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The structures of three closely related heterodimetallic cyano complexessRNT)CN),]" (n = 1—-3), formed

in reactions between [IRICN)4]?~ and TI'" cyano complexes, have been studied in aqueous solution. Multinuclear
NMR data £°5Tl, 195Pt, and'3C) were used for identification and quantitative analysis. X-ray absorption spectra
were recorded at the Pt and Tj|ledges. The EXAFS data show, after developing a model describing the extensive
multiple scattering within the linearly coordinated cyano ligands, shetfTPbond distances in the [(NGPt—
TI(CN),]™ complexes: 2.60(1), 2.62(1), and 2.64(1) A for 1—3, respectively. Thus, the PTI bond distance
increases with increasing number of cyano ligands on the thallium atom. In all three complexes the thallium atom
and five cyano ligands, with a mean-& distance of 2.082.01 A, octahedrally coordinate the platinum atom.

In the hydrated [(NGPt—TI(CN)(H20)4] ~ species the thallium atom coordinates one cyano ligand, probably as
alinear P£ TI—CN entity with a THC bond distance of 2.13(1) A, and possibly four loosely bound water molecules
with a mean T+O bond distance of about 2.51 A. In the [(N€)-TI(CN)z]?~ species, the thallium atom probably
coordinates the cyano ligands trigonally with twe-T¢ bond distances at 2.20(2) A, and in [(NB)-TI(CN)3]3~

Tl coordinates tetrahedrally with three-TC distances at 2.22(2) A. EXAFS data were reevaluated for previously
studied mononuclear thallium(IHcyano complexes in aqueous solution, [TI(GKLO)4]™, [TI(CN)3(H20)],

and [TI(CN)]~, and also for the solid K[TI(CN} compound. A comparison shows that the-T bond distances

are longer in the dinuclear complexes [(NR)-TI(CN),]"~ (n = 1—3) for the same coordination number. Relative
oxidation states of the metal atoms were estimated from PRt and?°5T| chemical shifts, confirming that the
[(NC)sPt—TI(CN)q]"~ complexes can be considered as metastable intermediates in a two-electron-transfer redox
reaction from platinum(ll) to thallium(lll). Vibrational spectra were recorded and force constants from normal-
coordinate analyses are used for discussing the delocalized bonding in these species.

Introduction metat-metal bond between the platinum and thallium atoms is
present in the species. The number of cyano ligands in the
complexes, at three different coordination sites, was also
determined by means of multinuclear NMR spectroscopy.
Structural models for the species were proposed, but neither
the bond lengths, in particular the metahetal distance, nor
the hydration of the thallium atom was known.
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atoms can be induced by both optical and thermal pathwaysused in the present work, no-@ band was observed at frequencies
and results in cleavage of the metahetal bond4 higher than 2200 cnt for the dimetallic complexes in solution (cf.

A crystalline powder with the composition TIPt(Ci\an be F'gg(iég)'M ot and T L odae EXARS d
precipitated from an aqueous solution of dimetallic—Pt > Measurements. Pt and Tl Ly-edge E) ata were
. . S collected in transmission mode (in one case also in fluorescence mode
complexeg. Recently, its structure was studied by combining

. ; . . using a Lytle detector) at beamline 4-1 at the Stanford Synchrotron
EXAFS, X-ray powder diffraction, and vibrational (IR/Raman)  raiation Laboratory (SSRL). The experimental conditions were similar

spectroscopy.This allowed the unusual cyano-bridged structure g those described previouslyThe energy calibration was made with

of the compound to be established and the platintmallium a simultaneously measured transmission spectrum of a platinum or
bond length to be determined. In the present study, the EXAFS thallium foil with the first inflection point set to 11 564 and 12 658
technique was applied to determine the metaktal and metat eV, respectively. For these dimetallic samples the usable range of the
ligand bond distances of three dinuclear complexes, [§RE) Pt Ly edge EXAFS data is limited to < 15 A% by the Tl L edge,

