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A series of trinuclear copper(l) thiolate complexes, {@edppmy(us-SRY]BF4 (R = CgH4Cl-4, CH4CH3-4,
CsH4OCHs-4, CsH4(OCHg)2-3,4, GHs-benzo-15-crown-5, oBu), [Cus(u-dppmy(us-SBu)](BF,)2, and [Cu(u-
dppm}(us-SR)us-Cl)]BF4 (R = CeHsCHsz-4, GeH4Bu-4, or GH4(CHzs)s-2,4,6) and two hexanuclear copper(l)
selenolate complexes, [glu-P"Pl(us-SePh)](BF4). (P*P = dppm, (PBP:LNH), have been synthesized, and

their photophysical properties have been studied. The X-ray crystal structures of both copper(l) selenolate complexes
have been determined. These complexes have been shown to exhibit long-lived low-energy emission in solution,
attributed to an excited state of predominantly ligand-to-metal charge-transfer [chalcogenolate to copper(l)] origin.

Introduction we have extended our work on polynuclear copper(l) acetylide
complexes with rich luminescence properifds!’ toward
copper(l) chalcogenolates. The chalcogenolate in many aspects
appears to resemble the acetylide, in that they both are good

o-donors and are capable of displaying a great diversity of

Transition metal thiolate complexes have been well-studied
because of their wide applicatioh&ulfur-containing transition
metal complexes are well-known as good catalysts for hydro-

sulfuriation, hydromtnflc_anonés hydroggnatlon, Isomernization, - g,ctyre and bonding modes. Herein, we report the syntheses
and dehydrqtlon of fossil fuefsin add|t_|on, sulfur-contalnm.g and luminescence behavior of a series of trinuclear copper(l)
metalloproteins sgch as thg copper B sﬂe; of cytochrpme Ox'dase'thiolate complexes, [Gi-dppmy(ua-SRYIBF4 (R = CeHaCl-4

blue copper proteins, and ireisulfur proteins play an important (2), CsHaCHz-4 (3), CeHaOCHa-4 (4), CoHa(OCHy)»-3,4 (5)

role in biological systems and are crucial to the development Csll—|4-benzo-15-cro,wn-561) and'Bu ’U)) [Cu3(,u-dppn’1);(/43-,

of transition metal thiolate chemist?Extension of the studies SBU)|(BF4): (8) [Ctk;(u-dpp’m);(ﬂs-SR)@giCI)]BF4 (R = CeHa-

on metal thiolate chemistry to its higher congeners of selenolateCH3_4 ©) C6H14‘Bu-4 (10), CHa(CH2)3-2,4,6 (1)), and two

and tellurolate has also been widely report€the potential hexanuclear copper(l) selenolate compl,e;(esﬁ@ﬁ}’ﬂMP)él(ua-
applications of the transition metal chalcogenolate complexes SePh)|(BF4), (PP = dppm (12 and (PhP)NH (13). The

in electronics such as superconductive and photovoltaic materialsx_ray crystal structures of both copper(l) selenolate complexes
have also received increasing attentiols part of our efforts 12 and 13 have been determined

in searching for new luminescent polynuclear metal compléxes,
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Experimental Section

Materials. 4-Chlorothiophenol, 4ert-butylthiophenol, ang-thio-
cresol were obtained from Lancaster Synthesis Ltd. 2,4,6-Trimethyl-
thiophenol was purchased from Maybridge Chemical Co. Ltd. 3,4-
Dimethoxybenzenethiol was obtained from Lancaster Synthesis Ltd.
Phenylselenol andN,N-bis(diphenylphosphino)amine were obtained
from Strem Chemicals Inc. 4-Methoxybenzenethiol was obtained from
Maybridge Chemical Co. Ltd. Sodiutert-butylthiolate was obtained
from Sigma-Aldrich Co. 4-Mercaptobenzo-15-crown-5 was synthesized
by a reported procedufe[Cu(MeCN)]PFs° [Cu(MeCN)]BF,.°
[Cux(u-dppm(MeCN)](BF4)2,1°2 [Cua(u-dppmy(MeCN)] (PFs),, %2 and
[Cus(u-dppm)(us-Cl)]PFs'% were prepared according to the literature
procedures. All solvents were purified and distilled before use using
standard procedurésAll other reagents were of analytical grade and
were used as received.

Syntheses.All reactions were carried out under anaerobic and
anhydrous conditions using standard Schlenk techniques.

[Cu{ u-(PhP)NH} 2(MeCN),](BF4)2 (1). A dichloromethane solu-
tion (30 mL) of [Cu(MeCN)]BF, (0.30 g, 1 mmol) and (RR)NH
(0.39 g, 1 mmol) was stirred at room temperature for 24 h to give a

colorless solution. The solution was then filtered and evaporated to M
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[Cus(e-dppm)s(es-SCsH3(OCH3)-3,4)%]BF4 (5). This was pre-
pared by a method similar to that &f except HSGH3(OCH),-3,4
(0.067 g, 0.4 mmol) was used in place of 4-@iGSH. Colorless
crystals of5 were obtained (23% yield, 0.080 g). B\Wis (CH.Cly)
A, NM (€max, dM? mol™t cm™): 278sh (48 400)'*H NMR (300 MHz,
acetoneds, 298 K): 0 3.2 (s, 6H, -OCH), 3.4 (m, 6H, -CH-), 3.9 (s,
6H, -OCH), 6.8-7.4 (m, 66H, -Ph)3'P{*H} NMR (202 MHz, acetone-
ds, 298K): 6 —13.9. Positive FAB-MS (m/2): [M — BF,]* 1682.
Anal. Calcd for CyCo1Hs4O4PsS,BF4: C, 61.72; H, 4.79. Found: C,
61.46; H, 4.88.

