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Abstract: X-ray structural and spectroscopic properties of a series of heterodinuclear d®—d'°® metal
complexes [M'M"(u-dcpm),>(CN),]* containing d& Pt(Il), Pd(ll), or Ni(ll) and d*° Au(l), Ag(l), or Cu(l) ions
with a dcpm bridging ligand have been studied (dcpm = bis(dicyclohexylphosphino)methane; M' = Pt,
M'" = Au 4, Ag 5, Cu, 6; M" = Au, M' = Pd 7, Ni 8). X-ray crystal analyses showed that the metal---metal
distances in these heteronuclear metal complexes are shorter than the sum of van der Waals radii of the
M" and M" atoms. The UV—vis absorption spectra of 4—6 display red-shifted intense absorption bands
from the absorption spectra of the mononuclear trans-[Pt(phosphine),(CN).] and [M"(phosphine);]* counter-
parts, attributable to metal—metal interactions. The resonance Raman spectra confirmed assignments of
[nd,*—(n + 1)p,] electronic transitions to the absorption bands at 317 and 331 nmin 4 and 6, respectively.
The results of theoretical calculations at the MP2 level reveal an attractive interaction energy curve for the
skewed [trans-Pt(PH3)2(CN).—Au(PHs).*] dimer. The interaction energy of Pt(Il)—Au(l) was calculated to
be ca. 0.45 ev.

Introduction spectrum of the mononuclear metal counterpart has commonly
been taken as a spectroscopic signature for weakdd
Ynteraction in the ground state. Recently, homodinuclégr d
d® metal compounds with weak intramolecular metaletal
interactions have become increasingly well-recognfzitit-
allophilicity in homodinuclear complexes of Au@j;ii Ag(l),3"
and Cu(I$9 has been verified by various spectroscopic means
and theoretical calculations.
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P. flehirlta- © of Anplied Biol 4 Chemical Technoloav. Hona K plexes are sparse in the literature despite the fact that there have
Polyt:Cph"ﬁiénmi\?ersﬁg"eHun'g %gg’ni”Kowgg;ﬁaHoicg r&%ﬁgy’SAgjgp.oS? been quite extensive reports of polynuclear heterometallic
China. aggregates or clusters including those containifcamd d°
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Over the past two decades, the spectroscopic and bondin
properties of homodinuclear8dd® complexes have been
extensively studied.A notable example is the prototypical
[Pt(P.0OsH2)4]*~, which displays an intense 5d—6p, absorp-
tion band at 367 nm in its electronic absorption spectf@uch
an intense absorption band being red-shifted from the absorption
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of interest in different perspectives. First, mixed bi- and DRX-500 multinuclear FT-NMR spectrometer, with chemical shifts
polymetallic complexes are known to mediate multielectron (9, ppm) relative to tetramethylsilané{ NMR) and 85% HPO, (*'P
catalytic reactions. Second, the different electronegativities NMR). Infrared spectra were recorded on a Bio-Rad FTS-165 spec-
between metal ions lead to p0|arized§M_,M'é+ bOnding in trometer. Room tempergture W\Wis spectra were obtalneq on a
the ground state, and hence, it is feasible to have\¥l charge- HewIett-Packard 8453 diode array spectrophotomgter; variable tem-
transfer excitation that generates a reactive zwitterionic ion in perature UV-vis spectra were recorded on a Perkin-Elmer Lambda

ited 6F K at | bonded | 900 spectrophotometer. Positive-ion FAB mass spectra were measured
an excited state.For weak metarmetal bonded complexes, on a Finnigan MAT95 mass spectrometer. Elemental analyses were

Balch and co-workers first reported structural and spectroscopic performed by the Institute of Chemistry, the Chinese Academy of

studies on the &-d' Ir'—Au' complexes such as [IrAug Sciences. Details of resonance Raman measurements were described
dppm)(CO)CIIPFs (dppm= bis(diphenylphosphino)metharkg), elsewheré!

[IrAu(-dppm}H(CNCHg),)(PFs)2,Pand [IrAufu-dppmy(CNCHg)z]- [Pt(dcpm),]Cl (1). A CH.Cl, solution (30 mL) of [Pt(NCCH),-
(PR)2.%° Subsequently, Che and co-workers reported the absorp-Cl;] (0.80 g, 2.3 mmol) and dcpm (1.93 g, 4.6 mmol) was stirred for
tion and emission properties of the related [Pudppm)- 48 h. The resultant colorless solution was concentrated to 2 mL and

(CN);]ClO4,%2 [PtAg(u-dppmh(CN)(CFsSOs)],%° and [PtM- filtered. The product was driéd vacua Yield: 2.20 g (88%)!H NMR

(u-dppmy(C=CPhY]PFs (M = Au or Ag)%c and tentative  (CD:OD): 0 4.28 (t, —CHy), 1.3-2.5 (m, GHu). *P—{"H} NMR
. _ 1 — . —

assignments ax,*—(n + 1)p, transitions for these complexes (CDiOD)' 0 —33.8 (t Jprp = 1827 Hz). FAB MS. mz 101_2 (™

were made. Vogler and co-workéreported that [B{P,OsH2)4]*~ 2cl 21' Anal, Salce jor SoeRCLPLO.SCHCI: €, 53.89: 1, 8.33

. ) . . F : C, 53.94; H 8.69.

in the presence of Au(CH) in degassed aqueous solution oun

L . . [Pd(dcpm),]Cl; (2). A CH.CI; solution of [Pd(NCPh)XI,] (0.10 g,
exhibits a low energy luminescence band at 571 nm, which was j ,¢ mmol) and dcpm (0.22 g, 0.52 mmol) was stirred for 12 h to give

assigned to exciplex formation resulting from direct Ptll) 5 yeliow solution. Removal of solvent gave the crude product, which

Au(l) interactions. Recently, Laguna and Pyykkeported was washed with diethyl ether and @EN and driedn vacua Yield:
experimental and theoretical studies on the interactions betweer.15 g (58%)H NMR (CDCl): ¢ 4.20 (t, CH), 1.2—-2.02 (m, GH11).

Pd(ll) and Au(l) ions® The crystal structure of{ AuCI(Ph- 31p—{1H} NMR (CDClk): 6 —34.3 (s). FAB MS: m/z 922 (M —

PCHSPh},PdCbh] showed that the sterically unhindered Pd- 2CI]*). Anal. Calcd for GoHsoPsCl.PdrCH;CN: C, 60.30; H, 9.25; N,

(Il) and Au(l) centers are separated by a distance of 3.14 A. 1.35. Found: C, 60.72; H, 9.60; N, 1.54.

Further calculations suggested that the Petji(l) interaction trans-[Pt(dcpm-p)2(CN)] (3). NaCN (0.045 g, 0.92 mmol) in CH

can mainly be attributed to a dispersion contribution. OH (4 mL) was added dropwise to a solutionlof0.42 g, 0.39 mmol)
Previously, we employed absorption and resonance Raman" CH3OH (3 mL). The mixture was stirred for 24 h to give a white

. . . S suspension. After removal of solvent, the solid was washed with water
s%a_ctagsgames to_stgcg)ilmet-ahetal Interactions |_n dinuclear and recrystallized from C¥€l,/diether ether. Yield: 0.15 g (36%)H
dto—d and d‘ d? %' metal complexes. In this vx_/ork, WE  \MR (CDCh): 6 2.48 (s, CH), 1.19-2.18 (M, GHu). *P—{*H} NMR
have prepared six heteronuclear complexes containfnigt-d (CDCl): 6 —8.1 (s), 20.9 (t}Jpp = 2255 Hz). IR (KBr): 2120 cmt

(I1), Pd(1), and Ni(l) and d° Au(l), Ag(l), and Cu(l) ions. X-ray (s, —CN). FAB MS: m/z 1065 (M*). Anal. Calcd for GoHeNoPsPt
crystal analyses have revealed close matabtal contacts in CH,Cl;; C, 55.39; H, 8.24; N, 2.44. Found: C, 55.12; H, 8.79;
these complexes. Electronic absorption and resonance Ramam, 2.31.

spectroscopy measurements and theoretical calculations were [PtAu(u-dcpm),(CN),]ClO, (4). A CH.Cl, solution (10 mL) of3
undertaken to elucidate the nature of metaketal interactions ~ (0.15 g, 0.14 mmol) and Au(PBIE! (0.67 g, 0.14 mmol) was stirred

in these heteronucleaf-dd!® systems. for 2 h to give a colorless solution. Addition of diethyl ether to the
) ) solution resulted in precipitation of a white solid. The solid was
Experimental Section collected by filtration and dissolved in GBH (2 mL). Excess LiCIQ

General. (Caution! Perchlorate salts are potentially explosive and Was added to precipitate the product as a white solid, which was

should be handled with care and in small amounts.) Solvents for recrystallized by diffusing diethyl ether into a @BIH solution. Yield:
photophysical studies were purified as described previdtigiy(PPh)- 0.12 g (63%)."H NMR (CDCl): 6 2.90 (m, CH), 1.19-2.70 (m,
Cl%aand [Ni(u-depm)y(CN)J ! were prepared by the literature methods. ~ CeH1d)- *P—{*H} NMR (CDCL): 6 51.7 (s), 20.8 (t'ew = 2246
[M(dcpm)Clz (M = Pt, Pd; dcpm= bis(dicyclohexylphosphino)-  H2)- IR (KBr): 2123 cm (s, ~CN), 1119 (s, CI§'), 1041 (s, CIQ).
methane) were prepared in a manner similar to that for their dppm FABMS: mz1261 ([M— CIO,]"). Anal. Caled for GaHoaN2PsClOs-
analogued®c H and®P NMR spectra were measured on a Bruker ~AWCHOH: C, 45.71; H, 6.95; N, 2.01. Found: C, 45.72; H, 6.96;

N, 1.64.
(4) Heyduk, A, F.; Nocera, D. Gl. Am. Chem. So@00Q 122, 9415-9426. [PtAg(u-dcpm)z(CN),]JCF3SOs (5). A mixture of 3 (0.20 g, 0.19
(5) (a) Balch, A. L.; Catalano, V. J.; Olmstead, M. Morg. Chem 199Q 29, i
585-586. (b) Balch, A. L.; Catalano, V. Inorg. Chem 1991, 30, 1302 mmol) and AgCESQ; (0.05 g, 0.19 mmol) m.cbc.lz (10 mL) was
1308, stirred at room temperature for 12 h. Upon filtration and removal of

(6) (a) Yip, H.-K.; Che, C.-M.; Peng, S.-M.. Chem. Soc., Chem. Commun.  solvent, a white solid was obtained. Crystals suitable for X-ray crystal