TI(CN),]™ (n = 1-3), in aqueous solution. This has become and that of the Tl l range is limited td < 12 A-1by the Pt Ly edge
possible due to the developments in the data treatment imple-at 13273 eV._TyplcaIIy, _three to four scans were averaged for each
mented in the FEFF program, which in a simple way allows sample. Solution cells with polypropylene foi+6 «m) or thin glass

. . . .~ (~35 um) windows, and Vitone or Teflon spacers«(8 mm), were
selection of the important pathways for modeling the excessive used. No useful EXAFS data could be obtained for the [(RE)

multiple Scatt?ring of the "nearIY Coo_rdinated cyano ligahds. . TI(H20),] complex in solution, due to its low solubility and rapid redox
Normal-coordinate analyses of vibrational spectra, together with gecomposition in the intense synchrotron X-ray beam.

NMR results, allowed comparisons of the structure and bond  gxAFs Data Treatment. The EXAFS data were energy-calibrated

character in these complexes. and averaged by means of the EXAFSPAK progfaifine remaining
data treatment, including standard procedures for preedge subtraction,
Experimental Section data normalization, and spline removal, was made using the WinXAS

program*? The k3-weighted EXAFS oscillations were Fourier-

Materials and Syntheses.All starting materials and preparative  transformed over th& range 2.6-15 A2 for the Pt data and 312
routes used to obtain the studied complexes, [(RE)TI(CN),"", in A-1for TI, using a Bessel window function. After Fourier filtering,
aqueous solution have been described previclislye concentrations thek3-weighted EXAFS functions were used for model fitting by least-
(mol dn3) of the dominating dimetallic complexes and their percent- squares refinements of the model parameters. The theoretical phase
ages (in parentheses) of the total amounts of the dimetalk€TPt and amplitude functions for single and multiple scattering within the
complexes in each solution were 0.075 (95%), 0.050 (75%), and 0.056 assumed molecular model were calculated using ab initio methods by
(95%) for the [(NC3Pt=TI(CN)(H2O)4~, [(NC)sPt—TI(CN),]>~, and means of the FEFF7 program cdde.
[(NC)sPt=TI(CN)3]*~ solutions, respectively. In the [(NEBt— The estimated standard deviaticrfer the refined parameters given
TI(CN)3]*~ solution, also unreacted mononuclear [Pt(g}i) and in the tables are obtained from the noise level at Higif the zero-
[TI(CN)4]~ complexes remain, about 0.014 mol dineach. The weighted EXAFS functiory(k) and do not include systematic errors
distribution of the complexes has been determined by NMR methods. of the measurements. However, the variations in the refined parameters,
The analysis of the concentration of free acid, thallium(lll), and including the shift in theE, value (for whichk = 0), using different

thallium(l) in aqueous solution has been described previdusly. models and data ranges, indicate that the accuracy of the absolute values
Methods and Measurements. NMR MeasurementsAll NMR of the distances given for the separate complexes is wittfirD2 A.
spectra of the solutions were recorded with a Bruker AM400 spec- EXAFS Models. The EXAFS data analysis of the Pjjtedge data
trometer at a probe temperature of 228(5) K. Detailed information is complicated by the very intense multiple scattering originating from
on typical NMR parameters for obtainiffTl, °*Pt, and'3C spectra the almost linearly coordinated cyanide groups. All Fourier transforms
have been given in recent publications from this laboratdry. display two prominent peaks, the first of which corresponds to th&€Pt

Vibrational Spectroscopy. Raman spectra of the solutions were —Single-scattering path, as shown by the spectra for the standard
measured by means of a Bio-RAD FTS 6000 FT-IR spectrometer compounds K[Pt'(CN)4-3H,0 and K[Pt¥(CN)e (Figures S1 and S2;
equipped with an FT-Raman accessory. The 1064 nm line from a Supporting Information). The second peak, however, is much larger
Spectra-Physics Nd:YAG laser was used to irradiate the samplesthan that calculated for single-PN backscattering. According to the
contained in 5 mm NMR tubes with about 1200 mw, and 2000 scans FEFF calculations (performed assuming stationary atoms), this peak
were collected at a spectral bandwidth of 4 émThe infrared is dominated by several strong multiple-scattering contributions. This
absorption (IR) spectra in the cyanide-® stretching region of the is also evident from the similarity between the EXAFS spectra of the
aqueous solutions were recorded by means of a Bio-RAD FTS 375 three solution complexes [(NEJt=TI(CN)|"~ (n = 1-3) and the
spectrometer, using a Caindowed cell and 2&m Teflon spacers.  Spectra of the solid compounds[Rt'(CN),]:3H,0 and K[PtY(CN)