[Cus(u-dppm)s(us-S-benzo-15-crown-5)|BF4 (6). This was pre-
pared by a method similar to that @fexcept 4-mercapto-benzo-15-
crown-5 (0.117 g, 0.4 mmol) was used in place of 4-E£SH.
Colorless crystals 06 were obtained (67% yield, 0.27 g). UWis
(CHCL) A, nm (emax, dm® mol™* cm™): 276sh (53 030), 292sh
(46 770).*H NMR (300 MHz, acetonel, 298 K): 6 3.5 (t, 4H,J =
5 Hz, -OMH,CHx-p), 3.6 (M, 6H, P-CHP), 3.8 (m, 20H, -OCLCH,Op
and CH-OCH,CH,O-CH,), 4.0 (t, 4H,J = 5 Hz, -OCHCH,-m), 4.3
(t, 4H,J = 5 Hz, -OQH,CH,-m), 6.8-7.2 (M, 66H, -Ph)3P{H} NMR
(202 MHz, acetonal, 298 K): 6 —13.8. Positive FAB-MS (m/2):
B|:4]Jr 1944. Anal. Calcd for CiCi03H104010PsS:BF4*

dryness. The residue was extracted with acetone, and subsequent/2CHClz: C, 59.95; H, 5.07. Found: C, 59.65; H, 4.87.

diffusion of diethyl ether vapor into the acetone solution gave colorless
crystals ofl (73% yield, 0.42 g). UV-Vis (CH,CL) A, nM (emax, dm?
mol~t cm™1): 244sh (38 630), 320sh (11 06GH NMR (300 MHz,
acetoneds, 298 K): 6 2.1 (s, 6H, MeCN), 6.7 (m, 2H, -NH-), 7-47.6

(m, 40H, -Ph)3P{*H} NMR (202 MHz, acetonek, 298 K): ¢ 49.6.
Positive FAB-MS (m/2): [M — 2MeCN — BF,4]* 985. Anal. Calcd

for CCsoHagPsN4BoFg: C, 54.14; H, 4.19; N, 4.86. Found: C, 54.23;
H, 4.32; N, 4.95.

[Cus(e-dppm)s(us-SCsH4CI-4),]BF 4 (2). To a solution of [Cu(u-
dppm}(MeCN),](BF4). (0.38 g, 0.3 mmol) in acetone (40 mL) was
added a solution of the triethylammonium salt of 4-@#GSH (57.8
mg, 0.4 mmol) in THF (10 mL) (prepared in situ by treatment of a
solution of 4-CIGH4SH in THF with an excess of triethylamine (25.3
mg, 0.25 mmol)) at room temperature. The mixture was stirred for 12

[Cus(u-dppm)s(us-SBuU),]BF4 (7). This was prepared by the reaction
of [Cux(u-dppmp(MeCN)](BF4)2 (0.1 g, 0.09 mmol) with NaBu
(0.043 g, 0.4 mmol) in CkCl,/MeOH (45:15 mL). The mixture was
stirred at room temperature for 24 h. After being evaporated to dryness,
the solid residue was extracted with acetone. Subsequent diffusion of
diethyl ether vapor into the concentrated solution resulted in the
formation of colorless crystals of (59% yield, 0.19 g). UW¥Vis
(CH,CL)) A, nm (emax, dm® mol™t cm™): 252sh (44 340), 294sh
(29 600).*H NMR (300 MHz, acetonek, 298 K): 6 1.4 (s, 18H!Bu),
3.7 (m, 6H, -CH-), 7.0-7.5 (m, 60H, -Ph)3P{1H} NMR (202 MHz,
acetoneds, 298 K): 6 —16.9. Positive FAB-MS (m/2): [M — BF,]"
1522. Anal. Calcd for C4Cs3HgPsS,BF4: C, 61.96; H, 5.26. Found:
C, 62.10; H, 5.38.

[Cus(u-dppm)s(us-SBuU)](BF4). (8). This was prepared by the

h at room temperature. After being evaporated to dryness, the solid reaction of [Cu(u-dppmy(MeCN)](BF4), (0.1 g, 0.09 mmol) with

residue was extracted with GEI,. Subsequent diffusion of diethyl

NaSBu (0.007 g, 0.06 mmol) in C¥Cl, (25 mL). The mixture was

ether vapor into the concentrated solution resulted in the formation of stirred at room temperature for 24 h. After being evaporated to dryness,

colorless crystals 02 (75% yield, 0.26 g). UV Vis (CH.Cl;) 4, nm
(€max dm?® mol™* cm™): 244sh (45 850), 282sh (37 540H NMR
(300 MHz, acetonels, 298 K): 6 3.5 (m, 6H, -CH-), 6.8-7.7 (m,
68H, -Ph).2'P{*H} NMR (202 MHz, acetonek, 298 K): 6 —13.4.
Positive FAB-MS (W2): [M — BF,]* 1629. Anal. Calcd for gH4
PsS,Cl.BFsCus-H,0: C, 60.18; H, 4.38. Found: C, 60.23; H, 4.49.
[Cus(u-dppm)s(us-SCsH4CH3-4),]BF4 (3). This was prepared by
the method similar to that fo2 except 4-CHCsH4SH (49.6 mg, 0.4
mmol) was used in place of 4-C§8,SH. Yellow crystals of3 were
obtained (80% yield, 0.27 g). The preparation3dfias been reported
previously by a different synthetic routé UV —Vis (CH,Cl;) A, nm
(émax dmPmol~L cm™2): 260sh (12 340) 290sh (11 088P{*H} NMR
(202 MHz, acetonels, 298 K): 6 —13.7.
[Cus(u-dppm)s(us-SCsH4-OCH3-4),]BF 4 (4). This was prepared by
the method similar to that f&2 except HSGH,OCHs-4 (49.6 mg, 0.4
mmol) was used in place of 4-C§8,SH. Colorless crystals af were
obtained (50% yield, 0.17 g). UWVis (CH.Cl,) 4, nm (emax dnm® mol~*
cm1): 252sh (58 520), 276sh (53 700H NMR (300 MHz, acetone-
ds, 298 K): 6 3.5 (m, 6H, -CH-), 3.9 (s, 6H, -OCH), 6.8 (d, 4H,
J = 8.7 Hz, -GHy-), 6.9-7.3 (m, 60H, -Ph), 7.4 (d, 4H = 8.7 Hz,
-CgsHas-). 3*P{*H} NMR (202 MHz, acetonel, 298 K): 6 —13.9. Pos-
itive FAB—MS (m/2): [M — BF,]" 1621. Anal. Calcd for C4CaoHgoO»-
PsS:BF4-1/2CHCl,: C, 61.96; H, 4.69. Found: C, 61.86; H, 4.97.

