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Structural, spectroscopic properties on the dinuclear [Ma(dcpm),(CN)y] (M = Pt, 1a; Ni, 2a, dcpm =
bis(dicyclohexylphosphino)methane) and [Mz(dmpm),(CN)4] (M = Pt, 1b; Ni, 2b, dmpm = bis(dimethylphosphino)-
methane) and the mononuclear trans-[M(PCys),(CN),] (M = Pt, 3; Ni, 4, PCy; = tricyclohexylphosphine) and
theoretical investigations on the corresponding model compounds are described. X-ray structural analyses reveal
Pt-++Pt and Ni-+*Ni distances of 3.0565(4)/3.189(1) A and 2.957(1)/3.209(8) A for 1a/1b and 2a/2b, respectively.
The UV-vis absorption bands at 337 nm (e 2.41 x 10* dm® mol~t cm™!) for 1a and 328 nm (e 2.43 x 10* dm?
mol~t cm™) for 1b in CH,Cl, are assigned to ‘(5d,* — 6p,) electronic transitions originating from Pt(Il)=Pt(Il)
interactions. Resonance Raman spectroscopy of 1a, in which all the Raman intensity appears in the Pt—Pt stretch
fundamental (93 cm™1) and overtone bands, verifies this metal-metal interaction. Complexes 1a and 1b exhibit
photoluminescence in the solid state and solution. For the dinuclear nickel(ll) complexes 2a and 2b, neither
spectroscopic data nor theoretical calculation suggests the presence of Ni(Il)-Ni(ll) interactions. The intense absorption
bands at 4 > 320 nm in the UV—-vis spectra of 2a and 2b are tentatively assigned to d — d transitions.

Introduction L9 (nd,*)(n + 1)p,] excited states produced upon excitation

. o . in thend,* — (n + 1)p, transition® Experimental iggce
Since the initial report on the fascinating photophysical thend ( )p transitio perimental studiés

and photochemical properties of the dinucléardf complex

(2) B—d8 (a) Stiegman, A. E.; Rice, S. F.; Gray, H. B.; Miskowski, V.

[Pty(P-OsHy)4]4",t there has been continued interest in
luminescent dinuclear metal complexes, particularly those
with d® and d° metal ions? To explain the &-d® metal
interaction, Gray and co-workers first presented a qualitative
molecular orbital model (see Figure S1 in the Supporting
Information)? in which the higher lyinghdz and 6 + 1)p,
orbitals combine to yield thied,/d,* and (0 + 1)p,/p,* MOs
(MO = molecular orbital). Many spectroscopic studies on
dinuclear Rh(l), Ir(l), and Pt(Il) complexes have revealed
weak metat-metal bonding interactions in the ground state.
This results from mixing of MOs with same symmetry
between thend, and @ + 1)p, levels® Extensive spectro-
scopic and photophysical studies on dinuclefisystems
have revealed that there is a net metaletal single bond in
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T Correspondence on resonance Raman spectroscopy.
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and theoretical considerations have shown that the simplifiedregarding the presence of Ni(HNi(ll) interaction. Cotton
MO diagram (see Supporting Information) is inadequate and and co-workers had calculated the electronic structure of
cannot accurately describe the excited states. A moreNi,(HNCHNH), as a model for N{form),.* Their treatment
satisfactory description was given by a valence bond treat- indicated that there is no net metahetal bonding interaction
ment in which the monomer excitations are involved in atthe “zeroth order” level calculation, despite the rather short
excitonic dipole-dipole coupling® Ni---Ni distances. Herein, we describe the structural and
Some theoretical studies off-et® metal-metal interac- spectroscopic properties of dinuclear and mononuclear plati-
tions have previously been undertaken. Alvarez and co- num(ll) and nickel(ll) cyanide complexes supported by the
workerg performed ab initio calculations on the nature of electron-rich phosphine ligands dmpm (bis(dimethylphos-
weak M-+M contacts betweenédsquare-planar Mimol- phino)methane), dcpm (bis(dicyclohexylphosphino)methane),
ecules and predicted the effect of adding axial groups (alongand PCy (tricyclohexylphosphine). We have also performed
the M—M orientation) on the strength of the WM interac- ab initio calculations on the models p&-H,PCHPH;,),-
tion. These workers also probed the effect of pyramidality (CN)4 and trans[M(PMes)(CN);] (M = Pt or Ni). We
on P-ML 4 complexe& and proposed a correlation between conclude that there is metaietal interaction in the di-
M---M distances and the degree of pyramidalization at the nuclear [Pi(u«-diphosphineXCN),] complexes. For the
metal atom. [Ni(u-phosphine)CN),] congeners, both experimental data
Metal-metal interactions in oligomeric square-planar and theoretical calculations provide no evidence for Ni
Pt(ll) complexes have been extensively studied including interaction in the ground state.
those of the [Pt(CNJ?~ chain compound®.The dinuclear
complex [Pi(dppm}(CN)4] 2 (1c, dppm = bis(diphen- Experimental Section
ylphosphino)methane) was previously synthesized by Che

and co-workers to probe the interaction between Pt- .
h hi C - d h purchased from Strem. All the chemicals and solvents (AR grade)
(phosphine)CN), moieties. Compared to the numerous for synthesis were used as received. The solvents for photophysical

spectroscopic works on Pi(I) complexes, less attention hasgy,dies were purified as previously descriedhe resonance
been paid to dinuclear Ni(ll) systems and most of the studies Raman apparatus and methods have previously been desEribed.
have been confined to structural reports. These studies havept,(dcpm)(CN),] (1a) and [Ps(dmpm)(CN),] (1b) were synthe-
revealed short intramolecular NiNi distances for some  sized by a modified literature methé¥ The starting materials
polynuclear Ni(ll) complexes. For examples, the:-Nili Pt(L)Cl and Ni(L)Ck (L = dcpm or dmpm) were prepared
distances in [Ni(form),] (form = N,N'-di-p-tolylform- following procedures similar to that for Pt(dppm)€l and
amidinato)%a[Nis(us-tpdayX2] (H-tpda= tripyridyldiamine, Ni(dppm)Cb,*4 respectively. For the preparat_ion afans

X = CI, CN~, Ng~, or NCS),2% and Ni(us-teptra)Cly [M(PCys3)2(CN);] (M = Pt, 3; Ni, 4), the startm_g mate_rlals
(Hsteptra = tetrapyridyltriamine}®c are 2.485(2), ca. Pt(PCy).Cl, and Ni(PCy),Cl, were prepared by reacting PQyith

2.30-2.40, and 2.2152.383(2) A, respectively. These PUCOD)CE and NiCl-6H,0, respectively, and were isolateh

lativelv short i | di h imulated i and 3P NMR spectra were recorded on a Bruker DPX-500
relatively short intermetal distances have stimulate mtereStmuItinuclearFT-NMRspectrometer. Chemical shifisgpm) were

(6) (a) Che, C.-M.: Butler, L. G.; Gray, H. B.; Crooks, R. M.; Woodruff, reported relative to tetramethylsilandH(NMR) and 85% HPO,
W. H. J. Am. Chem. S0d.983 105, 5492-5494. (b) Smith, D. C.; (3P NMR). Infrared spectra were obtained on a Bio-Rad FTS-165

Miskowski, V. M.; Mason, W. R.; Gray, H. BJ. Am. Chem. Soc.  gpectrometer. U¥vis spectra were obtained on a Hewlett-Packard
199Q 112 3759-3767. (c) Marshall, J. L.; Hopkins, M. D.; Mis-

General. The phosphine ligands dcpm, dmpm, and P@gre

kowski, V. M. Gray, H. B.Inorg. Chem 1992 31, 5034-5040. (d) 8453 diode array spectrophotometer. Positive ion FAB mass spectra
Miskowski, V. M.; Rice, S. F.; Gray, H. B.; Milder, S. J. Phys. were recorded on a Finnigan MAT95 mass spectrometer.