1991 1626-1628. (b) Yip, H.-K.; Lin, H.-M.; Cheung, K.-K.; Che, C.- : . :
M.. Wang, Y. Inorg. Chem.1994 33, 1644-1651. (c) Yip, H.-K.; Lin, analysis were obtained by slow evaporation of az;OH/CH;CN

H.-M.; Wang, Y.; Che, C.-MJ. Chem Soc, Dalton Trans 1993 2939 solution. Yield: 0.16 g (63%)*H NMR (CDCL): 6 2.75 (m, CH),
2944, 1.20-2.60 (M, GH1). #*P—{H} NMR (CDCl): ¢ 25.9 (d,J = 486
7) Pettijohn, C. N.; Jochnowitz, E. B.; Chuong, B.; Nagle, J. K.; Vogler, A. ’ ’
O o o P e s & B Chuiong, B.; Nagle ogler A 17, 25.5 (t,\Jpe = 2205 Hz). IR (KBr): 2124 cmt (s, —CN). FAB
(8) Crespo, O.; Laguna, A.; Femdez, E. J.; Lpez-de-Luzuriaga, J. M.; Jones,  MS: m/z 1171 ([M — CRSQy] 7). Anal. Calcd for GsHoaN2FsSOsPs-
P. G.; Teichert, M; Monge, M.; PyyKkd.; Runeberg, N.; Schey M.; PtAg-2C,HsOCHs (a sample recrystallized from GBI/CoHs-

Werner, H.Inorg. Chem 200Q 39, 4786-4792.
(9) Leung, K.-H.; Phillips, D. L.; Che, C.-M.; Miskowski, V. Ml. Raman OCHs): C, 49.86; H, 7.68; N, 1.91. Found: C, 49.75; H, 7.47,

Spectrosc1999 30, 987-993. N. 1.56.
(10) (a) Bruce, M. I.; Nicholson, B. K.; Shawkataly, O. Biorg. Synth 1989 ' .
26, 324-328. (b) Cooper, G. R.; Hutton, A. T.; Langrick, C. R.; McEwan, [PtCu(u-dcpm)(CN)2]BF 4 (6). A CH3CN solution (20 mL) of [Cu-
géggsgﬂngleﬁ P.G; EhgwMB.MLJ-k%hemDSOFf,. BaJIOT Téané -12%4 5 (NCCH)4]BF4 (0.069 g, 0.22 mmol) an8 (0.24 g, 0.22 mmol) was
L3 Che'ngC%oc?SDS:Irt]én 'Tréns"lgseg 27&15_]’28'3_ -+ PAngle, B. & Shaw, B. - giirreq unqer N for 8 h. The resultant soll_Jti_on was concentrated to 2
(11) Zheng, X.; Phillips, D. LJ. Chem Phys 1998 108 5772-5783. mL, and diethyl ether was added to precipitate the product as a white

J. AM. CHEM. SOC. = VOL. 125, NO. 34, 2003 10363
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Scheme 1.
8 (M = Ni)

AA'BB’ 31P—{1H} NMR Systems of 7 (M = Pd) and

_t

solid. Crystals suitable for X-ray crystal analysis were obtained by

diffusing diethyl ether into a CkCl, solution. Yield: 0.20 g (75%).
H NMR (CDCly): 6 2.62 (m, CH), 1.20-2.25 (m, GH11). 3P—{H}
(CDCh): 6 11.4 (s), 25.6 (tXpp = 2078 Hz).3P—{*H} NMR (CDs-
CN): 6 8.2 (s), 25.0 (tp = 2152 Hz). IR (KBr): 2121 cm' (s,
—CN), 1124 (s, Bk), 1084 (s, B ). FAB MS: m/z 1128 (M —
BF,4]"). Anal. Calcd for GHg:N,BF4PsPtCuCH,Cl,: C, 48.98; H, 7.29;
N, 2.16. Found: C, 49.42; H, 7.24; N, 1.82.
[PdAu(z-dcpm)(CN),]CI (7a). NaCN (0.013 g, 0.26 mmol) in G-
OH (4 mL) was added dropwise to a solution2xf0.10 g, 0.11 mmol)
in CH;OH (2 mL). After the solution was stirred for 24 h, a white

suspension was obtained. The suspension was filtered to give a white

solid, which was washed with water, dried, and dissolved in@#
(5 mL). Au(PPR)CI (0.55 g, 0.11 mmol) was added, and the mixture

was stirred at room temperature for 10 h. A white solid precipitated
upon addition of diethyl ether. Yield: 0.10 g (75%). Crystals suitable

for X-ray crystal analysis were obtained by diffusing diethyl ether into
a CH;OH solution.*H NMR (CDClg): 6 2.93 (t, CH), 1.20-2.50 (m,
CeH11). 3P—{H} NMR (CDCl): 6 53.4 (t,2J(PaPs) + 4J(PaPs) =
40 Hz), 33.9 (t,2)(PsPa) + “J(PsPa) = 40 Hz) (see Scheme 1). IR
(KBr): 2114 cnt (s, —CN). FAB MS: m/z1172 ([M — CI]*). Anal.
Calcd for GoHooNP.CIPAAWCH,Cly: C, 49.23; H, 7.33; N, 2.17.
Found: C, 48.99; H, 7.45; N, 1.73.

[PdAu(u-dcpm)o(CN),]CIO4 (7b). This complex was obtained as
a white solid by adding excess LiCIQo a CH;OH solution of 7a

followed by washing the resultant precipitate with water and diethyl

ether. Yield: 80%*H NMR (CDCly): 6 2.80 (t, CH), 1.20-2.60 (m,
CsH11). 3P—{*H} NMR (CDCLy): 6 53.4 (t,2J(PaPg) + 4J(PaPs) =
40 Hz), 33.7(t2J(PgPa) + *J(PsPa) = 40 Hz). IR (KBr): 2130 cm*
(s,—CN), 1122 (s, CIQ"), 1097 (s, CIQ"). FAB MS: m/z1172 (M
— ClOg4]"). Anal. Calcd for GaHgoN2O4P4CIPdAL-CH3;OH: C, 48.81;
H, 7.42; N, 2.15. Found: C, 48.42; H, 6.98; N, 2.50.

[NiAu( g-dcpm)z(CN)2]ClO 4 (8). A mixture of [Nia(u-dcpmy(CN)4]
(0.13 g, 0.12 mmol) and dcpm (0.10 g, 0.24 mmol) inZCH (6 mL)
was stirred for 12 h to give an orange solution. Au(pEh(0.12 g,

0.24 mmol) was added. After 24 h, the solution was evaporated to

dryness, and the solid residue was dissolved in@(1 mL). LiClO,

potentials of the Pt, Au, Cu, and P atoms proposed by Hay and*vadt
with 18, 19, 19, and 5 valence electrons and the LANL2DZ basis sets
with one f-polarization function for metal and one d for P atoms%
0.18 for Pt, 0.20 for Au and Cuq = 0.34 for P) were adopted. Thus,
the basis sets were taken as Pt, Au, Cu, (8s6p4dif)/[3s3p2d1f];
P, (3s3pld)/[2s2pld]; N, (10s5p)/[3s2p]; C, (10s5p)/[3s2p]; and H,
(4s)/[2s].

The ground state structures were optimized at the second-order
Mgller—Plesset (MP2) leveE In the crystalline forms, complekhas
a pseuddz; symmetry with the [PtAul} unit having a chair conforma-
tion (vide infra). Therefore, the model [PtAu{H,PCHPH,),(CN).]*
cation was set to have@, symmetry and a chair conformation for the
[PtAuPy] unit. In the crystal structure o8, the [PtCul] unit has a
boat conformation. Thus, for the [PtGuHPCHPH,)(CN),]* cation,
the geometrical structure was optimized at two models: one s a
symmetry with a [PtCul unit in chair conformation and the other
has aCs symmetry with a [PtCul? unit in a boat conformation. For
the C, symmetry model, the-axis was coincident with the PM vector
and they-axis was set to parallel the-&C (of —CH,) vector. For the
Cs symmetry one, th&zplane is the symmetrical plane and thexis
was set to parallel the-€C (of —CH,) vector. Based on the optimized
ground state structures, single excitation configuration interaction
(CIS)“ calculations on [PtAu(-H.PCH,PH,),(CN),]* were performed
to reveal the nature of electronic transition for the low-lying excited
state. Here, we adopted the isodensity polarized continuum model
(IPCM)® in a self-consistent reaction field (SCRF) to account for the
effect of acetonitrile or dichloromethane solvent molecules on the
electronic transition.

(i) [trans-Pt(PH3)2(CN).—Au(PH3)2]. The Pt(Il)-Au(l) interaction
between the ground state tns[Pt(PHs)2(CN),] and [Au(PH)2]*
was calculated. In this calculation, the 18- and 19-VE (valence electron)
quasi-relativistic pseudopotentials and basis sets of Ahtiveith an
additional f-polarization functionof = 0.14 for Pt}7 0.2 for Aut®) for
Pt and Au atoms were used. The relatively large basis sets adopted for
[trans-Pt(PH)2(CN),—Au(PHs)."] aim at evaluating more accurately
the #—d bonding interaction. For the P atom, the same basis set and
pseudopotential as for [Pti{H.PCHPH,)>(CN);]* (M = Au or Cu)
were used with an additional d-polarization functian & 0.3349).
For C, N, and H atoms, the standard 6-31g* basis sets were used. The
structures oftrans[Pt(PH)2(CN).], [Au(PHs),]" monomers, and the
dimer [trans-Pt(PHs)2(CN),—Au(PHs),"] were partially optimized at
the MP2 level. The tfansPt(PH)2(CN),—Au(PHs),] dimer was
configured to have either an eclipsed or a skewed geometry (see Scheme
2a), and the PPt—Au and P-Au—Pt angles are not fixed at 9®ut
optimized. The optimized structures tns[Pt(PH;)2(CN),], [Au-
(PHs)2],* and frans-Pt(PH;)2(CN),—Au(PHs),*] were used for calculat-
ing the Pt(ll-Au(l) interaction energy by varying(Pt—Au). The
interaction energy betwedrans[Pt(PHs)2(CN),] and [Au(PH),;] " was
obtained according to eq 1; the counterpoise (CP) corrections for basis-
set superposition errors (BSSEjvere taken into account.