(8) Shinkai, S.; Minami, T.; Araragi, Y.; Manabe, @.Chem. Soc., Perkin
Trans. 21985 503.
(9) Kubas, G. Jinorg. Synth 1979 19, 90.
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M. T. J. Chem. Soc., Dalton Tran£987, 1275, 172. (b) Marsich, N.;
Camus, A.; Cebulec, El. Inorg. Nucl. Chem1972 34, 933.
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Laboratory Chemicals2nd ed.; Pergamon: Oxford, UK, 1980.
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the solid residue was extracted with acetone. Subsequent addition of
n-hexane into the concentrated solution resulted in the formation of
yellow crystals of8 (70% yield, 0.067 g). U¥Vis (CH.Cly) 1, nm

(€max dm? mol~t cm™1): 262sh (41 110)*H NMR (300 MHz, acetone-

ds, 298 K): 6 1.4 (s, 9H,'Bu), 3.8 (m, 3H, P-EIH-P), 4.1 (m, 3H,
P-CHH-P), 7.0-7.4 (m, 60H, -Ph)3P{H} NMR (202 MHz, acetone-

ds, 298 K): 6 —11.9. Positive FAB-MS (W2): [M — BF4]* 1520.
Anal. Calcd for CyCreH7sPsSBFs: C, 59.06; H, 4.71. Found: C, 58.76;

H, 4.69.

[Cus(u-dppm)s(us-SCsH4CH3-4)(us-Cl)]PF6 (9). To a solution of
[Cus(u-dppm(us-Cl),]PFs (0.39 g, 0.25 mmol) in THF (40 mL) was
added a solution at room temperature of the sodium saHQifl;CeHa-

SH (0.12 g, 1 mmol) in THF (10 mL) (prepared in situ by treatment of
a solution ofp-CHsCgH,SH in THF with NaH and filtering the resulting
suspension after the suspension was stirred for 30 min). The mixture
was stirred for 12 h at room temperature. After being evaporated to
dryness, the solid residue was extracted with acetone. Subsequent
diffusion of diethyl ether vapor into the concentrated solution resulted
in the formation of colorless crystals 6f(80% yield, 0.33 g). UV~

Vis (CH,Clp) 4, nM (emax dm? mol~t cm™1): 252sh (43 070)H NMR

(300 MHz, CDC4, 298 K): ¢ 2.5 (s, 3H, -CH), 3.2 (m, 6H, -CH-),
6.8—7.3 (m, 64H, -Ph)3P{*H} NMR (202 MHz, acetonels, 298 K):

6 —13.6. Positive FAB-MS (m/z): [M — BF,]" 1503. Anal. Calcd

for CusCgoH73P-SCIRs: C, 59.78; H, 4.47. Found: C, 59.58; H, 4.54.

[Cus(u-dppm)s(u3-SCsH4Bu-4)(us-Cl)]PF¢ (10). This was prepared
by a method similar to that f& exceptp-BuCsH,SH (0.17 g, 1 mmol)
was used in place op-CH3;Ce¢HsSH. Colorless crystals of0 were
obtained (85% yield, 0.36 g). UWVis (CH.Cl,) 4, nm (emax, dm? mol™*
cm™Y): 252sh (39 580), 290sh (22 8001 NMR (300 MHz, CDC},

298 K): 6 1.6 (s, 9H,'Bu), 3.4 (m, 6H, -CH), 6.7-7.4 (m, 64H,
-Ph).3P{*H} NMR (202 MHz, acetonels, 298 K): 6 —13.6. Positive
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FAB—MS (m/2): [M*] 1545. Anal. Calcd for C¢CgsHzoP;SCIRs: C,
60.43; H, 4.71. Found: C, 60.42; H, 4.78.

[CU3([l-dppm)3([l3-SCeH2(CH3)3-2,4,6)¢I;>,-C|)]PF6 (ll) This was
prepared by a method similar to that farexcept 2,4,6-(CkJsCsHz-

SH (0.15 g, 1 mmol) was used instead. Air-stable white crystalslof
were obtained (90% yield, 0.38 g). UWis (CHxCl,) A, nM (emax dm?
mol~t cm™1): 250sh (46 160), 280sh (30 270H NMR (300 MHz,
acetoneds, 298 K): 6 2.2 (s, 6H, -CH of 2,4,6-trimethylthiophenolate
orthoto S), 2.3 (m, 3H, -Chlof 2,4,6-trimethylthiophenolatpara to
S), 3.6 (m, 6H, -CH), 6.8-7.8 (m, 62H, -Ph)3P{*H} NMR (202
MHz, acetoneds, 298 K): 6 —15.1. Positive FAB-MS (m/2): [M —
BF,]* 1529. Anal. Calcd for C4CssH77P;SCIR:-2(CH),CO: C, 60.63;
H, 4.97. Found: C, 60.98; H, 4.97.

[Cug(u-dppm)a(us-SePh)](BF4). (12). This was prepared by the
method similar to that oR except HSePh (0.063 g, 0.4 mmol) was
used in place of 4-CIgH,SH. Addition of diethyl ether into the
concentrated CpCl, solution gave yellow crystals df2 (30% vyield,
0.083 g). UV-Vis (CH,Cly) 4, Nnm (emaxy, dm?® mol™t cm™%): 268sh
(82 830).*H NMR (300 MHz, CDCly, 298 K): 6 3.0 (m, 8H, -CH-),
6.4—7.4 (m, 100H, -Ph)3®P{*H} NMR (202 MHz, CD,Cl,, 298 K):

0 —12.4,-16.8. Positive FAB-MS (W/2): [M — BF,* 2632. Anal.
Calcd for CyCroH108PsSeB,Fg*CH,Cly: C, 54.60; H, 3.97. Found:
C, 54.30; H, 4.09.

[Cue{ u-(Ph2P)NH} 4(u3-SePh)](BF4)2 (13). This was prepared by
the method similar to that df2 except [Cu(u-(PhP)NH).(MeCN),]-
(BF4)2 (0.33 g, 0.3 mmol) was used in place of Gudppmy(MeCN)]-
(BF4),. Pale yellow crystals 03 were obtained (42% yield, 0.113 g).
UV —Vis (CHCl) 4, nm (emax, dm?® mol™ cm1): 270sh (73 890),
294sh (55 490)*H NMR (300 MHz, CDQCly, 298 K): 6 3.7 (m, 4H,
-NH-), 6.5-7.4 (m, 100H, -Ph)3*P{*H} NMR (202 MHz, acetonel,
298 K): 0 33.1, 38.7. Positive FABMS (m/2): [M — BF,]* 2636.
Anal. Calcd for Cy¢CiodH104PsN4sSeBoFg:CH.Clo: C, 51.80; H, 3.81;
N, 2.00. Found: C, 51.70; H, 3.88; N, 1.98.