(i B Dalinger. R. £ Mider, S. 3. Hil. M. Gt Bxgrom, ©. L [Pdepm):(CN), 1a. A methanolic solution of NaCN (0.03
Mann, K. R.Inorg. Chem1994 33, 2799-2807. (f) Dallinger, R. F.; 9 0.6 mmol) was dropwise added to a methanolic (40 mL)
Carlson, M. J.; Miskowski, V. M.; Gray, H. Binorg. Chem 1998 suspension of Pt(dcpm)&0.20 g, 0.3 mmol). Afte3 h acolorless

37, 5011-5013. (g) Leung, K. H.; Phillips, D. L.; Che, C.-M.;  golution was obtained. Removal of the solvent gave a white solid.

@ mg\fggvsjlf'ijtﬂn; .GR.{:I2@%3‘25cges:ﬁ)/g?elz’,og?i;??ﬁem. soc  After extraction with CHCI,, the filtrate was reduced to 5 mL.

1995 117, 7169-7171. Diethyl ether was added to give a white precipitate. This was filtered
(8 ggg?n, G.; Alemany, P.; Alvarez, Snorg. Chem 1996 35, 5061~ and washed with MeOH and diethyl ether. Crystals suitable for

: ) . X-ray crystal analysis were obtained by slow diffusion of diethyl
9 Miller, J. S.; Epstein, A. Prog. Inorg. Chem1976 20, 1—151. . X . .
© ((S; Milllg:, J. S.Exrt)gnillgd Lineg)rgcr?:i?Comepn;undgenum; New ether into dichloromethane solution. Yield: 0.20 g, 886NMR
York, 1982; vols. 3. (c) Schindler, J. W.; Fukuda, R. C.; Adamson, (500 MHz, CDC}): 6 3.03 (t, 4 H; CH), 1.25-2.93 (m, 88 H;

A. W. J. Am. Chem. Sod.982 104, 3596-3600. (d) Gliemann, G.; 31py 1 . 1 -
Yersin, H. Struct. Bonding1985 62, 87-153. (¢) Lechner, A.; (2:;:';%1)6 HF;{) |_|||}? ’(\%;? E;Brg?)-MH;’lgE? ((:C%)—:N(; 1!387 ? 4_(:: ;l(gF)"tngz
G||emf;1nn, G.J. Am._Chem. Sod989 111, 7469-7475. (f) Mis- ' : ' -V : :
kowski, V. M.; Houlding, V. H.Inorg. Chem 1991, 30, 4446-4452. 1310 [M]*, 1284 [M — CNJ*. Anal. Calcd for GsHgosN4PsPL: C,
(9) Houlding, V. H.; Miskowski, V. M.Coord. Chem. Re 1991, 111, 49.44; H, 7.07; N, 4.27. Found: C, 49.01; H, 7.42; N, 4.00.
145-152. (h) Miskowski, V. M.; Houlding, V. H.; Che, C.-M.; Wang,
Y. Inorg. Chem1993 32, 2518-2524. (i) Bailey, J. A.; Hill, M. G.;

Marsh, R. E.; Miskowski, V. M.; Schaefer, W. P.; Gray, H.IBorg. (11) Cotton, F. A.; Matusz, M.; Poli, R.; Feng, X. J. Am. Chem. Soc.
Chem.1995 34, 4591-4599. 1988 110, 1144-1154.

(10) (a) Cotton, F. A.; Matusz, M.; Poli, Rnorg. Chem1987, 26, 1472~ (12) zheng, X.; Phillips, D. LJ. Chem. Phys1998 108 5772-5783.
1474. (b) Wang, C.-C.; Lo, W.-C.; Chou, C.-C.; Lee, G.-H.; Chen, (13) Hassan, F. S. M.; Markham, D. P.; Pringle, P. G.; Shaw, BJ.L.
J.-M.; Peng, S.-MInorg. Chem.1998 37, 4059-4065. (c) Lai, S.- Chem. Soc., Dalton Tran4985 279-283.

Y.; Lin, T.-W.; Chen, Y.-H.; Wang, C.-C.; Lee, G.-H.; Yang, M.-H.; (14) Van Hecke, G. R.; Horrocks, W. D., Jnorg. Chem1966 5, 1968—
Leung, M.-K.; Peng, S.-MJ. Am. Chem. S0d.999 121, 250-251. 1974.
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Table 1. Crystallographic Data and Structure Refinement for Complexes

Xia et al.

1la-2.5 H,O 1b-H,0O 2a:2.5 HO 2b 3 4
formula GaHg2N4PsPL C14H2aN4PsPL CsaHo2N4PsNiz Cu4H26N4PaNi2 CagHesN2P2Pt CagHeeN2PNi
fw 1310.56 766.06 1036.50 493.70 807.99 671.60
cryst syst monoclinic triclinic monoclinic monoclinic _triclinic triclinic
space group P2/a (No. 13) P1 (No. 2) P2/a (No. 13) P2i/n P1 (No. 2) P1(No. 2)
a(h) 18.097(3) 8.757(2) 17.999(3) 9.160(1) 9.927(2) 9.972(2)
b (A) 14.759(2) 9.149(2) 14.513(3) 11.472(1) 10.274(2) 10.289(2)
c(A) 23.701(3) 9.149(2) 23.895(1) 10.238(1) 11.050(2) 10.908(2)
o (deg) 90.0 79.58(3) 90.0 90.0 65.23(2) 66.00(2)
f (deg) 99.87(2) 66.63(3) 99.298(7) 90.427(2) 69.80(2) 68.91(2)
y (deg) 90.0 66.63(3) 90.0 90.0 89.72(2) 89.64(2)
V (A3) 6263(1) 617.4(2) 6160(1) 1075.8(2) 947.4(4) 941.0(4)
F(000) 2740 366 2340 512 416 366
u(cm™) 46.05 115.85 7.55 20.52 38.00 6.28
Dc (g cm3) 1.445 2.110 1.168 1.524 1.416 1.185
20max (deg) 51.1 51.12 50.0 55.06 53.2 53.2
reflns unique 11976 2117 11334 2473 3638 3435
no. of reflns withl >30(1) 8753 2117 5947 2473 3638 2880
no. of params 597 119 600 160 196 196
R R 0.042, 0.066 0.05,0.14 0.055, 0.085 0.028, 0.087 0.032, 0.046 0.045, 0.063
GOF 1.76 1.18 2.19 0.73 1.69 1.68
residualp (e A=3) +1.18,-1.41 +1.394,—4.456 +0.92,—0.55 +0.461,—0.475 +0.69,—2.02 +0.40,—0.53

a Reflections withl >20(l).