A= Epa M = EITM - E, P =V () (D)

The term AE, is the interaction energy with CP corrections.

was added to give the product as an orange precipitate. Crystals suitables,,_,,P=AY js the energy of the dimertransPt(PH)2(CN)—

for X-ray crystal analysis were obtained by diffusing diethyl ether into
a CHOH solution. Yield: 0.02 g (7%):H NMR (CDs;OD): 6 2.78 (t,
CHy), 1.20-2.50 (m, GH11). 3*P—{*H} NMR (CDsOD): ¢ 55.7 (q,
2J(PaPs) + “J(PaPs) = 60 Hz), 35.3(q,2)(PsPa) + “J(PsPa) = 58
Hz). IR (KBr): 2111 cm? (s,—CN), 1084 (s, Cl@), 1079 (s, CIQ").
FAB MS: m/z 1124 (M — CIO4]"). Anal. Calcd for GzHgsN,O4Ps-
CINiAu-CH;OH: C, 50.67; H, 7.70; N, 2.23. Found: C, 50.35; H,
7.20; N, 2.61.

Computational Details. (i) [PtM(z-H2PCH2PH,)2(CN)2]* (M =
Au or Cu). In this work, [PtM{-H,PCHPH,)2(CN),]* (M = Au or
Cu) was used as the model for the corresponding [Rileom)(CN),]*

(12) (a) Hay, P. J.; Wadt, W. R. Chem Phys 1985 82, 299-310. (b) Hay,
P. J.; Wadt, W. RJ. Chem Phys 1985 82, 284-298.

(13) Mgiller, C.; Plesset, M. $hys. Re. 1934 46, 618-622.

(14) Foresman, J. B.; Head-Gordon, M.; Pople, J. A.; Frisch, M. Chem
Phys 1992 96, 135-149.

(15) Foresman, J. B.; Keith, T. A.; Wiberg, K. B.; Snoonian, J.; Frisch, M. J.
Phys Chem 1996 100, 16098.

(16) Andrae, D.; Haussermann, U.; Dolg, M.; Stoll, H.; PreussTt&or Chim
Acta199Q 77, 123-141.

(17) Dolg, M.; Pyykkq P.; Runeberg, Ninorg. Chem 1996 35, 7450-7451.

(18) PyykKq P.; Runeberg, N.; Mendizabal, Ehem—Eur. J. 1997, 3, 1451-
1457.

(19) Check, C. E.; Faust, T. O.; Bailey, J. M.; Wright, B. J.; Gilbert, T. M.;
Sunderlin, L. SJ. Phys Chem A 2001, 105 8111-8116.

)

cation for computations. In the calculations, quasi-relativistic pseudo- (20) Boys, S. F.; Bernardi, AMol. Phys 197Q 19, 553.
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Scheme 2 @ X-ray Crystallography. Crystal data and details of collection and
a HaP,, LGN NC,, WWPH3 refinement are listed in Table S1 (see Supporting Information). Graphite
by ey monochromatized Mo ¥ radiation ¢ = 0.710 73 A) was used, and
NC/ i\pH3 Hsp/ E\ CN all the non-hydrogen atoms were refined anisotropically. All the
: : hydrogen atoms were placed at calculated positions without refinement.
H3P//,,,”h ' H3P///,,,,4V !

AL Al The crystal data were collected at 301 4&3CH;OH and8-2CHs-
\F,H3 ~ PH, OH) or 253 K (a:0.5GHs0CHs-1.5H,0) on an MAR diffractometer

with a 300 mm image plate detector. The images were interpreted and

intensities integrated using program DEN2OThe structures were

PHs  GGGG(PH,) PH3 solved by direct method (SIR%2 for 4-2CH;OH and SIR97 for
‘ CN ’ ’ CN  GGGG(PH,) 7a:0.5GHsOC,Hs+1.5H,0 and8-2CH;OH) and refined by full-matrix
/ / / least-squares using the software package TeXg@RCH;OH) or
/Pt G(Au) /Pt G(Au) SHELXL-97 progran (7a:0.5GHsOC,Hs1.5H,0 and8-2CH;OH) on
oN N GGGé(PH | a Silicon Graphics Indy cqmputer. Fdr2CH;OH, two O atom_s of
PH, GGGG(PH;) PH, 3 ClO,~ were disordered with O(3), O(3 O(4), and O(% having
occupation numbers of 0.65, 0.35, 0.7, and 0.3, respectively. In the
least-squares refinement, the disordered O atoms were refined isotro-
GGGG(PH,) PH; GGGG(PH;) pically.
‘ GG(CN)‘ | GG(CN) PH, For 5-:CH;OH and6:CH,Cl,, the diffraction data were collected at
/ / 294 K on a Bruker SMART CCD diffractometer. The structures were
G(PY)  Au G(Pt)  Au solved by direct method and refined by full-matrix least-squares against
GG(CN)‘ ‘ sa(éN) | PH, F? using the SHELXL-97 prografion a PC.
GGGG(PH;) PH; GGGG(PH;) Results
. Syntheses and CharacterizationShaw and co-worke# ¢
eclipsed skewed

2(a) Orientations of eclipsed and skewettapsPt(PH)(CN)— flrs_t regortleod the syntheses and cha_ra_lcterlzatlon of heterobime
Au(PHs);"] dimer and (b) schematic structures for calculating interaction tallic d°—d*® metal complexes containing Pt(ll) and Au(l)/Ag-
energy curve with CP (counterpoise) correction. “G” denotes the atoms (1)/Cu(l) ions with the dppm bridging ligands; they also reported
that were treated as “ghost” atoms; that is, the Gaussian basis functions atre|ated acetylide complexes of PdHAg(1)28 and Ni(ll)—Au-

the corresponding position were taken into account but the charge was zero. y2g 1. .+ . -
The upper layer is fotrans[Pt(PHs)2(CN)], and the lower layer is for (1)*> bridged by dppm ligands. In this work, we have employed

[Au(PHs)2]*. The dimer energy was calculated on the structure shown in dcpm instead of dppm to give dinuclear metal complexes. The
part a. dcpm ligand was chosen because it is optically transparent in

. o the UV—vis region and allows unambiguous identification of
Au(PHs)21], which was calculated based on the optimized geometry nd,*—(n + 1)p, transition
i _ (Pt—Au) (Pt—Au) 1 4 .
s A A arc ) s e, We preparedansiM(depm(CN (M = Pror )by
method similar to that fatrans-[M(dppm+p)2(CN),].1% Complex

with the CP correctioff (see Scheme 2b). -
An alternative partitioning of the interaction energies depicted in trans[Pt(dcpmp)(CN);] (3) was characterized by NMR spec-

eq 1is given in eq 2, wheE(HF) is the interaction energy evaluated ~ troscopy and FAB mass spectrometry. SH&and co-workers

from self-consistent field (SCF) calculations at the HartrEerk (HF) reported that thé'P—{'H} NMR spectrum otrans-[Pt(dppm-
level; AE®@ is the second-order correlation interaction energy. p)2(CN);] shows fluxional behavior, featuring two bro&éP
signals at room temperature with tPi® satellites arising from
AE(MP2)= AE(HF) + AE? =V (r) 2
(23) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M.
. - . A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.; Stratmann,
Usually, the intermolecular potentisli,: can be partitioned into four R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A. D.; Kudin,
contributions (eq 3): K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi,

R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.; Ochterski, J.;
Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Rega, N.; Salvador,
Vint = Vshort+ Velect+ Vind + Vdisp (3) P.; Dannenberg, J. J.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K.;
Foresman, J. B.; Cioslowski, J.; Ortiz, J. V.; Baboul, A. G.; Stefanov, B.
L . B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, I.; Gomperts, R.; Martin,
The four terms are the short-range, electrostatic, induction, and R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng, C. Y.; Nanayakkara,

dispersion contributions, respectivély.It is common practice to Q}; (;hzllacogwtli_e,gl.; Gilll, P.CM.HW.;dJoGhnaon, la.; ghelrn \IN.;eNngJF,> Mi
. . .; Andres, J. L.; Gonzalez, C.; Head-Gordon, M.; Replogle, E. S.; Pople,
associate the Hartred-ork term AE(HF)) with the sum oVshor, Velecs J. A. Gaussian 98revision A.11.3; Gaussian, Inc.: Pittsburgh, PA, 2002

andVing, While theAE® (see eq 2) electron correlation term is associated (24) Gewrith, D. (written by with the cooperation of the program authors
with dispersion Yaisp).2* Otwinowski, Z. and Minor, W.) InThe HKL Manual— A description of
. D . . . . programs DENZO, XDISPLAY, and SCALEPAGHIe University: New
We fitted the calculated interaction energy points using the Morse Haven, CT, 1995.
type potential, as described by ed%4. (25) (a) For SIR92, see: Altomare, A.; Cascarano, M.; Giacovazzo, C.;
Guagliardi, A.; Burla, M. C.; Polidori, G.; Camalli, M. Appl. Cryst1994
27, 435. (b) For SIR97, see: Altomare, A.; Burla, M. C.; Camalli, M;
AE(r) = D{[1 — exp(a[r — ro])]z— 1} 4) Cascarano, G.; Giacovazzo, C.; Guagliardi, A.; Moliterni, A. G. G.; Polidori,
G.; Spagna, RJ. Appl. Cryst 1998 32, 115-119.
(26) TeXsan: Crystal Structure Analysis Packalywlecular Structure Corpora-

All calculations were performed using the GAUSSIAN 98 program tion: The Woodlands, Texas, 1985 and 1992.
(27) For SHELX-97, see: Sheldrick, G. M. 1993HELX-97 Programs for

3
package: Crystal Structure Analysjgelease 972; University of Gidtingen: Ga-
tingen, Germany.
(21) Buckingham, A. D.; Fowler, P. W.; Hutson, J. @hem Rev. 1988 88, (28) Langrick, C. R.; Pringle, P. G.; Shaw, B. Inorg. Chim Acta 1983 76,
963-988. L263—L264.
(22) Spuhler, P.; Holthausen, M. C.; Nachtigallp@a; Nachtigall, P.; Sauer, (29) Fontaine, X. L. R.; Higgins, S. J.; Langrick, C. R.; Shaw, BJLChem
J.Chem—Eur. J. 2002 8, 2099-2115. Soc, Dalton Trans 1987, 777—779.
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coupling to the"*Pt nuclei being not well resolved. In this work,
the 31P—{H} NMR spectrum of3 shows two sets of well
resolved signals at room temperature: one is a triplet centered
atd 20.9 attributable to the P atom ligated to Pt(Il) with'B—

199t coupling constant of 2255 Hz; the other is a singlet
corresponding to the uncoordinated P atom. PBHe—{H}
NMR data confirm the trans and monohapto structure3.of
Attempts to isolate the Pd(ll) and Ni(ll) analogues3pthat is,
trans-[Pd(dcpmp)2(CN),] and trans[Ni(dcpm-)2(CN),], as a
pure product by a method similar to that f8rwere not
successful. We were also not able to obtain the mononuclear
[Ni(dcpm);]?* complex.