Physical Measurements.Raman spectra were recorded as solid
samples on a Bio-Rad FT-Raman spectrometer with the 1064 nm line
of a Nd:YAG laser as the excitation souréel and3P NMR spectra
were recorded on Bruker DRX-300 (300 MHz) and Bruker DRX-500
(202 MHz) multinuclear FT-NMR spectrometers, respectively. Chemi-
cal shifts ¢, ppm) were reported relative to tetramethylsilane {81g
for 'H and 85% HPQ, for 3P NMR spectroscopy. UVVis spectra
were obtained on a Hewlett-Packard 8452A diode array spectropho-
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tungster-halogen lamp was wavelength selected by passing through
two monochromators (Oriel 77250, 1/8 m and 77200, 1/4 m). The
transient absorption signals were detected by a Hamamatsu R928
photomultiplier tube, and the signal was amplified using a Tektronix
AM 502 differential amplifier and digitized on a Tektronix model TDS-
620A (500 MHz, 2GS/s) digital oscilloscope interfaced to an IBM
personal computer for data acquisition and analysis.

Bimolecular quenching rate constankg) (were obtained by time-
resolved emission measurements using the Stéaimer equationz,/t
= 1 + kg7o[Q], wherez, andt are the luminescence lifetimes in the
absence and presence of quencher with concentration [Q], respectively.

Crystal Structure Studies. Single crystals ofL2 and 13 suitable
for X-ray diffraction studies were grown by the layering of diethyl
ether on a concentrated acetone solution of the complex.

Crystal Data for [Cu ¢(u-dppm)a(es-SePh)](BF4)2 (12). [(C1oHi0sPs-
SeCue)?t+2BF,]: formula weight= 2716.73, tetragonal, space group
14 (No. 82),a = 16.071(3) Ac = 24.844(3) AV =6416(1) B, 2=
2,Dc = 1.406 g cm?, u(Mo Ka) = 22.67 cm', F(000)= 2728,T =
301 K. A yellow crystal of dimensions 0.20 0.15 x 0.07 mm in a
glass capillary was used for data collection at 28 on a MAR
diffractometer with a 300-mm image plate detector using graphite
monochromatized Mo ¥ radiation § = 0.71073 A). Data collections
were made with 3oscillations (60 images) at 120-mm distances and
360-s exposures. The images were interpreted, and intensities were
integrated using the progra@ENZQ®2 A total of 2967 unique
reflections was obtained from a total of 26 857 measured reflections
(Rnt = 0.063). A total of 2414 reflections with> 30(1) was considered
observed and used in the structural analysis. These reflections were in
the rangeh, 0—19; k, —13 to 13; and, 0—28 with 2. = 50.8".

Crystal Data for [Cue{p-(PhoP):NH}4(us-SePh)](BF4), (13).
[(C12H10N4PsSeCus)? - 2BF,+3(CH),CO]: formula weight= 2894.92,
monoclinic, space group2; (No. 4),a= 17.718(3) Ab = 15.638(3)

A, ¢ =25509(3) A8 =99.20(2), V=6976(1) B, Z=2,D, =

1.378 g cm®, u(Mo Ka) = 20.92 cn1', F(000) = 2920,T = 301 K.

A yellow crystal of dimensions 0.2% 0.20 x 0.07 mm inside a glass
capillary was used for data collection at Z8 on a MAR diffractometer

with a 300-mm image plate detector using graphite monochromatized
Mo Ko radiation ¢ = 0.71073 A). Data collections were made with

2° oscillations (90 images) at 125-mm distances and 600-s exposures.
The images were interpreted, and intensities were integrated using the
programDENZQ?*32A total of 11 559 unique reflections was obtained

tometer. Positive ion FAB mass spectra were recorded on a Finniganfrom a total of 53 159 measured reflectiofi, = 0.070). A total of
MATO5 mass spectrometer. Elemental analyses of the newly synthe- 7759 reflections witH > 30(l) was considered observed and used in
sized complexes were performed on a Carlo Erba 1106 elementalthe structural analysis. These reflections were in the rémnge-20; k,

analyzer at the Institute of Chemistry, Chinese Academy of Sciences.
The crystal structures of2 and 13 were determined on a MAR
diffractometer equipped with an image plate detector.

0—18; andl, —30 to 29 with Dmax = 49.8.
Structure Determination and Refinement.The space group df2
was determined based on systematic absences and on a statistical

Steady-state emission and excitation spectra at room temperature;naysis of intensity distribution, and the successful refinement of the
and at 77 K were obtained on a Spex Fluorolog-2 model F111 gyycture was solved by direct methods (SIR#23nd expanded by
fluorescence spectrophotometer equipped with a Hamamatsu R928 PMTrqrier method and refinement by full-matrix least-squares using the

detector. The 77 K solid-state emission and excitation spectra were gofiware package TeXs##on a Silicon Graphics Indy computer. One

recorded with solid samples loaded in a quartz tube inside a quartz-
walled optical Dewar flask filled with liquid nitrogen. Room temper-

crystallographic asymmetric unit consists of one-quarter of one formula
unit with Cu(1) and both the B atoms at special positions having

ature spectra were record_ed similarly bu_t without liquid nitrogen inside occupation numbers of 0.5, 0.25, and 0.25, respectively. In the least-
the Dewar flask. For solution photophysical measurements, the samplégqares refinement, all 37 nonhydrogen atoms of the complex cation
solutions were degassed on a high vacuum line in a two-compartment,yere refined anisotropically, 4 atoms of the anions were refined
cell consisting of a 10-mL Pyrex bulb and a 1-cm path length quartz jsoiropically, and 27 H atoms at calculated positions with thermal
cuvette and sealed from the atmosphere by a Bibby Rotaflo HP6 Teflon parameters equal to Ix3hat of the attached C atoms were not refined.