[Pto(dmpm)2(CN),4], 1b. NaCN (0.077 g, 1.6 mmol) in methanol
(20 mL) was dropwise added to a suspension of Pt(dmpnidc7
g, 0.67 mmol) in methanol (20 mL). After 24 h, removal of solvent
from the mixture gave a white solid. The solid was washed with
water and diethyl ether and then dried. Extraction with C#0id
removal of solvent on a rotary evaporator gave a white powder.
Crystals suitable for X-ray structure analysis were obtained by
diffusion of diethyl ether into methanol solution. Yield: 0.14 g,
54%.H NMR (500 MHz, CDC}): ¢ 3.23 (m, 4 H; CH); 2.07
(m, 24 H; CH). 3P{*H} NMR (500 MHz, CDC}): 6 —18.28 (t,
J(PtP) = 2282.90 Hz). IR (KBr, cmY): v 2139 (G=N). MS
(+FAB): myz 767 [M* + 1], 740 [M — CN]*. Anal. Calcd for
Ci14H26N4P4PEL-CHCLs: C, 20.34; N, 6.32; H, 3.30. Found: C, 20.04;
N, 6.53; H, 3.34.

[Niz(dcpm),(CN)4], 2a. This compound was prepared and
purified in the same manner as that i Crystals were obtained
by evaporation of a CyCl,/hexane solution. Yield: 86%H NMR
(500 MHz, CDC}): 6 2.61 (t, 4 H; CH), 1.25-2.52 (m, 88 H;
CsH11). 3*P{*H} NMR (500 MHz, CDC}): ¢ 32.87 (s). IR (KBr,
cm1): v 2110 (GEN). MS (+FAB): n/z1038 [M'], 1011 [M —

CN + 1]*. Anal. Calcd for G4HooN4P4Ni»*H,0: C, 61.38; N, 5.30;
H, 8.97. Found: C, 61.65; N, 4.95; H, 9.40.

[Niz(dmpm),(CN),], 2b. This complex was prepared and purified
similarly tolb. Crystals were obtained from slow evaporation of a
methanol solution of the complex. Yield: 709 NMR (500 MHz,
CDCly): 0 2.82 (p, 4 H; CH)), 1.81 (t, 24 H; CH). 31P{*H} NMR
(500 MHz, CDC}): 6 2.89 (s). IR (KBr, cmit): » 2119 (G=N).
MS(+FAB): m/z493 [M*], 466 [M — CN + 1]*. Anal. Calcd for
Ci14H28N4PaNi2: C, 34.06; N, 11.35; H, 5.72. Found: C, 33.73; N,
11.36; H, 5.77.

trans-[Pt(PCy3)2(CN),], 3. Pt(PCy).Cl, (0.130 g, 0.16 mmol)
and NaCN (0.018 g, 0.4 mmol) in MeOH (20 mL) were stirred for

CH3OH: C, 55.75; N, 3.34; H, 8.40. Found: C, 55.96; N, 2.91; H,
8.27.

trans-[Ni(PCy3)2(CN),], 4. This complex was prepared and
purified by the same method as that ®rCrystals were obtained
by slow diffusion of diethyl ether into C}€I, solution. Yield: 87%.

IH NMR (500 MHz, CDC}): ¢ 1.2—2.6 (m).3P{*H} NMR (500
MHz, CDCL): ¢ 38.37 (s). IR (KBr, cm?): v 2109 (G=N). FAB
MS: m/z 672 [M]*; 645 [M — CN + 1]*. Anal. Calcd for
ngHesNszNi: C, 6796, N, 4.17; H, 9.91. Found: C, 6848, N,
4.19; H, 9.96.

Photophysical MeasurementsSteady-state emission and ex-
citation spectra at room temperature and 77 K were measured on
a Spex 1681 Flurolog-2 model F111Al fluorescence spectropho-
tometer equipped with a Hamamatsu R928 PMT detector. The
spectra at 77 K in the solid state and in MeOH/EtOH (4:1 v/v)
were recorded for samples in quartz tubes immersed in a quartz-
walled optical Dewar flask filled with liquid nitrogen. For measure-
ments of solution emission spectra at room temperature, the
solutions were subjected to four freezaump—thaw cycles prior
to the measurements. Emission quantum yields were determined
by the method of Demas and Crosbwith quinine sulfate in 1.0
N sulfuric acid as the standard{ = 0.546).

X-ray Crystallography. Crystal data and details of collection
and refinement are summarized in Table 1.

Graphite-monochromatized ModKradiation ¢ = 0.71073 A)
was used, and all the non-hydrogen atoms were refined anistropi-
cally, except for the water molecules d&2.5H,0, 1b-H,0, and
2a-2.5H,0. All the hydrogen atoms were placed at calculation
positions without refinement.

For crystalsla2.5H,0 (0.15x 0.15x 0.05 mm),1b-H,0 (0.30
x 0.2 x 0.1), 2a:2.5H,0 (0.30 x 0.25 x 0.05 mm),3 (0.30 x
0.15 x 0.10 mm), and4 (0.20 x 0.15 x 0.05 mm), the crystal

4 h to give a white suspension. Removal of solvent produced a data were collected at 301 K on a MAR diffractometer with a 300

white solid. The crude solid was extracted with £}, and the
CH.ClI, extract was concentrated to 5 mL. Addition of diethyl ether
gave a white solid, which was washed with MeOH and diethyl
ether. Crystals were obtained by slow evaporation of a@
hexane solution. Yield: 0.11 g, 879%8H NMR (500 MHz,
CDClk): 6 1.19-2.75 (m).3P{1H} NMR (500 MHz, CDC}): ¢
28.56 (t,1J(PtP)= 2193.0 Hz). IR (KBr, cmb): v 2124 (G=N).
MS(+FAB): m/z 807 [M* + 1]. Anal. Calcd for GgHggN,P,Pt:
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mm image plate detector. The images were interpreted and
intensities integrated using the program DENZ®or 1a, 23, 3,
and 4, their structures were solved by Patterson methods and

(15) Demas, J. N.; Crosby, G. A. Phys. Cheml1971, 75, 991-1024.

(16) DENZO: InThe HKL Manuat-A description of programs DENZO,
XDISPLAYF, and SCALEPAGCHKuritten by Gewirth, D., with the
cooperation of the program authors Otwinowski, Z., and Minor, W.,
1995, Yale University, New Haven, CT.
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expanded by Fourier methods (PATTY and refined by full-matrix
least-squares using the software package TeXsam a Silicon
Graphics Indy computer. The crystal data2if (0.20 x 0.12 x
0.10 mm) were collected at 294 K on a Bruker SMART CCD
diffractometer. The structures db and 2b were determined by
direct methods and refined by full-matrix least-squaresF8n
employing the SHELXL97 prograthon a PC.