Three heteronuclear complex¢s6 were obtained by react-
ing 3 with Au(PPh)CI, AgCRS0;, and [Cu(NCCH)4|BF,,
respectively. The3'P—{1H} NMR spectra of these three
complexes display two sets of signals consistent with their
chemical formulations. Th&'P—{H} NMR spectrum of5 at
room temperature shows a 1:1 doublet centered at 25.9
with J = 486 Hz attributable tG!P—10710ng (the 31P—107Ag
and 31P—19%Ag couplings were not resolved under the NMR
conditions) and a triplet ab = 25.5 with J = 2205 Hz
attributable t'P—19Pt coupling. ThéP—{H} NMR spectra
of 6 in CDCl; and CIXCN solutions are slightly different in

Ci12

C24

C39

C37
38

Figure 1. Perspective drawing of [PtAu¢dcpm)(CN),]CIO4 (4) (H-atoms
and CIQ~ are not shown).

that the signal corresponding to the P atoms ligated to Cu(l) in ¢oynteranion was found to interact with Cu(l), in contrast to

CD5CN is shifted upfield by~3 ppm compared to that recorded  he [Cuy(u-dcpm)2* salts where weak catieranion interaction

in CDCl; solution. This is indicative of the different coordination \yas found in the crystal latticé.We suggest that the intramo-

environment around the Cu atom in these two solvent systems.jecylar Cy--CN interaction would render the Cu(l) # less
The3P—{'H} NMR spectra offa,b are essentially identical,  accessible for Cu(}solvent/anion interaction. The intramo-

suggesting that the counteranion has insignificant effect on thelecular Pt(Ily--M(l) distances in4, 5, and 6 are 2.9534(4),

structure of the [PdAu-dcpm}(CN),]* cation in solution. The
31p—{1H} NMR spectra of7ab and 8 are consistent with

2.9117(6), and 2.7368(4) A, respectively, which are shorter than

the sums of the corresponding van der Waals $a¢d.41 A

AA'BB' spin systems (Scheme 1), as previously found in other for “Pt + Au”, 3.47 A for “Pt + Ag”, and 3.15 A for “Pt+

heterometallic complexes containing palladimand nickeR®
Complex8 is one of the rare examples of dinuclear Nil)
Au(l) complexes that have been identified.

X-ray Crystal Structures. The X-ray crystal structures of
4—8 are similar except for the [N¥1""P4] macrocycle, which is
in chair conformation ir, 5, 7a, and8 and boat conformation
in 6. The perspective drawing ef is shown in Figure 1 and
those for the others are given in the Supporting Information
(Figures S1t-S4). Selected bond distances and angles are also
given in the Supporting Information (see Table S2).46,
the Pt atoms exhibit a distorted square planar geometry wit
the P-Pt—P angles ranging from 174.51¢3)177.68(4). The
P—Au—P and P-Ag—P angle in4 and5 are 174.21(5) and
173.64(5), respectively. In contrast, thefCu—P angle of
166.34(3) in 6 substantially deviates from 180.6or a linear
geometry, indicating significant distortion of the-Bu—P axis
from linearity. In4, the Au—Pt—C angles are close to 9this
is different from [PtAuf-dppmp(CN),]JClO4,%2 in which the
Au—Pt=C angle is 67.1(8) In 5, the counteranion G505~
is uncoordinated, and this is different from its dppm analogue
[PtAg(u-dppm)p(CN)x(CFS03)],° in which the CBSO;™ ion
is weakly coordinated to the Ag atom. We attribute the structural
differences betwee#/5 and their dppm analogues to the larger
steric effect of the dcpm ligand. & the Cu-Pt—C51 angle of
79.5(1y substantially deviates from 90.@&nd the Cer-C51
distance is 3.062 A, so presumably there is a weak intramo-

h

Cu”) and fall in the range expected for a weak-d'°® metal-
metal interaction.

In 7aand8, both the Pd and Ni atoms exhibit distorted square
planar geometry with €Pd—P or C-Ni—P angles of ca. 85
94°. The Au atom is coordinated to the two P atoms of the
bridging diphosphine ligands to give a slightly distorted linear
geometry, with P-PAu—P angles of 172.8(1)and 174.89(5)
The Pd-P and Ni~P distances irva and 8, respectively, are
comparable to related values found in jRddcpm)(CN)g] ™
and [Ni(u-dcpm)(CN)4.! The intramolecular Pe-Au and
Ni--+Au distances of 2.954(1) A and 2.8614(8) Afa ands,
respectively, are shorter than the sums of van der Waalstadii
of “Pd + Au” and “Ni + Au” (3.29 A in both cases).

Electronic Spectra. The UV—vis absorption spectra @6
at 298 K are depicted in Figure 2; those &db and8 at the
same temperature are shown in Figure 3. Figure 4 shows the
absorption spectra dfa at different temperatures. The spectral
data for3—8, with € in dm® mol~* cm™, are summarized in
Table 1.

The absorption spectrum 8fin CH,CI, solution is feature-
less; there are intense absorptions with several peak maxima at
240-300 nm € (2—9) x 10%), presumably due to overlapping
dipole-allowed transitions. The absorption spectra-eb are
similar: a set of poorly resolved bands at 2ZD0 nm with
€ < 9 x 1 and a distinct intense band at 36830 nm with
€ ~ (1.0-2.4) x 10* A very weak band at ca. 363 nm &

lecular Cu--CN interaction. However, no solvent molecule or

10366 J. AM. CHEM. SOC. = VOL. 125, NO. 34, 2003
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Table 1. UV—vis Absorption and Photophysical Data (T = 298 K unless Otherwise Indicated)

complex medium Aans/nM (e/dm®mol~*cm ) AemINM (Tlus)? 103 X e
trans-[Pt(dcpmp)2(CN)2] (3) CH,Cl» 248 (8500), 25%h (7000), 273sh(3400),
285 (1950)
[PtAu(u-dcpm)p(CN),]CIO4 (4) CH,Cl» 252 (6920), 265 (6620), 317 (22200), 445 (0.65) 4
363 (390)
CH;CN 245 (6370), 259 (7200), 279 (4320), 448 (0.76) 6
316 (23200), 363 (320)
CH3OH 246 (6500), 261 (7490), 316 (22850), 452 (0.86) 12
363 (320)
glass$ (77 K) 433 (4.3)
solid 451 (0.9)
solid (77 K) 444 (4.0)
[PtAg(u-dcpm)(CN),]CFsSG; (5) CH,Cl» 239 (8120), 250 (8150), 279 (4073), nonemissive
306 (16940)
CHzOH 238 (8570), 256 (8480), 276 (4220), nonemissive
307 (19000)
CHsCN 237 (7920), 251 (7720), 279 (3980), nonemissive
306 (17470)
glass$ (77 K) 423 (6.7)
solid 450 (2.0)
solid (77 K) 435 (5.1)
[PtCufu-dcpm)(CN)]BF4 (6) CH.Cl; 247 (8430), 271 (8810), 335 (13900) 44y 555 12
CH3OH 268 (7970), 331 (16380) 43 (0.5), 582 (0.8) 0.3
CHsCN 266 (4180), 296 (2900), 331 (9650) 457 (0.7), 575 (0.9) 0.7
glass$ (77 K) 445 (11), 493 (16)
solid 508 (6)
[PdAu(u-dcpm}(CN),ICI (73) CH.Cl, 246 (21960), 265 (18100), 280 (17460), nonemissive
314 (6390)
CHsCN 246 (20430), 265 (17890), 277 (17780), 516 (13) 1.8
314 (5840)
CHsOH 247 (21670), 276 (21400), 314 (7040) 516 (14) 1.9
glass$ (77 K) 509 (45)
solid 519 (18)
[PdAu(u-dcpm)(CN),]ClO4 (7b) CHsOH 247 (20840), 276 (20680), 314 (6770)
[NiAu(u-dcpm)(CN),]CIO4 (8) CH3OH 250 (10480), 277 (26500), 305 (4500), nonemissive
350 (5410), 402 (3270)
CH.Cl, 277 (26500), 305 (4270), 350 (5100), nonemissive
400 (3070)
[Au(PEt)2]PFse CHzCN 205 (15500), 209 (14000), 238(1740),
251 (1150)
[Cu(PCy)2]CIOf CHsCN 210 (23400), 238h(12500), 272 (900)
CH.Cl; 238 (11500), 248 (9700), 275 (270)
trans[Pd(Pf-Bu)z)2(CN)2]9 CHsCN 200 (25500), 221 (22200), 228 (24800),
244 (22700)
[Pd(DEPE)](PFs)2% CHsCN 211 (29500), 221 (29000), 242 (31000),

253 (24000)

a Excitation wavelength for emission spectra measurements: 317 n# 826 nm for5, 330 nm for6, and 310 nm for7. For luminescence lifetime
measurements, excitation was at 355 fimihe emission quantum yield was calculated with the reference of Ru®ipygH,O in CHCN. ¢ Solvent:
CH3OH/EtOH (v/v 4:1).9 Biexponential decayrf: 1.08us. 72 5.38us). € From ref 35.f From ref 3g.9 From ref 34.