stopper. The solutions were subject to at least four frepzenp- Convergence for 331 variable parameters by least-squares refinement
thaw cycles. Emission lifetime measurements were performed using &g £ with w = 4F,2/0%(F,2), whereoX(F2) = [0%(1) + (0.024,)7] for

conventional laser system. The excitation source was the 355-nm output
(third harmonic) of a Spectra-Physics Quanta-Ray Q-switched GCR- (13) (a) DENZO: Gewirth, D.The HKL Manual A Description of

150-10 pulsed Nd:YAG laser. Luminescence decay signals were Programs DENZO, XD1SPLAYF, and SCALEPAGHKie Univer-
detected by a Hamamatsu R928 PMT and recorded on a Tektronix sity: New Haven, 1995. (b) SIR92: Altomare, A.; Cascarano, M.:

model TDS-620A (500 MHz, 2GS/s) digital oscilloscope and analyzed Giacovazzo, C.; Guagliardi, A.; Burla, M. C.; Polidori, G.; Camalli,
using a program for exponential fits. Time-resolved transient absorption M. J. Appl. Crystallogr1994 27, 435. (c)TeXsan Crystal Structure
spectroscopy was performed using the 355-nm output (third harmonic) %rzallysm Pkagg%\/l(I)Dli?rL'lllf\i(r' SBtructukre COIergrr?tX)dn: .Trl‘e V\_/(g)dlankds,
of the Spectra-Physics Quanta-Ray Q-switched GCR-150-10 pulsed Nd: 1985, 1992. (d) F - Beurskens, P. T.; Admiral, G., Beursken,

< A o - G.; Bosman, W. P.; Garcia-Granda, S.; Gould, R. O.; Smits, J. M.
YAG laser as the excitation source, with the monitoring light beam M.: Smykalla, C.The DIRDIF Program SystenTechnical Report
generated from a 250-W quarttungster-halogen lamp placed of the Crystallography Laboratory; University of Nijmegen: The
perpendicular to the excitation beam. The output of the quartz

Netherlands, 1992.
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Scheme 1
+
| |
S
:;h | Ph,
on P/ AN | 2: R = CgHy-Cl-4
PLP==Cl=— \/Cuqf,’,ﬁ’l';2 3: R =C,H,CH4 P2
4: R =C¢H,-OCH,-4
\ / 5: R = Cgl;-(OCH;),-3,4
T 6: R =benzo-15-crown-5
R 7: R="Bu
j 2+
]
Ph, S_ Ph,
P/ 0 )
PhyP /C“\C _-PPh,
thP’Cu\/u‘ PPh,
8: R="Bu
_| +
T
ghz S ghz Figure 1. Perspective drawing of the complex cationl® with the
h P/_ \/clu/\/ —_}wh atomic numbering scheme. Hydrogen atoms and phenyl rings have been

P U PP, . X s 0 .
F,th‘Cu_\—'\—//Cu\Pth 9: R=CeH,-CHy4 Iomltlted for clarity. Thermal ellipsoids are shown at the 30% probability

7 10: R = C¢H,-'Bu-4 evel.

Cl
11: R =CgHy(CHy)32,4,6

complexedl2 and13, despite the reaction conditions used were
2414 reflections witH > 30(1) was reached @& = 0.055 andwR = the same as that for the syntheses of the aryl thiolate analogues.
0.074 with a goodness-of-fit of 2.50A(0)max = 0.05 except for atoms ~ The chalcogenolate ligands in all the trinuclear and hexanuclear
of the anions. The final difference Fourier map was featureless, with copper(l) complexes showa-bridging mode. The propensity
maximum positive and negative peaks of 0.67 and 0.43%eA  of the selenolate in forming hexanuclear complexes rather than
respectively. _ _ trinuclear complexes as in the thiolate analogues may be ascribed
The space group df3was determined based on systematic absences v, he difference in size of the selenium atom and the sulfur

and on a statistical analysis of intensity distribution, and the successful . . o .
refinement of structure was solved by Patterson methods and expandec?tor.n' An independent report on th‘? preparatlo employing
a different route has been published by Gimeno and co-

by Fourier methods (PATT¥j¢and by full-matrix least-squares using 12 . .
the software package TeXs4hon a Silicon Graphics Indy computer. ~ Workers:# All the newly synthesized complexes gave satisfac-

A crystallographic asymmetric unit consists of one formula. In the least- tOry elemental analyses and were characterized by positive
squares refinement, the Cu, Se, P, and N atoms (total 22) were refinedFAB—MS, H, and3P NMR spectroscopy.
anisotropically; the C, O, F, and B atoms (total 142) were refined  The perspective drawings of the complex cationd®&nd
isotropically; and 118 H atoms at calculated positions with thermal 13 with atomic numbering are depicted in Figures 1 and 2,
parameters equal to Ix3that of the attached C atoms were not refined. respectively. The crystal structure determination datd 2and
The 4 H atoms bonded to&h4 N atoms were not included in the 13 are given in Table 1. Selected bond distances and angles for
calculation. Convergence for 766 variable parameters by least-squares; o and 13 are given in Table 2. The six copper atoms1af
] i — 2/ 32(FE. 2 2(F2) = [0? : i

refinement onF with w 4F° lo (F‘J ), where o*(F%) = [o*(1) + andl13are arranged as a structure of two;@osceles triangles,
(0.03F.9) for 7759 reflections withl > 30(l) was reached aR = . .

with the two Cuy planes roughly perpendicular to each other

0.079 andvR = 0.107 with a goodness-of-fit of 2.36A[0)max = 0.05 . ! -
except for atoms of the anions and solvent molecules. The final with plane angles 90and 86.4(2) in 12 and13, respectively.

difference Fourier map was featureless, with maximum positive and FOr €ach Cgitriangle, two of the edges were bridged by the

negative peaks of 1.08 and 0.79 @Arespectively. dppm ligands. The four selenium atoms showed asymmetric
usz-bridging mode, with the three CtSe bond distances and
Results and Discussion Cu—Se—Cu bond angles significantly different from each other

about each selenium atom. The -€8e bond distances are in

The trinuclear copper(l) thiolate complexes (Scheme 1) were the range of 2.369(H2.565(2) A and 2.378(3)2.579(4) A
prepared by treatment of [Gu-dppm)(MeCN)](BF4), with for 12 and 13, respectively. The Cu-Cu distances are in the
the respective triethylammonium or sodium thiolate in the molar range of 3.284(13.325(5) A and 3.006(4)3.285(2) A in the
ratio of 3:4 to give2—7 and in the molar ratio of 3:2 to givé respective complexek2 and13.
Reaction of [Cy(u-dppm}(us-Cl);]PFs with an excess of the The electronic absorption spectra for comple2esl3 in
respective sodium thiolate gav@-11. On the other hand, dichloromethane are characterized by absorption shoulders at
treatment of [Cu(u-P"P)(MeCN)](BF4). (PP = dppm, ca. 250 and 266295 nm, and the electronic absorption data
(PhPLNH) with triethylammonium phenylselenolate in the are summarized in Table 3. The high energy absorption at ca.
molar ratio of 3:4 gave instead the hexanuclear copper(l) 250-270 nm is assigned as an intraligand (IL) transition of
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Table 1. Crystallographic Data for Hexanuclear Copper(l)
Selenolate Complexes

