 x 10 M) and 4-(meth-
7-C=CC=CR),]PFs (R = Ph (1) (red*+), CsHs—CHs-p (2) (black - - -), _oxycarbonyI)N—methylpyrldlnlum hexafluorophosphate £310-3 M)_. ‘I_'he
CsHa—OCHs-p (3) (blue —)) at room temperature. Excitation wavelength ~ inset shows the decay trace of 4-(methoxycarboNyipethylpyridinly

at 450 nm. radical at 400 nm.

copper(l) and silver(l) monoynyl systems, a red shift in the 77 1 ica| of 1(C=C) stretches, an involvement of a ligand-centered

K solid-state emission of ca. 0.38 eV and ca. 0.29 eV on going [x — a*(diynyl)] character in the emissive state of these
from [Ags(u-dppm}(us-17'-C=CPh)F* (Amax= 428 nm}**and complexes is suggested. This has been further supported by the
[Aga(u-dppmy(us-17'-C=CCeHsOMEP)]?* (Amax= 443 nm);>¢ molecular orbital calculations (vide supra). Similar assignment
respectively, to their corresponding Cu(l) analoguess(@u has also been suggested in the related trinuclear and hexanuclear
dppmy(uz-17'-C=CPh)F" (Amax = 492 nm}>° and [Cuy(u- dl%systems with highly conjugated, electron-deficient monoynyl
dppmy(uz-17'-C=CCcH4OMeP)]*" (Amax = 495 nm}* was and 1,4-diethynylbenzene type ligands, such as i{Mppm}-
observed. Similarly a red shift in emission energy of ca. 0.27 (13n-C=C—CeHs—NO»p)]& V" (M = Cu, Ag;n = 1, 2),

eV on going from silver(l) to copper(l) chalcogenido clusters [Cus{ u-(PhoPYN—R} (s *-C=C—CgHs—Ph )2 * (R = CHy-

has been reported, in which a mixed-€ls/LMCT origin has CH,CHs, Ph, GHs—CHg-p, CsHs—F-p),229and [Ms(u-dppm)-

been suggested and supported by molecular orbital cal- (s -C=C—CgHz-2,5-R—C=C-p)Ms(u-dppm}]** (M = Cu,
culations!32> The assignment of &MLCT origin is further Ag: R = H, CHg).12f

disfavored by the observation that the solution emission energies
of the aryl diynyl complexe&—3 were found to be higher than
that of the alkyl diynyl complex4 for the copper series.

Similarly, for the silver(l) diynyl complexes, the solution M) generated transient absorption bands at ca. 400 and 790 nm

emission energy d is slightly higher than that of. The solid- (Figure 6). The high-energy absorption band at ca. 400 nm is
state emission energies at room temperature also follow a trend - - . . L )
of 5> 1> 2> 3 > 4for the copper complexes ad> 7 for characteristic of the pyridinyl radical absorptighwith refer

the si | Fi = showed the solid-stat .. __ence to previous spectroscopic wék;4132-d the broad intense

© s; ver ;:omp elxes.ﬂ;_lgu;?h y ?Wed © sol I'.S a e.ﬁ:nt'ﬁs'onabsorption band at ca. 790 nm is likely to arise from the mixed
Spectra of Compiexes 3. These trencs are in finé with e —ya1ence clcucu! species. The mechanism of the reaction is
electron-donating ability of the diynyl ligands which is in the

as follows:
order: "CgH13 > CeH4OCHs > C¢H4CH3 > Ph> H. Therefore, S WS
the origin of the emission has been proposed to involve
substantial ligand-to-metal charge-transfer LMCT [diynyl

Photochemical Properties. Laser flash photolysis of a
degassed acetone solutionlofl x 10~* M) and 4-(methoxy-
carbonyl)N-methylpyridinium hexafluorophosphate {3103

[Cus(u-dppm)s(uz-n'-C=C-C=C-Ph),]" + hv —

Cug] character. However, one should be aware that the assign- [Cus(-dppm)3(u3-n'-C=C-C=C-Ph),]
ments of electronic transitions between metal and/or ligand
localized orbitals are only rough approximations because of the COOMe
possible extensive orbital mixing in these complexes. N
However, in view of the relatively short metainetal [Cus(p-dppm)s(sn'-C=C-C=C-Ph),] " + | —
distances found in the trinuclear copper(l) species, it is likely N
that the lowest-lying emissive state is mixed with some metal- 1\|,Ie

centered character. When the emission energies of the diynyl

complexesl, 3, 4, 6 and 7 are compared to those of their foome
monoynyl analogue¥ a red shift is observed for the diynyl [Cus-dppm)s(uy'-C=C-C=C-Ph P + ¢ |
complexes that probably is a result of the slight increase in N
m-donating ability of the diynyl ligands and the involvement of J/Ie

an intraligandr — * character in the excited state. In view of
the fact that ther—x* energy gap is lower for the diynyl ligands