3 x 107 was found for4. The solvent effect on the absorption absorption spectrum in GBH is the same as that dfa,
spectra o#t and5 is negligible. Foi6, the absorption spectrain  revealing that the halide anion in the latter does not affect the
different solvents vary: the intense band at 335 nm inClK electronic transitions.

is blue-shifted to 331 nm in G¥€N and CHOH, with the The absorption spectrum 8fin CHsOH exhibits an intense
€max Value in CHCN significantly decreased (see the inset to absorption at 277 nme(26 500), a shoulder band at 305 nin (
Figure 2). 4500), and two lower energy absorption bands at 354(0)

The absorption spectrum @& is solvent- and temperature- and 402 nm{ 3270) (see Figure 3), which are responsible for
dependent. There are overlapping bands a 300 nm with the orange color of the compound.
e ~ (1.7-2.2) x 10* and a broad shoulder band at 31Z20 Emission Spectra.Photoluminescence has been detected for
nm with e = 5000-9000. The band at 276 nna 4 100) in the heterodinuclear metal complexes. The emission and corre-
CH30OH solution becomes resolved into two peaks withx at sponding excitation spectra measured insOH/EtOH (4:1, v/v)
265 € ~ 18 000) and~280 nm € ~ 17 500) in CHCI, and glassy solutions at 77 K are depicted in Figuresr/Sor 4, 6,
CHs3CN solution. In addition, as depicted in Figure 4, decreasing and 7 and in Figure S5 of the Supporting Information for
the temperature from 298 to 203 K affects the BWis The photophysical data are listed in Table 1.
absorption spectrum @fain CHzOH. First, the broad band with Complex4 emits in solution, the solid state, and 77 K €H
Amaxat 276 nm splits into two bands, namely, a distinct peak at OH/EtOH (4:1) glassy solution with an emission maximum at
~264 nm and a shoulder band-a280 nm. The broad shoulder  433—-452 nm (see Figure 5), whiland7ain solid state (298/
band tailing to 500 nm at 298 K becomes a distinct intense 77 K) and CHOH/EtOH (4:1) glassy solution (77 K) exhibit
band at 203 K with a peak maximum at 303 nm. Fdx its emissions at 420450 nm b, see Figure S5) and 53520 nm
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Figure 2. UV —vis absorption spectra dfans[Pt(dcpmp)2(CN);] (3),
[PtAu(u-dcpm)(CN)2]CIO4 (4), [PtAg(u-dcpm)y(CN)JCFsSO;s (5), and
[PtCu(u-dcpm)(CN)z]BF4 (6) in CH,Cl, at 298 K. The inset is the
absorption spectra @ in CH,Cl,, CH;OH, and CHCN.
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Figure 3. UV —vis absorption spectra of [PdAw{dcpm)(CN),]CI (73d),
[PdAu(u-dcpm)(CN)]ClO4 (7b), and [NiAu(-dcpmy(CN),]JCIO4 (8) in
CH3OH at 298 K.
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Figure 4. Absorption spectra of [PdAutdcpm)(CN)]CI (78) in CHs-
OH at 298-203 K. The inset is the absorption spectra7afin CHxCly,
CH3OH, and CHCN at 298 K.

200 250

(7a, see Figure 7). These emissions have lifetimes in the
microsecond regime. Fo# and 5, the excitation spectra

Wavelength ( nm)

Figure 5. (a) Excitation and (b-e) emission spectra of [PtAu{dcpm}-
(CN)Z]CIO4 (4). Measurement conditions: (a and b) in 77 K glassy solution
(CH3OH/EtOH 4:1), (c) in solid state at 298 K, (d) in solid state at 77 K,
and (e) in CHCI, at 298 K.

Intensity (A.U.)

600 700 800

Wavelength (nm)
Figure 6. (a,b) Excitation spectra and<{@) emission spectra of [PtCu-
(u-dcpm}(CN),]BF4 (6). Measurement conditions: (a and b) monitored at
493 and 445 nm, respectively, in glassy solution §OH/EtOH 4:1) at 77

K, (c) in glassy solution (CEDH/EtOH 4:1) at 77 K, (d) in solid state at
298 K, and (e) in CKLCl, at 298 K.

400 500

spectrum measured at room temperature in that a distinct
absorption band with a peak maximum at 299 nm is observed
in the former.

The emission spectrum 6fin the solid state at 298 K shows
a broad emission band at 508 nm (Figure 6). In 77 K glassy

measured in 77 K glassy solutions match the correspondingsolution (CHOH/EtOH 4:1),6 displays two emission bands
absorption spectra at 298 K. However, the excitation spectrum centered at 445 and 493 nm; the excitation spectra monitored
of 7ain 77 K glassy solution is different from the absorption at these two emission maxima are different. The excitation
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Table 2. Optimized Molecular Structural Data of
4 [PtM(u-H2PCH2PH2)2(CN)2]t (M = Au, Cu)
i "'::/d M= Au M= Cu
3 ;’ '!\,4“.! calcd exptl (4) calcd (boat) caled (chair) exptl (6)
< ; ' | Bond Length (A)
%‘ [ Pt--M 2912 2.9534(4) 2.703 2.620 2.7368(4)
g TS a Pt-P 2.321 2.333(2) 2.333 2.332 2.3307(9)
£ ; 194 M—P 2.368 2.311(2) 2.282 2286  2.2132(9)
i H Pt—C 2.017 2.009(7) 2.034/2.007 2.018 1.967(4)
j C-N 1.221 1.126(7) 1.220/1.226  1.221  1.160(5)
‘.n’ 4 (PtyP—H 1.417 1.427 1.417 1.418 1.422
W (MP—H 1.418 1.419 1.419
- AN I : , C—H 1.106 1.106 1.106 1.106  1.094
200 300 400 500 600 700 M—C(N) 2.017 2.293/4.127 3.237
Wavelength (nm) Bond Angle (deg)
Figure 7. (a) Excitation and (&-d) emission spectra of [PdAu{dcpm)- E:l\PAt:I;It %%% %12%;(‘2 %%95 i%g 5 %266578(22)
(CN).ICI (7@). Measurement conditions: (a and b) in 77 K glassy solution ) 88(2) : . 58(2)
(CHOH/EtOH 4:1), () in solid state at 298 K, and (d) in solid state at C PtM 876 884(2) 121.7/558 875  79.5/92.9
77K = ’ P—Pt—P 179.7 177.04(5) 176.8 179.2  174.51(3)
' P—M—P 1749 174.21(5) 154.1 159.6 166.34(3)
C-PtC 1752 176.5(3) 177.5 1751 172.4(0)
Dihedral Angle (deg)
2 (309.1nm) P-P—M—-P 162 85 7.1 13.7 1.8
&
>

Intensity

(319.9 nm)

-500 (o] 500 1000

Raman Shift (cm™)

Figure 8. Resonance Raman spectra of [Ptalcpm)(CN)2]ClO4 (4) in
CH,Cl, obtained with excitation wavelengths of 309.1/319.9 nm. The spectra
have been intensity corrected, and the Rayleigh line, glass bamuisuk),

and solvent bands (* mark) have been subtracted.

spectrum monitored at 445 nm emission resembles the- UV
vis spectrum at 298 K, while the excitation spectrum monitored
at 493 nm shows two peak maxima at 304 and 341 nm. Ig- CH
Cly, CH3OH, or CHCN solution, 6 shows two emission
bands: a higher-energy band centered at ca—480 nm and
a lower-energy band centered at ca. 5500 nm. The emissions
measured in CkDH and CHCN are weak (quantum yiele
1 x 10739). All the emissions have lifetimes in the microsecond
regime.
No photoluminescence was found f®reven at 77 K.
Resonance Raman Spectralo further probe the metal

metal interactions of the heteronuclear metal complexes,

resonance Raman spectradoaind 6 have been recorded upon
excitation into their lowest energy dipole-allowed absorption

CH.ClI, solution with excitation wavelengths of 309.1/319.9 nm
for 4 and 319.9/341.5/354.7 nm férafter intensity corrections
and subtractions of the Rayleigh line, glass bands, and solvent
bands. Tables S3 and S4 (see Supporting Information) give the
wavenumbers, relative resonance Raman intensities and absolute
resonance Raman cross-section valued imd6, respectively.
The Raman intensity appears in a single low-frequency mode
and its overtones. The fundamental frequency and overtones
are found to be 85/170 crh for 4 and 117/234 cmt for 6.
Computational Results. The optimized structural data of
[PtM(u-H,PCHPH,)2(CN)z]* (M = Au, Cu) are summarized
in Table 2. The calculated PtAu distance of 2.912 A and other
main structural parameters for the [PtAuhodel are consistent
with the X-ray crystallographic data dfexcept for the P-Pt—
Au—P dihedral angle of 1652 which deviates from the X-ray
crystallographic data of 85We suggest this discrepancy arises
from the fact that the X-ray data was obtained with the complex
in a rigid crystal lattice but calculation of the model compound
was performed with a floppy gas-phase model. The calculated
Pt--Cu distance of 2.703 A for the boat conformation of [PtCu-
(u-H2PCHPH,)2(CN),] ™ is close to the X-ray crystallographic
result of 2.7368(4) A ir6, but for the chair conformation, the
calculated Pt-Cu distance is 0.11 A shorter. Another point of
note is that the optimization gives a shorterr CG(N) distance
of 2.293 A and a smaller €Pt—Cu angle of 55.8in the boat
conformation compared to the X-ray crystallographic data.
Furthermore, the optimized-HPt—Cu—P dihedral angles in both
the boat and chair forms deviate from the X-ray data. Just like
the case of [PtAu(-H,PCHPH,),(CN),]*, the deviation of these
optimized structural parameters from the X-ray crystallographic
data is attributed to the floppy gas-phase model used in the
calculation, which is different from the rigid crystal lattice. The
shorter Cu-C(N) distance in the boat conformation reflects the
presence of an intramolecular €C(N) interaction. Previous
work on dinuclear Cu(l) complex&srevealed that the Cu@
solvent or Cu(ly-anion interactions would weaken the intramo-
lecular Cu(l}--Cu(l) interactions, resulting in lengthening of

band(s). Figure 8 and Figure S6 (the latter is in the Supporting this distance. Therefore, the shorter optimized-Ru distance
Information) show the resonance Raman spectra obtained inin the chair conformation relative to those in the boat conforma-
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Figure 9. A simplified frontier MO diagram with large d(metal) composi-
tions in [PtMu-H,PCHPH,)2(CN).]* (M = Au, Cu).

tion of [PtCuf-H,PCHPH,)2(CN).]* and6 as determined by
X-ray crystal analysis is attributed to €€(N) interactions.
The other calculated bonding parameters for [PtEd{PCH,-
PH,)2(CN),]* are consistent with the related structural data of
6. A quantitative simplified MO diagram for the higher occupied
(with nd contribution of metals) and lower unoccupied molecular
orbitals for [PtAufi-H,PCHPH;)2(CN),]™ and [PtCug-Ho-
PCHPH,)2(CN),] " is depicted in Figure 9. The partial MO

Table 3. Calculated Lower Energy Absorption Bands of the Model
Complex at CIS Level with IPCM Method in CH3CN and CH,Cl,

Acale oscillation Aobs
(nm) strength transition (nm)
[PtAu(u-HPCHPH)2(CN)J +
in CHsCN 290.9 0.0045 XA—AB
259.78 0.5091 XA—B'A 316°
246.47 0.1008 XA—CB 259
in CH,Cl, 289.23 0.0042 XA—AB
259.13 0.5083 XA—B'A 317
246.18 0.1006 XA—CB 265
[Pto(u-HoPCHPH)(CN),P  271.7  0.0029 XA—AlA 328
[Auz(u-HPCHPH) T 2457 0.284 XAG—AlA, 278/292

(NCCHy) ¢

aFrom the absorption data df ® See ref 39; calculation was undertaken
at CIS level with the basis sets and geometry parameters being the same as
those for [Pi(u-HPCHPH,)2(CN)4] in the ground state in ref 1F.From
the absorption data of [Ft-dmpmy(CN),] in ref 1I. 9 See ref 3k.

dz, and 36.2% @2 in MO 24a, 11.8% s, 16.9%xland 11.1%
de-y2 in MO 27a). The total Pt/Au compositions in MO 24a
and 27a are 25.4/55.7% and 42.9/42.2%, respectively. Therefore,
it is difficult to explicitly label MOs 24a and 27a. Perhaps, they
can be regarded as pseudo or distortgd,¥ orbitals, respec-
tively.