Inorganic Chemistry, Vol. 40, No. 14, 2008439

12 13
formula {[CUCraoH10NsPsS@]2"  {[CUCroH10NPsSe]?" N®
2BF;} 2BF, +3(CHs),CO}
fw 2716.73 2894.92
T, K 301 301
a A 16.071(3) 17.718(3) P(7)
b, A 16.071(3) 15.638(3)
c A 24.844(3) 25.509(3)
B, deg 90 99.20(2)
v, A3 6416(1) 6976(1)
cryst syst tetragonal monoclinic
space group 14 P2,
z 2 2
De, gcm3®  1.406 1.378
A, Ap 0.71073 0.71073
u, cmt 22.67 20.92
23 0.055 0.079
wR?2 0.074 0.107

aw = 4FAH[o¥(l) + (aFA)? with | > 30(l) (12, a= 0.024;13 a=
0.033).> Graphite monochromated Mod

dppm since free dppm absorbs strongly in this region. The
absorption shoulders at ca. 290 nm with tails extending to ca.
400 nm are likely to arise from chalcogenolate ligand-centered
and chalcogenolate-to-copper ligand-to-metal charge-transferFigure 2. Perspective drawing of the complex cation1d& with the
(LMCT) transitions. Since the electronic absorption spectra were atomic numbering scheme. Hydrogen atoms and phenyl rings have been
rather featureless, no further attempts were made to unamblgu-om'tte‘j for clarity. Thermal ellipsoids are shown at the 45% probability
ously assign the absorption bands. evel.

Excitation of solid samples and fluid solutions of the
polynuclear copper(l) chalcogenolate complexes produced = SCiHz-(OCHs)>-3,4 = S-benzo-15-crown-5> S{Bu is
intense long-lived dual luminescence. Their photophysical data observed for the bicapped thiolate compleReg. For the mix-
are collected in Table 3. Representative emission spectra arecapped thiolate complexeés-11, a solution emission energy
shown in Figures 3 and 4. trend in the orde® > 10 > 11 has been observed. This appears

The solid-state emission spectra of complezesl3 are to be dependent on the electron-donating ability of the thiolate
dominated by a high-energy ligand-centered emission at ca.ligands, and an excited-state origin of largely LMCT [RSCuy]
430-550 nm, while the emission spectra of degassed acetonecharacter is favored. Similar assignments have been suggested
solutions of the trinuclear copper(l) thiolate compleesl1 in a series of & thiocarbamate complexes, fMg] (M =
show a longer-lived low energy emission at ca. 58@0 nm, Cu, L = mtc; M = Ag, L = mtc, dtc; mtc= di-n-propyl-
with emission lifetimes in the microsecond range, suggesting monothiocarbamate; dte di-n-propylthiocarbamate’t and a
that the emissions are phosphorescence in nature. An emissiorseries of copper(l) arenethiolate complexes, [Cst&L(R)-
energy trend of SgH4-Cl-p > SGH4-CHs-p = SGH4-OCHs-p CH(Me)NMey}-2]3, [CuSGH4(CHaNMey)-2]s, [Cus{ SGH4-

Table 2. Selected Bond Distances (A) and Angles (deg) with Estimated Standard Deviations in Parentheses for Hexanuclear Copper(l)
Selenolate Complexes

Bond Lengths (A)

12 13
Cu(1)y--Cu(2%) 3.325(5) Cu(L}-Cu(5) 3.285(2) Cu(2)-Cu(6) 3.155(2)
Cu(2)--Cu(2%) 3.284(1) Cu(ZLy-Cu(6) 3.284(1) Se(3)Cu(2) 2.417(3)
Cu(1)y-Se(1) 2.565(2) Cu(3)Cu(2) 3.255(8) Se(3)Cu(3) 2.579(4)
Cu(2)-Se(1) 2.414(2) Cu(3)-Cu(4) 3.244(9) Se(3)Cu(6) 2.381(3)
Cu(2)-Se(2%) 2.369(1) Cu(4)-Cu(5) 3.203(5) Se(4)Cu(3) 2.543(4)
Cu(1y-P(1%) 2.297(3) Cu(4}-Cu(6) 3.006(4) Se(4)Cu(4) 2.407(4)
Cu(1*)—P(1) 2.297(3) Cu(2)-Cu(5) 3.057(1) Se(4)Cu(5) 2.378(3)
Cu(2)-P(2) 2.231(3)
Bond Angles (deg)
12 13

Cu(2y-Cu(1*)—Cu(2*) 72.1(6) Cu(5)Cu(1)-Cu(6) 72.1(6)

Cu(1y-Se(1)y-Cu(2) 138.43(6) Cu(4)Cu(3)-Cu(2) 71.4(9)

Cu(1y-Se(1)y-Cu(2%) 83.75(5) Cu(1ySe(1)-Cu(4) 136.9(1)

Cu(2)-Se(1)y-Cu(2*) 86.85(6) Cu(LySe(1)-Cu(6) 72.1(6)

Se(1)-Cu(1y-P(1%) 120.58(8) Cu(4ySe(1)-Cu(6) 77.0(3)

Se(1*)-Cu(1)}-P(1%) 105.05(8) Cu(3)Se(3)-Cu(6) 135.2(1)

Se(1)y-Cu(2*)—P(2%) 128.8(1) Cu(3ySe(3)-Cu(2) 80.9(3)

Se(1)-Cu(2)-P(2) 119.6(1) Cu(6ySe(3)-Cu(2) 82.2(4)
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Table 3. Photophysical Data for Polynuclear Copper(l)
Chalcogenolate Complexes

medium emissioMem, NM  electronic abs4, nm
complex (T, K) (o, Sy (€max dmMPmol~tcm?)