Computational Details. Previous theoretical work on a dinuclear
gold compleX® showed that the ab initio MP2 (second-order
Mgller—Plesset) calculations gave a good representation of the
ground-state electronic structure. Here, we also performed ab initio
theoretical calculation at the MP2 level on the model molecules.
All the calculations were performed using the Gaussian 94 program
packagé! on a Silicon Graphics Origin2000 machine. For the sake
of simplicity, the ancillary cyclohexyl groups of the phosphine
ligands were substituted by hydrogen and methyl for the dinuclear
and mononuclear models, respectively ,[MiH,PCHPH,)2(CN)4]
was set to have & symmetry just like the case of the crystalline
form of 2b; [Pty(u-H,PCHPH;)(CN),] was set to have &,
symmetry (the crystal lattice dfa displays pseud&, symmetry
for the repeating unit). The two metal centers were placed on the
Z axis, and the four phosphorus atoms were put intéeplane
and the four CN groups in th¥Z plane. The moleculérans
[M(PMe3),(CN),] (M = Pt or Ni) was put in theXY plane with the
phosphorus atoms on theaxis and CN on th& axis; the molecule
is of Con symmetry. We employed the quasi-relativistic pseudopo-
tentials for Pt, Ni, and P by Hay and Wa&dtwith 19, 19, and 5
valence electrons, respectively; the doubleANL2DZ basis sets
associated with the pseudopotentials were adopted. Feu{M
H,PCHPH,),(CN)4] (M = Pt or Ni), the LANL2DZ basis sets were
adopted for C, N, and H atoms; while for the monomer systems
the standard-631g* basis sets were adopted for C, N, and H atoms,
and a d-polarization function was added to the P atoms=t
0.3349). The basis sets were taken as Pt(8s6p3d)/[3s3p2d], Ni-
(8s6p3d)/[3s3p2d], P(3s3p)/[2s2p], C(10s5p)/[3s2p], N(10s5p)/
[3s2p], and H(4s)/[2s] for [Mu-H,PCHPH,),(CN)4] (M = Pt or
Ni); for trans[M(PMes),(CN);] (M = Pt or Ni), we adopted
P(3s3pld)/[2s2pld], C(10s4pld)/[3s2pld], N(10s4pld)/[3s2pld],
and H(4s)/[2s]. Thus, the calculations employed 190 basis func-
tions and 132 electrons for [Mu-H,PCHPH,)(CN), (M = Pt,

Ni) and 224 basis functions and 108 electrongfans[M(PMej),-
(CN);] (M = Pt, Ni). The molecular structures were partially
optimized.

(17) PATTY: Beurskens, P. T.; Admiraal, G.; Beurskens, G.; Bosman, W.
P.; Garcia-Granda, S.; Gould, R. O.; Smits, J. M. M.; Smykalla, C.
TheDIRDIF Program SystenTechnical Report of the Crystallography
Laboratory, University of Nijmegen: Nijmegen, The Netherlands,
1992.

(18) TeXsan Crystal Structure Analysis Packag®olecular Structure
Corporation: The Woodlands, TX, 1985 and 1992.

(19) SHELX97: Sheldrick, G. M.Programs for Crystal Structure
Analysis Release 97-2; University of ®mgen: Gitingen, Germany,
1997.

(20) Zhang, H.-X.; Che, C.-MChem. Eur. J2001, 7, 4887-4893

(21) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W.; Johnson,
B. G.; Robb, M. A,; Cheeseman, J. R.; Keith, T.; Petersson, G. A,
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Table 2. Selected Bond Distances (A) and Angles (deg)

1ar2.5H,0
PY(1)-P(1) 2.340(2) PY(1)yC(1) 2.003(8)
Pt(2)-P(3) 2.329(2) PH(2)C(4) 1.985(9)
N(1)—C(1) 1.16(1) N(3)-C(3) 1.10(1)
Pt(1)--Pt(2) 3.0565(4)
Pt(1y--Pt(2-P(3)  88.84(5) Pt(2)-Pt(1-C(1)  87.6(2)
Pt2y--Pt(1)-P(1)  9157(5) Pt(})-Pt(2-C(3)  96.5(3)
PAFPI1-P(2)  177.25(7)  P(3Pt2)-P(4) 177.34(8)
P(1)-Pt(1)-C(1) 88.8(2)  P(3)Pt(2)-C(4) 94.7(3)
CL)-Pt(1-C(2)  177.4(3)  C(3yPt(2-C(4)  175.8(4)
1b-H,08b
Pt(1)-P(1) 2.313(5) PYBYP(2) 2.310(5)
Pt(1)-C(1) 2.02(3) P{(1)C(2) 1.98(2)
N(1)—C(1) 1.17(4) N(2)»-C(2) 1.20(4)
Pt(Ly--Pt(1)* 3.189(1)
Pt(1)*-Pt(1-P(1)  89.8(1) Pt(1)*-Pt(1)-P(2)  88.7(1)
C(1)-Pt(1)-P(1) 87.8(8)  C(ZPt(1)-P(2) 87.5(7)
N(1)—C(1)-Pt(1) 169(3) N(2)-C(2)-Pt(1) 178(3)
C(2)-Pt(1)-C(1) 175.6(7)  P(L}PY(1)-P(2) 178.3(1)
2a:2.5H,0
Ni(1)—P(1) 2.241(2) Ni(2)-P(3) 2.231(2)
Ni(1)—C(1) 1.867(8) Ni(2)-C(3) 1.860(9)
N(1)—C(1) 1.147(9) N(3)-C(3) 1.151(9)
Ni(1)--Ni(2) 2.957(1)
Ni(2)-Ni(1)-P(1)  92.39(5)  Ni(2»Ni(1)-C(1)  97.2(2)
Ni(1)--Ni(2—P(3)  89.50(5)  Ni(13Ni(2-C(3)  86.8(2)
PANI()—PQ2)  174.39(7)  P(3Ni(2)—P(4) 178.58(8)
P(1)-Ni(1)—C(1) 89.9(2)  P(3¥Ni(2)—C(3) 85.5(2)
C)-Ni(1)-C(2)  177.8(3)  C(3FNi(2)—-C(4)  173.9(3)
20P
Ni(1)—P(1) 2.1945(4) Ni(1)-P(2) 2.2023(4)
Ni(1)—C(1) 1.870(1) Ni(1)-C(2) 1.860(1)
P(1)-C(3) 1.828(1) P(2YC(3A) 1.836(1)
N(1)—C(1) 1.143(2) N(2)>-C(2) 1.146(2)
Ni(1)-+-Ni(2) 3.209(8)
Ni(1A)-Ni(1)-P(1)  86.1 Ni(1A)Ni(1)-P(2)  92.3
C(1)-Ni(1)—P(1) 90.50(4) C(2¥Ni(1)—P(1) 89.05(4)
C(1)-Ni(1)—P(2) 91.29(4) C(2YNi(1)—P(2) 89.29(4)
N(1)—C(1)-Ni(1) 178.40(1)  N(2»-C(2)-Ni(1) 173.4(1)
C(2)-Ni(1)—C(1) 170.47(6) P(BNi(1)—P(2) 178.09(1)

aThis molecule is disordered against the-Pt orientation, i.e., rotated
along the bond ca. B1only one set of possible structural data is described
here.P This molecule has an inversion center.