For the [PtCug-H,PCHPH,)2(CN),] T model, both the boat
and chair conformations show that thedlorbital overlapping
is less significant than that found in the [Pttt ,PCHPH,)2-
(CN),J* model. Only MOs 27aand 33&in the boat form and
16a, 20b, 24a, and 26a in the chair form have total metal
compositions of>50% and>20% for Pt/Cu. However, the total
metal compositions in these MOs in the chair form aE0%
higher than those in the boat form, which is consistent with the
shorter Pt+Cu distance in the former. It is difficult to categorize
these orbitals because of the low metal compositions. MOs 24a
and 26a in the chair form can be regarded as the pseudo or

compositions for these model compounds are summarized indistorted @/d,* type orbitals; they are due to a combination of

Tables S5 S7 (see Supporting Information).

As shown in Tables S5S7 and Figure 9, there are few
frontier MOs arising from overlapping between the d orbitals
of Pt and Au/Cu (which is important character for metaletal
bonding interaction) for the model compound, but most of the
d orbitals undergo interaction with the ligands. This is different
from the MOs of the [R(u-H,PCHPH,)2(CN)4],1 which were
calculated at the same theoretical level. In{@HPCHPH,),-
(CN)4], MOs 28a/33a have A composition of 78.1/66.0%,
which are regarded as/d,*; MOs 22b/23b have @ composi-
tions of 81.4/73.1%, and MOs 24b/28b havg cbmpositions
of 87.0/78.1%, which are designated a&d* orbitals, respec-
tively.

For [PtAu(-H,PCHPH;)2(CN),]*, MOs 18a, 21a, 18b, 20b,
24a, and 27a have large metal compositions (totallyp0%
and > 20% for Pt and Au, respectively). MOs 18a/21a are
ds/ds* orbitals, respectively, with substantialydand/or ge—y2
parentage (23.1%gl+ 4.5% 42 + 3.6% gz of Pt, 16.4%
dyy + 4.2% d2 of Au in MO 18a; 15.1% ¢, + 13.8% de—y2 of
Pt, 43.0% ¢, of Au in MO 21a). MOs 18b/20b arett*
orbitals, respectively, with,g(Pt, Au) of (29.7, 43.8%)/(28.9,
54.0%). The compositions of MOs 24a and 27a are complex,
in which the main parentage of Pt orbitals is/5(22.5% in
MO 24a and 36.0% in MO 27a) with little 6s character (1.7%
in MO 24a and 5.9% in MO 27a), while the contribution from
Au is the hybrid of 5¢, 5d2-y2, and 6s orbitals (14.5% s, 4.2%
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S, o2, de-2, and dy.

The pairs of MOs 18a/21a, 18b/20b, and 24a/27a in [PtAu-
(u-H2PCHPH,),(CN),]+ and MOs 24a/26a in the chair form
of [PtCu(u-HPCHPH,)2(CN),]* are pairs of d-bonding and
-antibonding orbitals. The corresponding d orbital splittings are
1.22, 0.94, and 2.52 ev in [PtAuwHPCH,PH;)2(CN),] ™ and
2.00 ev in [PtCuy¢-H,PCHPH,)(CN),] *, which are comparable
to the corresponding values of 6:2.7 ev in [Pi(u-H,PCH,-
PH,)2(CN)4] (particularly the splitting of the MOs with 4l
parentage of 2.66 ev).

As shown in Tables S5S7, the LUMOs are either metal
metal and/or metatPigang interactive orbitals. The contribution
of metals is mainly fromr{ + 1)s, p orbitals.

Based on the optimized structure, the low-lying dipole-
allowed electronic transitions in [PtAu{HPCHPH,)(CN),]
in CH3sCN and CHCI, were calculated by Cl-singles method
with the IPCM model and the results are listed in Table 3. The
density diagrams of the frontier orbitals for the low-lying dipole-
allowed electronic transitions of [PtAu{H,PCHPH,),(CN),] ™
in CH3CN are depicted in Figure 10 (on simplification the
similar case in the electrostatic field of GEl, is not shown).

The optimized molecular structurestedins[Pt(PHs)2(CN),],
[Au(PHs)2] T, and frans-Pt(PH)2(CN),—Au(PHs),"] are listed
in Table 4. The optimized €Pt—Au angles are 90.7 and 87.8
in skewed and eclipsed geometry, respectively, which slightly
deviate from 90.0 However, the optimized PPt—Au and
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Table 5. Metal---Metal Distances
complex M:=-M (A) reference
[Pta(ue-decpmp(CN)4] 3.0565(4) 1
[Pdx(u-dcpmp(CN)4] 3.0432(7) im
0.67030 [Ni (u-depmy(CN)4] 2.957(1) 1l
[Cua(u-dcpm)](ClO4) 2.685 3g
[Ag2(u-dcpmy](PFe)2 2.938(1) 3h
[Auz(u-dcpm)](ClO4), 2.9389(9) 3j
[PtAu(u-dcpmp(CN)2]CIO4 (4) 2.9534(4) this work
[PtAg(u-dcpm)(CN)]JCFsSO; (5) 2.9117(6) this work
[PtCu(u-dcpm)(CN)z]BF4 (6) 2.7368(4) this work
[PdAu(u-dcpm)(CN),]CI (7a) 2.954(1) this work
27a 28a [NiAu(u-dcpm)(CN)2]CIO4 (8) 2.8614(8) this work
Figure 10. Single electronic transition wittCl coefficients > 0.1 in the %Eﬁ%wé’gg&nﬁ(gg))gﬁé% ggggg; gz
CIS calculation for the di_pole-allowed absorption at 259.78 nm of [PtAu- [|I’AU(z-dppm>(CNCl‘l;)z](PFs)z 2:944(1) 5h
(u-HzPCHPH;)2(CN))] ™ in CHCN. [PtAg(u-dppmA(CN)x(CFsSOy)] 3.002 6b

Table 4. Partial Optimized Structural Parameters of
trans-[Pt(PH3z)2(CN),], [Au(PHs),]*, and the Dimer
[tfanS—Pt(PHg)z(CN)z*AU(PH3)2+]

skewed eclipsed
trans-[Pt(PH3),(CN),] [Au(PHa),]* dimer dimer
Bond Length (A)
Pt--Au 2.950 2.904
PP 2.378 2.330 2.326
Au—P 2.329 2.357 2.356
Pt-C 1.998 1.992 1.994
C—N 1.190 1.191 1.191
H—P(Pt) 1.416 1.416 1.416
H—P(Au) 1.415 1.415 1.416
Bond Angle (deg)
H—P—Pt 115.6 116.1 116.4
H—P—Au 115.7 116.1 117.4
P—Pt—Au 93.3 98.0
P—Au—Pt 99.5 108.7
C—Pt—Au 90.7 87.8

P—Au—Pt angles of 93.3/980and 99.5/108.7in a skewed/
eclipsed dimer, respectively, substantially deviate from 90.0
indicating that the original planar [Pi€;] and linear [AuB]

units in the monomers change considerably upon formation of

the dimer. Therefore, we use the optimized dimer structure to
| (CN);] reported by Mason and co-workétsand trans[Pt-

calculate the interaction energy. The other optimized structura
parameters in the monomer and dimer are similar.

Discussion

Metal—Metal Distances.Intramolecular metatmetal dis-
tance is an important structural feature for assessing metal

metal interaction between closed shell metal ions. The intramo-

lecular metal-metal distances of 2.9534(4), 2.9117(6), and
2.7368(4) in4, 5, and 6, respectively, are comparable to the
corresponding values in a series of—di'® heteronuclear
analogues (see Table 5), for instance;-Ru distances of 3.046-
(2)/2.910(1) A in [PtAug-dppm)y(CN),]JCIO4f2 and [PtAufi-
dppmy(C=CPh}]PFs-H,0 ¢ Pt---Ag distances of 3.002(1)/
3.146(3) A in [PtAgfi-dppmY(CN)(CF:S03)] and [PtAgfi-
dppm)(C=CPh}I],3 Ir---Au distances of 2.986(1)/2.944(1) A
in [IrAu(u-dppmy(CO)C1]PR2and [IrAuu-dppmy(CNCH),]-
PFs,5P and Pt--Cu distances of 2.931(28.021(2) A in [Pt
Cwy(C=CPh}],.32 The metal--metal distances id—6 are also
comparable to those in homodinucledrod d'° analogues (see
Table 5), that is, the PtPt, Aw--Au, and Cu--Cu distances

[PLCuy(C=CPh}], 2.931(2)-3.021(2) 32

of 3.0565(4), 2.9389(9), and 2.685 A in jRt-dcpm)y(CN)4],
[Aus(u-decpm)](ClOy)2,3 and [Cu(u-dcpm)](ClO4),,%9 respec-
tively. We note that the Pt(l4)-M(l) distances of 2.6:3.1 A in
4—6 allow close metatmetal contacts and are reminiscent of
weak metat-metal interactions. The relatively short metal
metal distance of 2.7368(4) A B could be due to the smaller
ionic radii of Cu(l) compared to Au(l) or Ag(l) (0.96 for Cu(l),
1.26 for Ag(l), and 1.37 A for Au(8®). The Pd--Au distance
of 2.954(1) A in7ais nearly the same as the PAu separation
of 2.9534(4) A in4. Therefore, the PdAu interaction in7a
should be weaker than the PAu interaction in4 since the
van der Waals radi of the Pd atom is 0.1 A shorter than that
of the Pt atom. The Ni-Au distance of 2.8614(8) A i8 is
shorter than the sum of van der Waals radii of 3.29 A (“Ni
Au”), the metai--metal distances in dinuclear Pt(Il), Pd(ll), and
Ni(ll) analogues, and the metalmetal distances in the ho-
modinuclear analogues of [Al-dcpm)]* (2.9389(9) Ay and
[Nio(u-decpm)(CN)4] (2.957(1) A)H

Spectroscopic PropertiesThe absorption spectrum &fin
CH.CI; (see Figure 2) is similar to that tfans[Pt(P(-Bu)s)2-

(PCy)2(CN),] (PCys = tricyclohexylphosphine), in which
cases intense absorptions were fountl &t300 nm. According

to previous workd! these high-energy absorption bands are
related to-3 5d(Pty—~[6P,(Pt), 7*(C=N), *(P—R)]} transitions.
For the dinuclear complexés-6, the absorption bands at 220
300 nm are comparable to that®at a similar spectral region
with small shifts inlmax ande values; hence presumably these
bands have a similar electronic origin. The salient feature in
the absorption spectra éf-6 is the intense absorption band at
ca. 317, 306, and 331 (or 335) nm4n5, and6, respectively,
which is absent in the absorption spectr@diAu(PE),]PFs,3°
[Ag(PRs)2]CIO4 (R = Me, Cy)3h and [Cu(PCy)2]ClO4.39
Such bands are comparable to related bandsAith323 (€max
1.32x 10% and 317 NnMdmax 1.93 x 10% in [PtAu(u-dppm)-
(CN),JClO8 and [PtAgfi-dppmp(CN)(CF:SOs)],60 respec-
tively, which were previously assigned nd,*—(n + 1)ps]
transitions. We have made similar assignments accordingly. The
weak absorption band at ca. 360 nmdirshould be the spin-
forbidden counterpart of th5d,*—6p,) transition. Here, the

(31) McDonald, W. S.; Pringle, P. G.; Shaw, B. . Chem Soc, Chem
Commun 1982 861—-864.