2 acetone (298) 435,587 (0.18)  244sh (45 850),
282sh (37 540)

solid (298) 425, 550sh
solid (77) 470sh, 550sh

3 acetone (298) 475sh, 600 (1.42) 260sh(12 340),
290sh (11 080)
solid (298) 440, 466sh, 550sh
solid (77) 476
606°

4 acetone (298) 613 (1.3) 252sh (58 520),
276sh (53 700)
solid (298) 437, 466sh (0.11)
solid (77) 471, 653

5 acetone (298) 598 (1.3) 278sh (48 400)
solid (298) 440, 464sh<0.1)
solid (77) 482
6 acetone (298) 600 (1.1) 276sh (53 030),
292sh (46 770)
solid (298) 439, 467sh<0.1)
solid (77) 463, 597sh

7 acetone (298) 637 (5.6) 252sh (44 340),
294sh (29 600)

solid (298) 436 €0.1)
solid (77) 415

8 acetone (298) 623 (8.2) 262sh (41 110)
solid (298) 580 €0.1)
solid (77) 540, 608

9 acetone (298) 577<0.1) 252sh (43 070)
solid (298) 435, 465sh, 550sh
solid (77) 463, 630

10 acetone (298) 460sh, 603 (0.24) 252sh (39 580),
290sh (22 800)
solid (298) 440, 550sh
solid (77) 462, 600sh

11 acetone (298) 507, 644 (0.82) 250sh (46 160),
280sh (30 270)
solid (298) 550sh
solid (77) 466, 671
12 acetone (298) 626 (4.5) 268sh (82 830)
solid (298) 435, 464sh<0.1)
solid (77) 533
13 acetone (298) 669¢h700 (0.9 270sh (73 890),
294sh (55 490)
solid (298) 435, 463sh<0.1)
solid (77) 630

a Excitation wavelength at 350 niExcitation wavelength at 450
nm. ¢ In CH,CI, solution.

[CH(Me)NMey]-2} ,(C=C-Bu)],, and [Cu{ SGH4(CH.NMey)-
2} z(CECtBU)]z.ls
Excitation of degassed acetone solutiongd®and13ati >

Yam et al.
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Figure 3. Normalized emission spectra of [gu-dppm)(us-SR)|BF4

(R = CeHCl-4, 2 (—); CeH4OCHs-4, 4 (---); and Bu, 7 (——))

in degassed acetone at room temperature. Excitation wavelength at
450 nm.
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Figure 4. Emission spectrum ofl2 in degassed acetone at room
temperature. Excitation wavelength at 450 nm.

strong electron-donating ability of the selenolate ligand, it is
also likely that the origin of the emission is from states derived
from a [PhSe—Cus] LMCT transition. A possible involvement

of a copper-centered-s state has not been ruled out. A similar
assignment has also been suggested for other related copper(l)
chalcogenide systems, J#-dppm)(us-E)]?" (M = Cu, E=

350 nm produced a low energy emission band at 626 and 7005, se; M= Ag, E= S, Se, Te), in which a [E—Cuw] LMCT

nm, respectively. The relatively long excited-state lifetime origin, mixed with metal-centered-es/d—p excited states, was
observed suggests that the emission is most likely associatethssigned:1¢ Although a chalcogenolate-to-phosphine ligand-
with a spin-forbidden transition of triplet parentage. Given the to-ligand charge transfer (LLCT) origin may also be possible

(14) Sabin, F.; Ryu, C. K.; Ford, P. C.; Vogler, lorg. Chem1992 31,
1941.

(15) (a) Knotter, D. M.; van Koten, G.; van Maanen, H. L.; Grove, D. M;
Spek, A. L.Angew. Chem., Int. Ed. Endl989 28, 341. (b) Knotter,
D. M.; van Maanen, H. L.; Grove, D. M.; Spek, A. L.; van Koten, G.
Inorg. Chem.1991, 30, 3309. (c) Knotter, D. M.; Spek, A. L.; van
Koten, G.J. Chem. Soc., Chem. Commua®89 1738. (d) Knotter,
D. M.; Spek, A. L.; Grove, D. M.; van Koten, Grganometallics
1992 11, 4083.

(16) (a) Yam, V. W. W.; Lee, W. KJ. Chem. Soc., Chem. Comm@893
1571. (b) Yam, V. W. W.; Lo, K. K. W.; Cheung, K. Hnhorg. Chem
1996 35, 3459. (c) Yam, V. W. W,; Lo, K. K. W.; Wang, C. Rnorg.
Chem 1996 35, 5116. (d) Wang, C. R.; Lo, K. K. W.; Yam, V. W.
W. Chem. Phys. Lettl996 262, 91. (e) Yam, V. W. W.; Lo, K. K.
W.; Wang, C. R.; Cheung, K. KI. Phys. ChemA 1997, 101, 4666.
(f) Wang, C. R.; Lo, K. K. W.; Yam, V. W. WJ. Chem. Soc., Dalton
Trans 1997 227. (g) Yam, V. W. W.; Lo, K. K. W.; Fung, W. K.
M.; Wang, C. R.Chem. Phys. Lett1l998 296, 505.
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Figure 5. Transient absorption difference spectrum recorded after
the laser flash for a degassed acetone solution (0" BMYNPF;) of
3 (1.3 x 10* M) and 4-(methoxycarbonyl¥-methylpyridinium hexa-
fluorophosphate (1.4 1072 M).

and would also give rise to a similar energy trend as an origin
of predominantly LMCT character, an assignment of such an
origin is not favored in view of the close resemblance of the
emission energies df2and13. In conclusion, the origin of the

low energy emission is tentatively assigned as derived from an

origin of predominantly LMCT [RS—Cug] or [PhSe—Cug]
triplet character.