Results and Discussion

SynthesesThe diphosphine ligands dcpm and dmpm have
been selected for the syntheses of dinuclear Ni(ll) and
Pt(Il) complexes. Unlike the widely used dppm ligand, the
dcpm and dmpm ligands are optically transparent in the UV
region. Therefore, it is feasible to probe for metaietal
bonded electronic transitions at shorter wavelengths than for
dppm complexes. We prepared Jiétcpm)(CN),] (1a) and
[Ptz2(dmpm}(CN)4] (1b) by slight modification of Shaw’s
method®® [Ni,(dcpm)}(CN),] (2a) and [Ni(dmpm)(CN),]

(2b) were similarly synthesized, which are rare examples of
face-to-face dinuclear Ni(ll) complexes with bridging diphos-
phine ligands. To aid spectral assignment, we have also
prepared and studied the spectroscopic properties of the
monomeric congenernsans[M(PCys)(CN),] (M = Pt, 3;

Ni, 4).

X-ray Crystal Structures. Selected bond distances and
angles of dinuclear compounds are listed in Table 2. Because
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Figure 1. ORTEP drawing of complega with thermal ellipsoids on the
40% probability level (hydrogen atoms are not shown) and the numbering
scheme.

Figure 2. ORTEP drawing of comple®b with thermal ellipsoids on the
50% probability level (hydrogen atoms are not shown) and the numbering
scheme.

1al2a, 1b/2b are isostructural, only the ORTEP drawings of
2a and 2b are shown (see Figures 1 and 2, respectively).

The other crystal structural data and ORTEP drawings are

given in the Supporting Information.

The structures o8 and 4 are similar. Each metal atom
exhibits square-planarans[MP,(CN),] (P, phosphine ligand)
coordination. The M-P and M-C distances in3/4 are
2.336(1)/2.2426(6) A and 2.021(5)/1.857(3) A, respectively.

Complexesla, 1b, 2a, and2b are structurally related to
[Pt2(dppm)}(CN)4] (16)%° and [Pd(dppm)(CN),],¢ while 1b
and 2b contain a crystallographically imposed center of

Xia et al.

disfavors face-to-face arrangement of neighboring(@R),
moieties. All the P-M—P angles fall between 174.39(7)
and 178.58(8) The C-M—C angles of 173.9(3)177.8-
(3)° in 1a, 1b, and2a are larger than that i2b (170.47-
(6)°). Indeed, the NICN), units in 2b are significantly
distorted from square-planar geometry. The averageCPt
distances of 2.008/2.00 A and-F® distances of 2.334/2.312
A'in 1a/1b respectively are comparable to those values found
in 1c(Pt—=C = 2.003 A, PP = 2.322 A) and3 (see above).
In 2aand2b, the average NiC distances (1.873 and 1.865
A, respectively) and the average-N® distances (2.236 and
2.1984 A, respectively) are comparable to the averageNi
distances of 1.868 Z2in [CANi(CN)4(CsHsN2)(NH3)] and
Ni—P distances of 2.185 % in cis-[Ni(tdppcyme)C}]
(tdppcyme= cis,cis-1,3,5-(PPh)s-1,3,5-(COOCH)3-CgHs).
The intriguing structural feature is the intramolecular
M---M distance in each structure. The Pt distance irla
andlbis 3.0565(4) and 3.189(1) A, respectively, which are
relatively shorter than the value of 3.301(1) A 1e? but
slightly longer than that of 2.925(1) A in [#P,0sH,)4]4~ .25
Miller®@ noted that for monomeric square-planar Pt(ll)
complexes stacked to form a continuous chain of metal
atoms, the Pi-Pt distances lie in the range 3:69.50 A.
Hence, the Pt-Pt distances idaandlb suggest the presence
of weak Pt-Pt interactions.

The Ni---Ni distances irRaand2b are 2.957(1) and 3.209-
(8) A, respectively. They are comparable to the-Mi
separations of 3.207(6) A in [Ni(dmgBJ,2% (dmgBF, =
difluoroborondimethylglyoximato) and 3.298%Rin [Ni,L3]2~
(L = biphenyl-2,2-dithiolate). However, they are signifi-
cantly longer than the Ni-Ni distances in some polynuclear
Ni(Il) complexes, including those mentioned in the Introduc-
tion as well as in the linear chain [Mbipyam-H)Cl,] unit?’2
(2.443(1) and 2.431(1) A, bipyam-H bis(2-pyridyl)-amide)
and in [Ni(us-tpda)Cly]2® (2.385(2) and 2.305(1) A,
Hx-tpda= tripyridyldiamine).

It is noteworthy that, irrespective of the metal atom, the
M---M distances of the dmpm-bridged complexes are longer
than those of the dcpm-bridged analogues, 1le.> l1aand
2b > 2a. According to previous work the cone angles of
the diphosphine ligands are in the order dcpmdppm >
dmpm. The dcpm ligand is more bulky than dmpm, which
results in twisting of the two MECN), units away from an
eclipsed configuration, and hence closer proximity for the
two metal atoms. The PtPt distance forlc (with dppm

symmetry. In these four complexes, each metal atom exhibits/igand) is the longest among the three complekes1b,

square-planar geometry with twi@ns-cyano groups and two
trans-P atoms from bridging diphosphine ligands. The two
MP,(CN), units in all of the dimers are in normal face-to-
face orientation. However, the two MEN), units in 1la
and 2a are not eclipsed but skewed to each other with
dihedral angles PM—M—P/C-M—M—C of ca. 23.1/28.1
(1) and 21.99/27.6° (2a), respectively, which are different
from that in1b, 2b, and other [M(dppm}(CN),] (M = Pt

or Pd) analogues. Such a structural difference between the

dmpm-, dppm-, and dcpm-bridged metal complexes is
attributed to the steric bulkiness of the dcpm ligand which
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Dinuclear ¢ Metal Cyanide Complexes

Table 3. Spectroscopic and Photophysical Propertiedaf4

complex mediumT/K) Aapdnm (€ /dm3 mol~1 cm™1) AemdNM (t/usy
[Pt(dcpmy(CN)d], 1a CH,Cl 263 (8900), 337 (24100), 388 (300) 38648 (0.1)
glass (779 380°¢ 448 (2.6)
solid (298) 388450 (0.2)
solid (77) 388¢450 (3.0)
[Pt(dmpmy(CN)4], 1b CH.Cl, 235 (6000), 256 (6000), 328 (24300), 375 (50) nonemissive
glass (779 438 (3.6)
solid (298) 444 (1.0)
solid (77) 442 (2.9)
[Ni2(dcpmy(CN)4], 2a CHCl, 251 (55400), 306 (5300), 361 (3700), 391 (3900) nonemissive
MeOH 252 (53000), 306 (6400), 358 (3900), 395 (4900) nonemissive
[Nio(dmpmy(CN)a], 2b MeOH 240 (66200), 267 (6600), 298 (5300), 342 (4700), 380 (3600) nonemissive
[P{(PCy;)2(CN)2], 3 CH.Cl, 231 (6300), 251 (6600), 260 (6200), 273 (2900), 289 (1400) nonemissive
[Ni(PCy)2(CN),], 4 CHCl, 264 (49600), 294 (8500), 312 (2900), 344 (700) nonemissive

aFor emission spectra measurements excitation wavelength: 338 rit, 880 nm forlb. For luminescence lifetime measurements: excitation at 355
nm. P The emission quantum yield is 1.68 1073. ¢ The lifetime for the higher-energy emissions cannot be measured due to the limitatioQ ns) of
the instrument? Solvent: EtOH/MeOH (1:4 V/v).