(32) Yam, V. W.-W.; Yu, K.-L.; Cheung, K.-KJ. Chem Soc, Dalton Trans
1999 2913-2915.

(33) Handbook of Chemistry and Physics; Weast: 197971.

(34) Solar, J. M.; Ozkan, M. A.; Isci, H.; Mason, W. Rorg. Chem 1984 23,
758-764.

(35) Savas, M. M.; Mason, W. Rnorg. Chem 1987, 26, 301—307.
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inferred singlet-triplet excited state splitting fot is 3998 cn1?,
which is comparable to the corresponding values4®00 cnt?
in [Pty(L)2(CN)4] (L = dcpni' or dppnif) and 4259 cm? in
[Pta(P20sH2)4]%~.2 The proposed(d,*—p,) transition bands in
4—6 are comparable in energy to related transitions in
homodinuclear #land d° complexes, such as PP,OsHy)4]*~
(Amax 367 NM,emax45 400, in aqueous solutioAJPt(«-dcpm)-
(CN)g] (Amax 337 NM,€emax 24 100, in CHCL)," [Aua(u-dcpmy]-
(ClOg)2 (Amax 278 nm, emax 28920, in CHCN)2¢ [Aga(u-
dcpm)](PFs)2 (Amax 266 NM, emax 22000, in CHCIy),3" and
[Cuz(u-dcpm)](ClO4)2 (Amax 311 NM,emax 14090, in CHCly;
Amax 319, €max 4820, in CHCN).39

the

pyramidalization at the Ni atoms. Here, the Ni atom8iis
also distorted from inversion site symmetry with-8i—C and
P—Ni—P angles of 173.3(3)and 172.95(6) respectively.
Accordingly, we assign the absorption bands at-3800 nm

in 8 to d—d transitions. The intense absorption band at 277 nm
(e 26 500) for8 is comparable to the bands at 251 nn5% 400)

for [Niz(u-dcpm}y(CN)4] and 264 nm € 49 600) fortrans[Ni-
(PCys)2(CN),],Y which are regarded as being associated with
the Ni—P unit. The average NiP distance of 2.237 A i8 is
shorter than that itrans[Ni(PCys)2(CN),] (2.243 A), which

is consistent with the corresponding decrease in transition
energy. Accordingly, no NtAu interaction is depicted in the

For 6 (see Figure 2 and inset), the intense absorption band atabsorption spectrum .

Amax= 331 nm in CHCN/CH;OH is slightly red-shifted to 335
nm in CHCl,, and there is also a significant differenceen
values in these solvents. A similar finding has also been
observed for the 3d—4p, transition in [Cu(u-dcpm)]-
(ClOy4)2.29 This was attributed to coordination of GEN
molecules to Cu(l). Indeed, the crystal structure of J@u
dcpm)(CH3CN)2](ClO4)2%9 with coordinated CRCN has been
obtained. This kind of metalsolvent contact would weaken
the intramolecular metalmetal interaction, leading to a reduced
oscillation strength for thad,*—(n + 1)p, transition. In this
work, a similar decrease in the extinction coefficient of the low-
energy dipole-allowed transition 6fupon changing the solvent
from CH,Cl, to CH;CN was found. We have not been able to
obtain crystals of6 that show the existence of a weak
PtCu--NCCH; interaction in the solid state. However, the
chemical shift of the P atom ligated to Cu(l) &in CDsCN is
shifted upfield by 3 ppm compared to that in CRGblution,
suggesting interaction of GGN with Cu(l). Similar findings
derived from the®P chemical shifts have been described for
[Cuz(u-dcpm)](ClO4),.%9

The UV—vis absorption spectrum of (see Figure 3) is
different from those ofi—6 in that the higher energy absorption
bands atl < 298 nm have larget values ((1.7-2.2) x 10%
than the lowest energy dipole-allowed oneslat 298 nm
(n x 10°), while, in the cases 6f—6, the lowest energy dipole-

Resonance Raman Spectra AnalysiResonance Raman
spectroscopy confirmed that the 317 and 335 nm absorption
bands ird and6, respectively, are due to metal-centenelgk—

(n + 1)p, transitions. The single low-frequency mode and their
overtones are consistent with the PtiAu(l) and Pt(ll)-Cu-

(I) stretches. This reveals that the excited state distortion is
localized in the Pt(Il-Au(l) or Pt(Il)—Cu(l) bond. The assigned
v(PtAu) of 85 cnt! andv(PtCu) of 117 cm' are comparable
to the v(Pt) of 93 cnt? for [Pty(u-dcpmy(CN)4], Y v(Au,) of

88 cnr! for [Auy(u-dcpm)]2t 3f »(Cup) of 104 cnr? for [Cu,-
(u-dcpm))?™,29 andv(Rhy) of 79 cnt! for [Rhobg]?t (b= 1,3-
diisocyanopropané} Using a previously described method of
calculation? the excited state PtAu stretching vibration is
estimated to be 128 crhfor 4, which is larger than that in the
ground state and in agreement with the assignment of the
transition to an excited state with increased metaétal
bonding. This excited state M stretching frequency is similar
to the corresponding frequencies of JlRtdcpmy(CN),] (145
cm™ ), M [Auz(u-depm)](ClO4)2 (175 cnr?), 3 [Cup(u-depm)]-
(ClOg4)2 (150 cn11),39 and [Rhbg]?t (144 cnri)la and also
comparable with the value of 156 cifor [Pty(P,0sH2)4] 4,36
which is regarded as having a single metaletal bond in the
excited state. However, a similar calculation methestimated
the Pt-Cu excited state stretching frequency to be 230
cm~1, which is even higher than the excited-©Qu stretching

allowed transitions are the most intense. The distinct absorptionfrequency of 175 cmt for the related [Cp(u-dcpm)](ClO4).

bands in CHCIl,, CH:CN, and CHOH at Amax < 298 nm
(e (1.7-2.2) x 10% for 7 are proposed to originate from
electronic transitions of the PA@EN), unit, since the mono-
nuclear [Pd(DEPE)(PFs), and trans[Pd(P{-Bu)s)2(CN),]3*

The Pt--Au distance for4 in the excited state calculated with
the related methdds 0.10 A shorter than that in the ground
state. This M--M contraction upon excitation is comparable to
those reported for [Riu-decpm(CN)4] (0.11 AY and [Aw(u-

derivatives display similar absorption bands. The shoulder dcpm)](ClO4), (0.156 A)3 but smaller than those for

absorption of7 at 300-350 nm ¢ = 5000-7000) is absent in
related mononuclear Pd(Il) complexes and [Au¢@PfPFs.35 It

is comparable to the shoulder absorption of JfRedcpm}-
(CN)4*™ at ca. 310 nmd = 4890) in solution. The 310 nm
shoulder band of [Pgdu-dcpm)(CN),] is blue-shifted with a
decrease in temperature and has been assigned{ddie—5p;)
transition, which is affected by solution temperature. We found

[Pta(P,0sH2)4]4~ (0.225 A from the resonance Raman spectros-
copy?® and 0.28(9) A from the time-resolved X-ray crystal-
lography?) and [Rhb,]2* (~0.3 A) 1P We can see that changes
in metakmetal distances in the excited states of tfe di®
d10—d 1% and d#—d'° systems described previously and in this
work are smaller than that for [#P,OsH,)4]4~. We suggest
that the bridging phosphine ligand also exerts an effect on the

that there is also a slight blue-shift of the above shoulder band metal-metal interaction.

of 7 from ca. 314 nm to ca. 300 nm upon decreasing the
temperature from 298 to 203 K. Accordingly, we assign this
shoulder absorption band @fto the }(d,*—p,) transition.

Emission. The emissions of4 and 5 are attributed to
phosphorescence due to their long emission lifetimes (in
microsecond regime) and large Stokes shift®©@00 cnt?)

For 8, the absorption bands between 300 and 500 nm are between the absorption and emission maxima. Excitation spectra

similar to those aimax (¢) 306 (5300), 361 (3700), and 391 nm
(3900) for [Nip(u-dcpmp(CN)4]Y in CH,CI, solution. We have
assigned the absorption bands ofjNidcpm)(CN),] at 300—
500 nm to e>d electronic transitions that involve marked

10372 J. AM. CHEM. SOC. = VOL. 125, NO. 34, 2003

(36) Che, C.-M.; Butler, L. G.; Gray, H. B.; Crooks, R. M.; Woodruff, W. H.
J. Am. Chem. S0d 983 105, 5492-5494.

(37) Kim, C. D.; Pillet, S.; Wu, G.; Fullagar, W. K.; Coppens, Rcta
Crystallogr. A2002 58, 133-137.
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measured in 77 K glassy solution (§BH/EtOH 4:1) resemble
the corresponding absorption spectra 4ofand 5 at room 3.0
temperature.