In our previous pape’ﬁr‘a Raman band which appeared at 2210€tm (cf. Figure 1 and Figures S1 and S2). The contribution from theTPt
was ascribed to the apical cyano ligand of the [(M&) TI(CN)J"™ interaction is largely obscured in the Fourier transform by these
comp|exe5. However, it was later found to originate from [Pt(@N) overlapping interactions. Thus, to obtain reliable values of theTPt
specied®24formed as a result of a partial redox photodecomposition distance, one of the main purposes of this study, it was necessary to
when the complexes were irradiated with high-energy 514.5 nm laser develop a model that accounts for both the single- and multiple-
radiation from an argon ion laser. With the 1064 nm infrared laser line Scattering contributions from the linearRE—N entities.
The amplitude of the EXAFS function is directly proportional to
(3) Maliarik, M.; Glaser, J.: Tth, I. Inorg. Chem1998 37, 5452. bc;th the frequency of the distance_s and the amplitude reduction factor,
(4) Khoshtariya, D. E.; Maliarik, M.; T, I.; Glaser, J. Submitted for S2 Therefore, the known coordination numbers were used for the model

publication. compounds in order to obtain experimerfig values by least-squares
(5) Jalilehvand, F.; Eriksson, L.; Glaser, J.; Maliarik, M.; Mink, J.; refinements. Th&? values determined in this way are somewhat higher
Sandstim, M.; Tath, I.; Toth, J.Chem. Eur. J in press. than expected (theoretically about 8@.9; cf. Tables StS3 in the

(6) Zabinsky, S. 1., Refr, J. J.; Ankudinov, A.; Albers, R. C.. Eller, M. J. - gypporting Information). One reason could be that fluorescence
Phys. Re. B 1995 52, 2995. Ankudinov, A. L.; Rehr, J. Phys. PP g )

Rev. B 1997 56, R1712. The FEFF program is available at http:/

Feff.phys.washington.edu/feff. (10) Blixt, J.; Glaser, J.; Mink, J.; Persson, |.; Persson, P.; Samdsivb
(7) Rehr, J. J.; Ankudinov, A.; Zabinsky, S. Catal. Today1998 39, J. Am. Chem. S0d.995 117, 5089.

263. (11) George, G. N.; Pickering, . J. BXAFSPAK-A Suite of Computer
(8) Maliarik, M.; Glaser, J.; Tth, I.; W. da Silva, M.; Zekany, LEur. J. Programs for Analysis of X-ray Absorption Specttzeorge, G. N.,

Inorg. Chem.1998 565. Pickering, I. J., Eds.; SSRL: Stanford, CA, 1993.

(9) Blixt, J.; Gydi, B.; Glaser, JJ. Am. Chem. S0d.989 111, 7784. (12) Ressler, TJ. Synchrotron Radiatl998 5, 118.
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Figure 1. Pt Ly-edge EXAFSk3-weighted and Fourier filtered (138

A), of aqueous solutions with the dominating species [(FE)
TI(CN),]™ (n = 1-3) from top to bottom, respectively: (a) experi-
mental (solid lines) and model EXAFS functions; (b) Fourier transforms.
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radiation from the sample adds to the signal monitored inlghien T T T T T T T T
chamber before the sample and thereby causes an apparent increase in 3 5 7 9 n o 1 2 3 4 5
the amplitude of the transmitted EXAFS, another reason could be that Figure 2. Ke-weighted and Fourier-filtered EXAFS of the [(N®)Y—

for Liy edges the? values sometimes tend to be higher than 1.0, when ycnyH,0),]~ species, (top solid line, experimental; dots, model) with
using simplified multiple scattering models based on the FEFF program ;dividual model contributions (a) below the Pt Ledge with (b)