Inorganic Chemistry, Vol. 40, No. 14, 2008441

Table 4. Summary of the Electrode Potential for the First
Oxidation Couple for Trinuclear and Hexanuclear Copper(l)
Chalcogenolate Complexes

oxidationEy, oxidationEj,
complex (V vs SCE}» complex (V vs SCE}*
2 +0.72 8 +0.54
3 +0.65 9 +0.67
4 +0.60 10 +0.66
5 +0.59 11 +0.62
6 +0.60 12 +0.70
7 +0.55 13 +0.74

aIn MeCN (0.1 M"BusNPFs), glassy carbon electrode, scan rate
100 mV s1, 298 K.P Ey; is taken to be the average Bf. and Ey,
whereEy, and E,c are the anodic and cathodic peak potentials of the
quasi-reversible couple, respectively.

ca. 760 nm is derived from the intervalence charge-transfer
transition of the mixed valence GIU'CU' species

cdcdced' + hv— cded'cu*

while the band at ca. 500 nm is likely to be due to a thiotate
copper(ll) LMCT transition as similar bands have also been
reported in this region for other related systeing:16¢.18The
transient signal decays via second-order kinetics, in line with
the back electron-transfer nature of the reaction. This provides

The trinuclear copper(l) thiolate complexes have been found oo
to be strong reducing agents in the excited state. The phos- [Cus(u-dppm)s(us-SCeHiCHspl™ + | ) | kot
phorescent state 08 has been found to be quenched by N
4-(methoxycarbonyIN-methylpyridinium hexafluorophosphate Ve

with a bimolecular quenching rate constagtof 3.97 x 10

dm® mol~1 s7L. Laser flash photolysis of a degassed acetone
solution (0.1 M"BusNPFs) of 3 with 4-(methoxycarbonyl)-
N-methylpyridinium salt generated a transient absorption dif-

ference spectrum with bands at ca. 390, 500, and 760 nm

(Figure 5). The 390 nm band is characteristic of the pyridinyl
radicall”

From the transient absorption spectroscopy, the reaction o
[Cus(u-dppm)(uz-SCGH4CH3-p)2]BF4 (1.3 x 104 M) and
4-(methoxycarbonyIN-methylpyridinium ion (0.014 M) has
proved to be electron-transfer in nature, and a propose
mechanism is shown below.

[Cus(u-dppm)s(p3-SCeH4CH;-p)a]" + Av — [Cus(u-dppm)s(p3-SCeHsCH-p)2]™
COOMe

. AN
[Cus(u-dppm)s(u3-SCeH4CHapY] ™ + |

o

—Z+

Me
COOMe

L]
[Cuy(p-dppm)s(p3-SCeHsCH3-p)2)*" + m
N

|

Me

COOMe

[Cus(p-dppm)s(p3-SCsHaCHa-p)]" +

fspectroscopic evidence for the electron-transfer quenching

mechanism for the bimolecular quenching reactions of the
phosphorescent state with pyridinium acceptors.

d The electrochemistry of complex@s-13 has been studied

by cyclic voltammetry, and their electrochemical data are listed
in Table 4. All the complexes show a quasi-reversible oxidation
couple at+0.54 to+0.74 V vs saturated calomel electrode
(SCE). The potential values show trends2of 3 > 4 =5=

6 > 7=8and9 = 10 > 11, which are in line with the
increasing electron-donating ability of the thiolate ligands. In
general, the more electron-rich the thiolate ligand is, the less
positive the potential of the oxidation couple. The oxidation
couples were tentatively assigned as thiolate ligand-centered
oxidation in view of the close resemblance of the oxidation
potential of 7 and 8 with the same thiolate ligands. Although
one could not exclude the possibility of a copper(l)-centered
oxidation, which would also give rise to a similar trend, the
relative insensitivity of the oxidation potential to the overall
charge of the complex and the nature of the monocapped vs
bicapped systems as reflected Byand 8 would be more in

The bands at ca. 500 and 760 nm are not characteristic offavor of a thiolate ligand-centered oxidation. The oxidation

the pyridinyl radicals. With reference to previous spectroscopic
work 8-7b.cflk16ejt js suggested that the broad intense band at

(17) (a) Hermolin, J.; Levin, M.; Kosower, E. M. Am. Chem. S0d981,
103 4808. (b) Hermolin, J.; Levin, M.; lkegami, Y.; Sawayanagi, M.;
Kosower, E. M.J. Am. Chem. S0d.981, 103 4795.

(18) (a) Schugar, H. J.; Ou, C.; Potenza, J. A.; Felthouse, T. R.; Haddad,
M. S.; Hendrickson, D. N.; Lanlancette, R. A.; Furey, W.,ldorg.
Chem 198Q 19, 543. (b) Miskowski, V. M.; Thich, J. A.; Solomon,

R.; Schugar, H. 1. Am. Chem. Sod 976 98, 8344. (c) Ainscough,
E. W.; Brodie, A. M.; Husbands, J. M.; Gainsford, G. J.; Gabe, E. J.;
Cutis, N. F.J. Chem. Soc., Dalton Tran&985 151.
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Figure 6. (a) Positive ESI mass spectrum of an acetone solutidh of
and NaBPh (b) lon cluster atn/z 982, expanded from the positive
ESI mass spectrum of an acetone solution6ond NaBPh (c)
Simulated isotope pattern for the addfif€us(u-dppm}(us-S-benzo-
-5)]-Na} 2"

15-crown
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wave was observed even when the potential was scanned to
—2.4 V vs SCE. Further oxidation and reduction of the
complexes resulted in decomposition, as suggested by the
irreversibility of the couples at more anodic and cathodic
potentials.

Complex6 with the mercaptobenzo-15-crown-5 moieties was
subject to sodium ion-binding studies. The positive ESI mass
spectrum of an acetone solution ®&and sodium tetraphenyl-
borate is shown in Figure 6a. The ion clustersnat 1941 and
982 correspond to [Gu-dppm)(us-S-benzo-15-crown-3)"
and the sodium ion-bound spec{d€us(u-dppmy(us-S-benzo-
15-crown-5)]-Na} 2", respectively. A simulated isotope pattern
and the expanded ion cluster of the sodium ion-bound adduct
are shown in Figure 6b,c. No ion clusters corresponding to the
1:2 complexation adduct were observed. The overaltBarge
of { [Cus(u-dppm}(us-S-benzo-15-crown-5)-Na} " would not
favor further binding of the second sodium ion. Attempts to
study the ion-binding properties using BWis spectrochemical
methods were unsuccessful because of the limitation of the
solvent window of acetone and the solubilityGénd the sodium
salt in organic solvents.
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potentials of the hexanuclear copper(l) selenolate complexes

are in the range of-0.70 to+0.74 V vs SCE. No reduction
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