: ; ; B el (39) (a) Hermolin, J.; Levin, M.; Kosower, E. M. Am. Chem. S0d.981, 103
and the_ rich vibronic strucgureg obs_erved in the e_mlssmn spectra 4308, (b) Hermalin. J.: Levin, M.. lkegami, Y - Sawayanagi, M.. Kosower,
of the diynyl complexes with vibrational progressional spacings E. M. J. Am. Chem. Sod.981, 103 4795.
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Table 5. Electrochemical Data for the First Oxidation Couple of Complexes with electron-rich diynyl ligands are found to be
Complexes 1-7 and 9 more easily oxidized, with the potential vall@s< 2 =4 < 1
oxidation® i < 5for the trinuclear copper(l) bicapped diynyl complexes. This
_— (EEI’Z/’\\; ’ :gg is supported by the IPs computed for the corresponding
— p_ ® hydrogenated model complexes (vide supra). Initial examination
%gﬂz(w“'ggBmigﬁ'zl‘cc:g:gzg:ggflEﬁs(ggz]PFe @ ig'gé of the trend would suggest an oxidation of either a metal-
= /. — 4 = . . . . .
[Cus(u-dppmy(us-nt-C=C—C=C—CgHsOCHz-p)s]PFs (3)  +0.72 centered coppe_r(l) to _copper(ll) _OX|dat|on ora d|ynyl ligand-
[Cus(u-dppm)(us-1-C=C—C=C—"CgH13)2]PFs (4) +0.75 centered oxidation. Since the trinuclear silver(l) diynyl com-
[EU%“'?’PPmﬁ(%"?i'(éig:g;g:';%ﬂPF'} (5()3 i(l)-?g plexes6 and7 did not show quasi-reversible oxidation couples
{Agz((/zu:dEBQ&ZZLC;C—CEC*Cel-)ﬂO'C:ZGIElz-)p) APFs (7) E +1:19; at similar potentials as their respective copper(l) analoglies,
[Cus(u-dppmy(us-n'-C=C—Ph)]PFs (9) 40.792a and 3, but rather an irreversible oxidation wave at ¢d..2 V
was observed, it is likely that the quasi-reversible oxidation
aIn MeCN (0.1 M"Bu,NPFy), glassy carbon electrode, scan raté 00 couple in the copper(l) complexes has substantial metal-centered

mV s7%, 298 K.P Ey, is taken to be the average Bf. andEpc, whereEp, ) o . -
andE, are the anodic and cathodic peak potentials of the quasi-reversible Chara_‘Cte.r but W!th_ mixing of some diynyl “ganQ'Cemere.d
oxidation couple, respectively Ep, is the anodic peak potential for the  contributions. This is in agreement with the theoretical studies

irreversible oxidation wave. which indicate that some HOMOs are delocalized over the
whole carbon ligangtmetal triangle backbone. The diynyl
complex 1 shows a very slightly more positive oxidation
potential than its monoynyl counterp&tSimilar trends have
also been observed with complexgsnd 4 relative to their
monoynyl counterparts, [G-dppm}(usz-nl-C=C—CgHs—
OCHs-p)o] ™ (Exz+0.71 V vs. S. C. EFFcand [Cu(u-dppm}-

d (ﬂg-?]l-CEC-nC6H13)2]+ (E1/2 +0.65 V vs SCE},?’C as sup-
ported by the IPs computed for the hydrogenated model
complexes (vide supra).

An extinction coefficient of 15900 dfnmol~* cm™! was
estimated for the broad absorption band at ca. 790 nm from a
knowledge of the extinction coefficient of the pyridinyl radical
specieg2b-d.13b-d Similarly, recent transient absorption studies
on the related trinuclear copper(l) monoynyl complexes also
showed an intense low-energy band at ca.—7800 nm2bc
The relative insensitivity of the absorption energy of this ban
to the nature of the alkynyl ligand (monoynyl vs diynyl) is
supportive of an assignment of an intervalence-transfer (IT)
transition, Conclusion

A series of soluble trinuclear copper(l) and silver(l) com-
cdcdcd' + hw — cdcu'cu* plexes containing bicapped diyny! ligands, {(d-dppm(zs-
_ _ o ] n*-C=CC=CR)]PFs (M = Cu, R= Ph, GH4—CHjs-p, CeHs—
since the alkynyl ligands are bridging the metal centers in a OCHa-p, "CeH1z, H; M = Ag, R = Ph, GHs—OCHs-p), have
us—n* bonding mode involving only a single carbon bridge.  peen synthesized and characterized. The low-energy emission

The transient signal decays via second-order kinetics, with @ of these complexes has been assigned to be derived from states
back-electron-transfer rate constdat; of 1.8 x 10'°dm? mol™ of substantial LMCT parentage, mixed with a metal-centered
s71, in line with the bimolecular nature of the back electron- n(n + 1)s' state. Owing to the highly structured emission
transfer reaction. bands and the significantly long lifetimes, a possible involve-
ment of a ligand-centeredr[— 7*(C=CC=CR)] excited state

COOM
¢ has not been ruled out.
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complexesl and5. The material is available free of charge via
the Internet at http://pubs.acs.org.
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