3.0x10° As emphasized by Masdfi°cthe group-theoretical clas-
sification of the excited states is largely independent of the
various assumptions about the nature of the terminal orbital.
The close similarity for the spectra of [Pt{(CGKPRs)4—n]? "
(n=0, 2), all of which show a series of UV bands between
300 and 220 nm witk 1—6 x 10 dnm?® mol~* cm™?, suggests
a dominant 6gPt) contribution. This is similar to the well-
established dominant ¢+ 1)p(M) contribution in analogous
transitions of valence-isoelectronic Rh(l) and Ir(I) compleXes.
However, the very complicated spectrum of the low-
symmetry compound@ does not contribute to our under-
standing. We note that older literatéiteassumes that the
7*(PR3) levels derive from 3d(P) orbitals. Theoretical
discussion® including calculations performed by us (vide
and1lc. It thus appears that both electronic and steric effects infra) indicate that 3d(P) orbitals play no significant role in
of the bridging diphosphine auxiliaries affect the--M bonding or in the composition of the low-energy states.
distances. However, theo*(P—R) orbitals lie at relatively low energy
Absorption Spectra and Photophysical Properties. (a) ~ and can play a role as*-acceptor orbitalg: o
Platinum(ll) Complexes. Spectroscopic and photophysical ~ The electronic spectra of dinuclea and 1b are similar
data are set out in Table 3. The electronic absorption spectrdl® that of 3 for 4 = 300 nm, but differ dramatically by
of 1a, 1b, and3 are shown in Figure 3. In dichloromethane, €xhibiting an intense band at 337 n;24100 dni mol™*
the monomeridrans[Pt(PCy)2(CN);] 3 shows absorption cmt) for laand 328 nm{ 24300) forlb. The bands also
bands at 231¢(6300 dnf mol~t cm™?), 251 (6600), 260  Show a weak, long-wavelength should&a 388 nm € 300
(6200), 273 (2900), and 289 nm (1400), which are very dm*mol™cm™); 1b 375 nm € 50)) that can be assigned to
similar to the spectral data reported feans[Pt(P(-Bus),- spin-forbidden analogues of the intense band. These absorp-
(CN),] by Mason et aP® These bands are clearly electrically tion bands are comparable to the spin-allowed and spin-
dipole-allowed because their extinction coefficients are forbidden d* — p, transitions of the [B{dppm}(CN)]
greater than Fdn# mol-* cmr* (thus excluding assignments ~ @nalogue, which occurs at 324 and 390 nm, respectfely.
to d—d transitions, which are Laporte forbidden). The spec- The inferred singlettriplet excited-state splittings fdraand
troscopic assignments for complexes of this type, as well as1P aré ~4000 cm?, which are comparable to the corre-

of their homoleptic congeners [Pt(Clf and [Pt(phos-  SPonding value of 4259 cm in [Pt(P,0sHz) ! _
phine)]?*, have been extensively discussed in the litera- The compounds also exhibit intense luminescence (Figure

ture2%30There is general agreement that the transitions relate4)- Complex1b only emits in rigid media (glassy solutions
to states of the typ&¥ [5d(Pt)][6p(Pt);7*(L)] } (L = CN-, or crystalline sohd)n W|_th Infenme; of-1.0—4.0 us for the
PRs), but the relative importance of the ligand contributions Single~440 nm emission, indicating phosphorescence from

to the terminal orbital is not well established in most cases. the triplet excited state. Compleka differs by emitting
weakly in fluid solution, and also exhibiting two emissions.

)

= 2.0x10"

£{dm’mol'cm

1.0x10"

T T v T . s 1
250 300 350 400 450
Wavelength (nm)

Figure 3. UV —vis absorption spectra dfa(- - -), 1b (-*+), and3 (—) in
CH.CI, at room temperature.

0.0
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Figure 5. UV-vis absorption spectra o2a (---) and 2b (---) in

CH3OH and4 (—) in CH,Cl; at room temperature.

chain [Pt(CN)}>~ compound¥ and other dinuclear Pt(ll)
complexegd

(b) Ni(ll) Complexes. The electronic absorption spectra
of 2a, 2b, and4 are shown in Figure 5. No luminescence
was detected from these compounds.

The spectrum o# is very similar to that reported farans
[Ni(PEts)2(CN),].2° Like 3 and related Pt(ll) complexed,
displays a complicated spectrum consisting of a series of
absorption bands with values around Fodm® mol~* cm™?!
at4 <320 nm. There is a clear difference, however, in that
4 also displays a very intense 49600 dni mol™* cm™?)
band at 264 nm. For the dinucle3a and 2b derivatives,
this band is blue-shifted by 1900 and 3800 ¢énrespec-
tively. There is certainly no correlation with NiNi dis-
tances. However, there is a correlation with-/ distances,
whose average values are 2.2434 ¢ 2.236 A Qa) >
2.198 A @b). Thus, the transition energy decreases as the

is attributable to phosphorescence, while the shorter wave-Nj—p distance increases.

length band at-386 nm with lifetime<10 ns is assigned to
fluorescence from the singlet excited state.

Comparisons to the spectra of homoleptic complexes are
informative. The spectrum of the complex [Ni(C/N) does

These photophysical properties are diagnostic for dinuclearnot exhibit an analogous band:; it is, in fact, very similar to

d8—d® 19d,* — p,] excited state$346 The Ynd2(M) —
(n + 1)p(M)] transitions are specifically perturbed by

the spectrum of [Pt(CN)?". The spectra of Ni(ll) phosphine
complexes do display comparable bands; for example,

ground- and excited-state interactions; as a result, the[Ni(bis(diethylphosphino)ethand}" has a band at 252 nm

19dnd,* — (n + 1)p,] components of-Jnd2M) — (n +
1)p(M)] are strongly stabilizedwhereas effects upon other
nd(M) — ((n + 1)p(M), 7*(L)) transitions are minof®
Unlike for dinuclear Rh(l) and Ir(l) isocyanide complexXes,
there is no clear correlation of the dinuclear Pt(H330 nm
band to al[ndz — (n + 1)p] transition for monome3.
Indeed, it is possible thaidz — (n + 1)p, character may be
spread over several transitions f8r owing to mixing of
pAPt) with 7*(L) orbitals. The resonance Raman results
presented below suggest pdfed,* — (n + 1)p,] character

(e 34500 dmi mol~t cm™1).2° Clearly, this band is associated
with the Ni—P unit.

The absence of a similar transition for Pt(Il) complexes
suggests that it is strongly blue-shifted for the third transition
series. Such behavior is incompatible for d(i)p(M) or
MLCT (metal-to-ligand charge-transfer) transitions, but is
consistent with an LMCT (ligand-to-metal charge-transfer)
assignment@The obvious assignment is®(— Ni(d,e—?).

Such an LMCT assignment does not appear to have been
previously considered for this band, but is reasonable for

for the ~330 nm band of the dinuclear complexes, perhaps the first transition series metal ion considering the strongly
because energetic resolution of the low-energy transitionsreducing nature of phosphines. In any case, the UV bands

results in reduced metaligand mixing.