Complex7ashows phosphorescence with emission maxima

MP2, skewed geometry
HF, skewed geometry
MP2, eclipsed geometry
HF, eclipsed geometry

o= Jd 4

at 516-520 nm and lifetimes in the microsecond regime. The _ 2.0+
excitation spectrum measured in 77 K glassy solution is different &
from the absorption spectrum measured inzOH at 298 K Y 404

but resembles that recorded at 203 K, in which the broad °
absorption band at 366850 nm at 298 K becomes a distinct . . '
shoulder and blue-shifts to ca. 29815 nm, and &[d,*—p,] 0.0 S —
transition is assigned. The emission7af cannot be attributed \\_J/
to the triplet congener of the 2915 nm transitions measured
in CH3OH at 203 K because of the large Stokes shifL8 000 105 25 30 35 40 45
cm1). We propose that the emission originates from the ' } o ’ '
3(d.*p,) or 3(ds*p.,) excited state, which lies at a lower energy. rPt-Au) (A)

The emission behavior @&is complex. This complex shows ~ Fgure 11. - Interaction energy curve offansPt(PH)2(CN).—Au(PHs)2"]
a long-lived emission (56 us) with Amax = 508 nm in solid caleulated by Counterpoise method.
state at 298 K, which is assigned to the phosphorescence of the
3(d,*po) excited state. In solution at room temperature and in
glassy solution at 77 K, the high-energy emission band at-430
460 nm with lifetimes in the microsecond regime resembles
the 3(d,*p,) emission of4 at 430-450 nm. The Stokes shifts
of 6900-8300 cn! for the singlet g*—p, transition are also
comparable to that of (~9000 cnt?); we therefore assign the
430-460 nm emission o6 to be 3(d,*p,) in nature. This be neglected
assignment is confirmed by the excitation spectrum monitored The XA A—»élB transition (see Figure S8) mainly involves
at 445 nm in the glassy state, which resembles the absorption . . .
spectrum at 298 K. The low-energy emission at4800 nm the transition of MQ 27a~ MO 27b V.V'th ICl goeﬁ|0|§nt$ Of.
recorded in solution at 298 K and in 77 K glassy solution §CH 0'655. .42' MO 27b s an AP yr-type_ Interaction orbital. T.hls
OH/EtOH 4:1) has a different excitation spectrum (monitored transition should be related to the higher energy absorptions of
at 493 nm in 77 K glassy solution) from the absorption spectrum 4ati < 300 nm.

measured in solution at room temperature. The broad emission From_the abovg analysst,)wedcanzzze tha;réel/zalculatr_ed lower
band indicates significant distortion in the excited state. As in energy intense absorption band at nr¥ ) contains

the case of [Ch{u-dcpm)]2+,3® we suggest that coordination some MLCT character and is not a pure metal centegeerg,
of solvent/anions (S) to give [PtQudcpmy(CN)(S)]*+, which electronic transition. This is different from the case of thg-d

10 24+ 3k i
is present in low concentration, could be responsible for the d system [Au(HPCHPH)] oo n Wh'cb the calcqlgted
490-590 nm emission. absorption band at 245.7 nm is mainly{d,*—p,] transition

. - combined with a[d,*—s,] transition at a ratio of 5:1. For the
Calculated Electronic Transitions. The [PtAu-HPCH,- F—cP system [Pzt[(u-H I?C]:HZPHZ)(CN)] the calculated low-
PH,)(CN),]* molecule has &A ground state. As shown in Table 2 Al

3, the calculated low-lying dipole-allowed transitions with the !ylng dlpole-illowed absorption banq at 271.'.69 g\m Is character-
IPCM model in CHCN and CHCl, solutions are virtually ized as a[d,*—(sp), + ds] electronic transitior¥® Therefore,

i 8 10— 10 —d10 di
identical. This is consistent with the finding that the absorption tshZéﬁg?;ﬁ?gﬁ;;iﬁ&;t V?/e ?gdoie(:ha(:ltr;\lifli?(;ue o
spectra of4 in these two solvents are almost the same. The y ’ prop

calculated dipole-allowed ¥ —BIA transition at 259.78 nm the different electronic configurations of the metal atoms in these
in CH,CN and 259.13 nm in ChCl, has a larger oscillator systems. The high-lying occupied MOs in all these systems are

* — 1 * 1 1+
strength (0.5091 and 0.5083, respectively) than the lower energyd" (dz ((jjzzt) S'rt'ﬁe :23 GV?" ortpltals E?;VF trll_:? largest tSr[]Jlltltmg
X1A—AIB transition at 290.90 and 289.23 nm (oscillator CcOMParec to otherdd interaction orbitals. However, the low-

strength 0.0045 and 0.0042). Therefore, we suggest that theIylng unoccupied MOs can be different since tifamistal atom

former should be correlated to the intense absorption badd of h?S an en;pltly 5e-y? o_rb(ljtal but the 5d orbitals of the'timetal
at Amax = 317 nm in solution. a cl):m arﬁ U)XAOC(;J&e T ¢ IPAUL-H-PCHP

The X'A—AIB transition calculated at 290 nm is mainly or +t € . transition of [PtAUf-HoPCHPH,)-
composed of the following transitions: MO 26 MO 28a (CN)]™, the terminated orbital 28a is a metahetal bonding-
MO 26b — MO 29a, with |CI coefficients of 0.653 28 an’d type orbital. Therefore, the metaietal bond order would

0.156 25, respectively (see Figure S7). However, due to the weak'rncrerflsr:e ung) nn:alicrtronll;: tr?]ni\';fn'tg rtutshls conslls':er:: \iwthh the
oscillator strength~0.004), we propose that this transition is esonance Raman results snowing that the al strete

unlikely to be detected under normal experimental conditions ing frequency o is enhfanced n the_ excited state.
or would be masked by the tail of the intenséAX-BIA [Pt(ll) —Au(l)] Interaction Energy in Ground State. As
transition. depicted in Figure 11, the interaction energy curves oftiiaa$

Pt(PH)2(CN),—Au(PH),™] dimer are attractive for the skewed

The X!A—B?A transition calculated at 259 nm (see Figure
10) is mainly due to the transition of MO 27a MO 28a with

|Cl coefficients of 0.670 30. As discussed above, MO 27ais a
d,* type orbital. MO 28a is the combination of(metal) and

¥ (Pigand and can be described as,(metal) + 1(Pigand)]-
Therefore, the ¥A—B!A transition has'd,*—p,] character
though the metal-to-ligand charge-transfer parentage could not

(38) Mao, Z.; Chao, H.-Y.; Hui, Z.; Che, C.-M.; Fu, W.-F.; Cheung, K.-K;;
Zhu, N. Chem—Eur. J.2003 9, 2885. (39) Xia, B.-H. Ph.D. Thesis, The University of Hong Kong, 2002.
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geometry but repulsive for the eclipsed geometry at both HF is not the real equilibrium PtAu distance of the dimer.
and MP2 levels. Hence, Pt(thAu(l) interaction exists in the Nevertheless, the(Pt—Au) of 3.14 A is shorter than the sum
ground state with the skewed geometry, and no interaction hasof the van der Waals radii of “Pt Au” (3.41 A)%° and within
been found for the eclipsed geometry. The attractive effect atthe range of separations expected for weak metadtal
the HF level signifies weak bonding interaction due to orbital interaction. These results strongly indicate the existence of weak
overlap between the two metal centers. Pt(I)—Au(l) interaction.

The well depth for the skewed structure-i69.59 ev (13.6

Concluding Remarks
kcal mol?) atr(Pt—Au) = 3.14 A at the MP2 level and-0.1 g

ev (—2.3 kcal mot?) at r(Pt—Au) = 3.62 A at the HF level. The UV—vis spectroscopic properties of a series &f d*0

These values cannot be regarded as the real PHLYI) complexes have been examined in order to scrutinize the metal
interaction energy because the interaction energy curve isMetalinteraction. Resonance Raman spectrbasfd6 indicate
shallow and does not reach the zero point everfRt—Au) = that the lowest energy dipole-allowed electronic transition is

45 A (AE = —0.14 and—0.05 ev at MP2 and HF level, nd,*—(n + 1)p, in nature and there is contracted metaietal
respectively). If we assume that metahetal bonding interac- separation in the_exci_te_d state. Theoretical calc_ulation; re\_/ealed
tion vanishes at(Pt—Au) = 4.5 A, the attractive property of that th_e electronic origin 0_1‘8e|rd10 metal-metal interaction is
the AE value atr(Pt—Au) > 4.5 A should not arise from the ~ complicated compared with®¢td® or d'*-d'® systems. The
metal-metalbondinginteraction and could be attributed to the ~ C&lculation on the CIS level reveals that the lower energy dipole-
long-range dispersion energy. Therefore, the well depth is allowed X'A—BA electronic transition in [PtAU(-H,PCH-
corrected by th\E values ar(Pt—Au) = 4.5 A. The corrected ~ PH2)2(CN)] * is different from the cases of [RHPCHPH)»-

well depth is 0.45 ev (10.4 kcal md) at MP2 level and 0.05  (CN)a] and [Alp(HPCHPH,);]*" and is*[d,*—p,] in nature

ev at HF level; the latter value is sufficiently small to neglect, Mixed with MLCT character. The attractive nature of the
and the former can be compared with the well-documented intéraction energy curve for ther@ns Pt(PH)(CN)—Au-
Au(l)—Au(l) interaction energy of 510 kcal mot? 4°and the (PHs)2™] dimer confirms the weak Pt(Il)Au(l) interaction in

calculated 8-d® meta-metal bonding energies of-20 kcal the ground state.
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ClOq, respectively. We should note that #h and [PtAu-
(u-dppm)(CN),]ClO4 the two metal atoms are bridged by two
phosphine ligands while thérins-Pt(PH;)2(CN),—Au(PHs), 1]
consists of two unbridged subsystetrens Pt(PH;)(CN), and
Au(PHs),". The bridging diphosphine ligands will shorten the
metal-metal distance. The calculated equilibrium--FPsu
distancere((Pt—Au) is also longer than the optimized-PAu
distance of 2.9502 A in the skeweilgns-Pt(PHs)2(CN),—Au-
(PHs)2™] dimer. In fact, the interaction energy curve does not
describe the absolute minimum on the interaction energy surface
for the trans-Pt(PH;)2(CN),—Au(PHs),*] dimer since only one
coordinater(Pt—Au), was varied during calculation. Therefore,
there(Pt—Au) value obtained from the interaction energy curve

Supporting Information Available: Crystal data foA-2CHs-
OH, 5'CH3OH, 6'CH2C|2, 7a°0.5C2H5OC2H5'1.5HzO, and
8-2CH;OH (Table S1), selected bond distances and bond angles
for 4—8 (Table S2), resonance Raman data aind6 in CH,-
Cl, (Tables S3 and S4), partial MO compositions of [PiéAu(
H,PCH,PH,)2(CN),] and [PtCu-H,PCH,PH,)2(CN),] (Tables
S5-S7), perspective drawings 68 (Figures St-S4), emis-
sion spectra o5 (Figure S5), resonance Raman spectré of
CH.CI, (Figure S6), single electronic transitions witlCl
coefficients > 0.1 in the CIS calculation for the 290.9 and 246.5
nm absorptions of [PtAuftH,PCHPH;)2(CN),]* in CH;CN
(Figures S7 and S8), and the CIF files for all the crystal
structures reported in this paper. This material is available free
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