The energetic ordering of the low-energy Pt{Bt(Il)
bands tracks the PtPt distance; a shorter distance by 0.1325
A (Table 2) results in nd,* — (n + 1)p,] transition energy
that is blue-shifted by-800 cn1?, consistent with a weaker

are clearly unrelated to the nature of the-Wli interactions.
The spectra of dinuclea2a and 2b show a number of

moderately intense bands ¢ 4000 dn¥ mol™* cm™) in

the 300-450 nm region that are not evident in the monomer

spectrum. However, assignment of these bands teNWi

Pt—Pt interaction. Correlations of this type have been clearly transitions is confounded both by their weakness and by their
demonstrated for the absorption/emission spectra of linear-number (there is only on¥d,* — p,) transition).
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Dinuclear ¢ Metal Cyanide Complexes

In fact, low-spin square-planar Ni(ll) complexes do display
very weak transitionse(~ 1012 dm?® mol™* cm™) in the
visible region with d-d transitions terminating in the empty
d.e—y2 orbital. Such transitions are strongly blue-shifted for 319.9 nm

Pt(I1).30a
:
m

The most thoroughly examined case is the [Ni(g}R)
341.5nm

me

complex, which has been examined by solution absorption
and MCD spectroscop$?? and single-crystal absorption
spectroscopy??32 Bands have been located at 30700
dm® mol~* cm™t), 330 € 500), 370, 4404 ~ 2), and 500
nm. The third and fifth of these were only evident in the
single-crystal spectr®.Detailed assignments are not avail-
able for these bands, and singtétiplet assignments may
be applied for somé&? particularly the very weak 440 and
500 nm bands.

Nevertheless, the important point is thatdltransitions
are known to occur in the visible to near UV region for
[Ni(CN)4)?". Since phosphines are weaker-field ligands than
cyanide, d-d transitions should actually be red-shifted for
trans-[Ni(PR3)2(CN);] complexes. We therefore assign the
300-450 nm bands ofa and2b to d—d transitions.

The reason for the weakness of-d transitions in ] ) ) )
monomers s that they are Laporte forbidden. This s igorous H2u, & Resarince Raman specteisliy CHiCl st obtaned
for 4, as inversion site symmetry imposes-RBi—C and intensity corrected, and the Rayleigh line, glass bardsérk), and solvent
P—Ni—P bond angles of 180In contrast2a and2b show bands (* mark) have been subtracted.
marked pyramidalization at the Ni atoms, with-@i—C and
P—Ni—P angles of 1759and 176.5, respectively, fo2a,
and 170.8 and 178.1, respectively, fo2b. This distortion
may allow the single-centered-d transitions to mix with
higher-energy dipole-allowed transitions, thus promoting their
intensity.

We note that our explanation for the lowest-energy bands

of the dinuclear Ni(ll) complexes does not invoke-NNi of almost exclusive resonance enhancement(bf,) and

interaction; instead, we attribute them to distortions from g o+onas emerges. The validity of this argument is supported

planarity at the Ni atoms imposed by the steric constraints ,y yransient-IR measurements on a dinuclear Rh(l) isocyanide

of the bridging ligands. Indeed, we have found no evidence complex3* which showed the/(C=N) value of the triplet

in the electronic spectra for significant NNi interaction. excited state to be only 16 crhlower than that of the ground
Resonance Raman Studie§.o further probe the metal  state. Excited-state distortions involving ligands are accord-

metal interactions of the dinuclear metal complexes, reso- ingly predicted to be very small, hence resonance enhance-

nance Raman spectra bhand2ahave been recorded upon  ment of the corresponding vibration modes should also be

excitation into their lowest-energy dipole-allowed absorption yery small.

bands. Figure 6 shows the resonance Raman spectrlien of  The smallerv(Pt) (93 cnt?) for 1a compared with the

obtained in CHCI, solution excited at 319.9 and 341.5 nm, y3|ue of 118 cm! in [Pt(P,OsH,)4]* 62 indicates weaker

respectively. The Raman intensity appears only in a single metal-metal interaction, consistent with the larger-FRt

low-frequency mode plus overtones. The resonance-enhancegjistances in the former complex. The assignéel,) of 93

Raman band appears Av = 93 cnm* and is assigned t0  ¢yy1 can also be compared to théAu,) of 88 cnm? for

the Pt-Pt stretch. This implies that the excited-state distortion [au,(dcpm)}]?* 352 and v(Ag,) of 80 cnT! for [Agy-

is localized at the PtPt bond, in agreement with the (dcpm)]?*.250 Clearly the metat metal bonding interaction

assignment of the metal-centered,5e~ 6p, transition to in 1a must be stronger than that in [Au@)and [Ag(l)L.

the 337 nm absorpuo.n band fiba (see above) and previous  ysing a previously described method of calculafithe

work*® Moreover, this result contrasts sharply with reso-

nance Raman studies of dinuclear Pt(ll) complexes contain-(33) (a) Jordan, K. D.; Burrow, P. DAcc. Chem. Resl978 11, 341~

; _Aiimi ; d ; ; _ 348. (b) Burrow, P. D.; Ashe, A. J., llI; Bellville, D. J.; Jordan, K. D.

ing o d||m|n? I|ganQis% which display resonance ephance 3. Am. Chem. S0d.982 104 425-429.

ment of a-diimine ligand modes upon excitation into the (34) Doorn, S. K.; Gordon, K. C.; Dyer, R. B.; Woodruff, W. Horg.

low-energy “metat-metal” transition band. This latter result Chem.1992 31, 2284-2285.

ow-energy eta-metal transition band s latterresu (35) (a) Leung, K. H.; Phillips, D. L.; Tse, M.-C.; Che, C.-M.; Miskowski,
V. M. J. Am. Chem. Sod999 121, 4799-4803. (b) Che, C.-M;

(32) Ballhausen, C. J.; Bjerrum, N.; Dingle, R.; Eriks, K.; Hare, Clrierg. Tse, M.-C.; Chan, M. C. W.; Cheung, K.-K.; Phillips, D. L.; Leung,
Chem.1965 4, 514-518. K. H. J. Am. Chem. So@00Q 122, 2464-2468.
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indicates substantial MLCT character for the transition, which
is due to the low energy of empty diimine* orbitals 29.99:
Whens* ligand orbitals lie at substantially higher energies,
as is true for the ligands in the present study according to
electron-transmission spectroscopyhe terminal orbital of
the lowest-energy electronic transitions becomes virtually
pure metal § + 1)p in nature, and the characteristic pattern

Inorganic Chemistry, Vol. 41, No. 15, 2002 3873



Xia et al.

Table 4. Resonance Raman Bands i in CH,Cl, Solution compounds, the basis sets are relatively small and no
intensity’ d-polarization functions were added for second- and third-
Ramanbands  Raman shift (CHP 319.9 nm 3415 nm row atoms. However, as described below, the optimized
geometry parameters for both the mononuclear and dinuclear
—2vprpt —186 0.09 . . .
et 93 64 63 models are in good agreement with the corresponding bond
VPtpt 93 100 100 distances and angles determined by X-ray crystal analysis.
g?jgl'“:le( ;ﬂf‘lgc"dfgs section Furthermore, the d(P) orbital parentage intthas[M(PMes).-
expt 86x 10°  925x 10-9 (CN),] frontier MO compositions is small. Previous work
calcg 3.58x 1@3 1.34x 1@3 on the dinuclear [Ap(u-H,PCHPH,),)2t complexX? has indi-
ZV;:"‘F"? 186 72'35X 10° 11'3.521)( 10° cated that the 3d(P) orbitals have little effect on the ground
3vppt 280 and excited states. Other theoretical calculafibor Pt-P

) - _ or Pd-P systems have also revealed that the d-polarization
aEstimated uncertainties are about 4 @nfor the wavenumbers. . . .

bRelative intensities are based on integrated areas of Raman bandsfunctions for P atoms act as polarization functions and the d

Estimated uncertainties are about 5% for intensities greater than 100, 10%orbitals are not involved in metal-to-ligand charge transfer.

for intensities between 50 and 100, and 20% for intensities below 50. ; ; ; ;
¢ Calculated using the parameters of Table S2A (Supporting Information) The unimportant nature of Sd(P) orbitals in bond;I'HgS

with eq 1 and 2 in ref 6g and the exponential decay damping function for NOW understood to be very general; the low-energy
solvent dephasing! Calculated using the parameters of Table S2B (Sup- ¢*(P—C) or (P—H) orbitals and not the 3d(P) orbitals are

por‘.il?g '”format.ion)f"v“h eq 1fa”d2|i” ref 69;’:‘”". the overdamped Brownian thqght to act asr-acceptor orbitals according to current
oscillator damping function for solvent dephasing. theories. We believe that the LANL2DZ basis sets with no
excited-state PtPt stretching vibration is estimated to be d-polarization function added to P atoms are adequate, and
145 cnt?, which is in agreement with the electronic they were used in the dinuclear calculations in order to reduce
assignment of a transition to an excited state with increasedcomputational time and resources.
metal-metal bonding. Using the parameters in Table 4 and The optimized molecular structure parameters are sum-
a related calculation methSéthe Pt--Pt distances change marized in Table 5. The calculated-MM distances of
by 0.11 A forlain the excited state relative to the ground- 3.1339 A for Pt--Pt and 3.2447 A for Ni-Ni are very
state value. The variation for the-P®t bond length fola similar to the experimental M-M distances of 3.189(1) and
is smaller than that of 0.225 A for [BP,OsH2)4]% .69 3.209(8) A found in complexegb and 2b, respectively.
The resonance Raman spectrum2afin methanol with However, they deviate from the MM distances of
416.0 nm excitation has also been recorded (see Supporting3-0565(4) and 2.957(1) A ina and 2a, respectively. The
Information, Figure S6). The Raman intensity is very weak. optimized [Mx(u-H:PCHPH,)2(CN),] structures are similar
The spectrum shows only two weak low-frequency peaks at to the experimental data for [Ntimpm)}(CN)s] complexes,

—68 and 75 cm?, and no overtones appear. Th68 cnr?! and the shorter M-M distances inla and2a compared to
feature is the quasi-anti-Stokes analogue of the 75 trand. 1b and 2b are attributed to the steric effect of the dcpm
These weak Raman peaks may be attributed to theNNi ligand, as argued in a previous section. The other optimized
stretching vibration, although no overtone appears and thestructural parameters for the dinuclear and mononuclear
assignment is only tentative. models are consistent with the X-ray structural data. This
Theoretical Calculations. In this work, we have per-  indicates that the calculations give reasonable representations
formed ab initio MP2 calculations on the molecules,(i of the ground states.
H,PCH,PH,)2(CN),4] and trans[M(PMej3)(CN),] (M = Pt, The partial molecular orbital compositions for {2t

Ni). In the geometry optimization we have adopted different H,PCH,PH,),(CN)4] (see Table S5) and those for other
basis sets for the dinuclear and mononuclear model mol- model compounds are given in Supporting Information. The
ecules, since their molecular sizes are different. The basisMO diagram of the Pt d-orbitals in [Rti-H.PCHPH;)-
sets for the mononuclear compounds include d-polarization (CN),] is depicted in Figure 7. From Table S5 we can see
functions for second- and third-row atoms. For the dinuclear that all the 5d(Pt) orbitals are involved in the filled MOs

Table 5. The Optimized Structural Data of the Model Complexes@4H,PCHPH,)2(CN)4] and trans[M(PMes)2(CN),] (M = Pt, Ni)

Pt dimer [Lb] Ni dimer [2b] Pt monomer 8] Ni monomer {]

Bond Length (A)

M-+-M 3.1339 [3.189(1)] 3.2447 [3.209(8)]

M—P 2.3606 [2.311(5)] 2.1798 [2.1984(4)] 2.3436 [2.336(1)] 2.2322 [2.2426(6)]

M-C 2.0224[2.00(2)] 1.8413[1.865(1)] 2.0066 [2.021(5)] 1.897 [1.857(3)]

C-N 1.2233 [1.185(4)] 1.2226 [1.145(2)] 1.1826 [1.105(7)] 1.2104 [1.148(4)]

P-C 1.8980 [1.88(2)] 1.9099 [1.832(1)] 1.8818 [1.849(5)] 1.8768 [1.852(2)]
Bond Angle (deg)

P—-M—M 90.06 [89.25(1)] 91.76 [89.2]

C-M—M 93.265 [91.975(8)] 93.178[92.15]

Cc-M-C 173.47 [175.6(7)] 173.64 [170.47(6)] 180.0 [180.0] 180.0[180.0]

C-M-P 89.99 [87.7(7)] 92.44[90.03(4)] 90.0 [90.0(1)] 90.0 [90.0(8)]

P—M—-P 179.88 [178.3(1)] 176.49 [178.09(1)] 180.0 [180.0] 180.0 [180.0]

aThe values within square brackets are the corresponding bond distances/bond angles of cdbpk@s and4 determined by X-ray crystal analysis.
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. is more @ contribution in thes-bonding MO (28a) than in
the o*-antibonding one (33a). The difference ig domposi-
-10.0 - tion leads too-bonding interaction along the PPt axis.
—_ d*(d,) Mo@3a) Furthermore, in the filled MOs there is small 6s6p parentage
g e that would indirectly contribute to the metainetal interac-
tion.
-11.0 - Compared to [B{u-H.PCH,PH,)2(CN),], the MO com-
positions of [Np(u-HPCH,PH,)2(CN)4] are not explicit for
g Ni—Ni bonding. However, comparing the MO compositions
of the dinuclear and mononuclear model compounds, we can
-12.0 4 highlight one clear trend: the occupied MOs of dinuclear
compounds are significantly less perturbed from those of the
{ —— d*(d,) Mo(@8b) monomer for Ni than for Pt. The 3d(Ni) orbitals appear to
be split by a few 1000 cnmt (0.2—-0.9 ev) in the dimer,
130 ___ d (d) Mo(sa) whereas the 5d(Pt) orbitals undergo much larger splitting in
the dimer (0.72.7 ev), particularly in the case of the
— d (d,) MO(24b) predominately d parentage levels (2.66 eV, see Figure 7
and Tables S5 and S6 in the Supporting Information). This
is consistent with Cotton’s calculatidrindicating negligible
Ni—Ni interaction at a noticeably shorter intermetal distance
(2.485 A).

Energy (ev)

—— d*(d,) MO23b)
-14.0 —

. —_d (dyz) MO(22b)
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