(see below). corresponding Fourier transforms (c) below the T &dge with (d)
The compounds KPt”(CN)d'SHQO and KQ[PIIV(CN)(g], with known Fourier transforms.

structures?!4 were used to test such models. We found that their
EXAFS spectra could be satisfactorily described with a model compris- to the EXAFS spectrum (Figure 2a,b and Figures Sla and S2a in the
ing Pt-C and PN backscatteringrie; = 2), together with linear three- ~ Supporting Information). Therefore, the refined-Rt distance and
legged (g = 3) Pt=C—N and four-leggedr(eg = 4) Pt=C—N—C Debye-Waller factor of this pathway were used as the principal
multiple scattering pathways (Scheme 1). The two degenerate three-parameters also in the description of the other scattering pathways
legged P+ C—N scattering pathways give the dominating contribution involving the nitrogen atom. The use of the samievalue for all three
paths (Table 1) can be justified by the “independent vibration
(13) Washecheck, D. M.: Peterson, S. W.; Reis, A. H.; Williams, J. M. aPproximation” model® The results of the refinements are given in

Inorg. Chem.1976 15, 74. Table S1 (Supporting Information) for the standard compounds, and
(14) Weiss, JZ. Naturforsch.1974 29B, 119. the distances obtained by means of this multiple-scattering model are
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Table 1. Pt Ly EXAFS Results of Model Refinements for
Dimetallic Cyano Complexes in SolutidrBackscattering Pathways
Neg,” INteratomic Distanced, and Mean Square Deviations
(Debye-Waller Parametery?

Jalilehvand et al.

Table 2. Tl Ly EXAFS Results of Model Refinements for Cyano
Complexes in Solution and for Solid K[TI(C})? Backscattering
Pathwaynig, Interatomic Distanced, Mean Square Deviations
(Debye-Waller Parametery?

main complex freq of main complex freq of

in soln Nieg pathway d/A o?2A? in soln Nieg pathway d/A o0?4A2?
[(NC)sPt=TI(CN)(H20)s]~ Pt—C 5  2.009(2) 0.0027(1) [(NC)sPt=TI(CN)(H20)4]~ TI-C 1 2.128(6) 0.0027(3)
Pt-TI 1 2.602(2) 0.0049(2) TI-0 4 2505(5) 0.023(1)
Pt—N 5 3.162 0.0047 TI—-Pt 1 2.595(1) 0.0030(1)
Pt-C-N(3) 10  3.162(2) 0.0047(2) TI-N 1 3284 0.0091
Pt—C—N (4) 5 3162  0.0047 TI-C-N(3) 2  3.284(6) 0.0091(8)
[(NC)sPt-TI(CN)2]> Pt-C 5  2.003(2) 0.0032(1) TI-C-N(4) 1 3.284 0.0091
Pt-TI 1 2.613(3) 0.0055(3) [(NC)sPt—TI(CN)2]2- TI-CP 2 2.206(6) 0.0051(6)
Pt-N 5 3.151  0.0049 TI-Pt 1 2.622(3) 0.0064(6)
Pt-C—-N(3) 10  3.151(2) 0.0049(2) TI-N 2 335 0.0073
Pt-C—N (4) 5 3.151  0.0049 TI-C-N(3) 4  3.356(3) 0.0073(6)
[(NC)sPt=TI(CN)3]3~ Pt-C 5  2.008(2) 0.0029(1) TI-C-N(4) 2 3356 0.0073
Pt—TI 1 2.637(4) 0.0055(3) [(NC)sPt—TI(CN)3]3~ TI-C¢ 3 2.203(6) 0.0069(5)
Pt—N 5 3.162 0.0048 TI—Pt 1 2.639(8) 0.009(1)
Pt—-C—N(3) 10  3.162(2) 0.0048(2) TI-N 3 3355  0.0100
Pt-C—N (4) 5 3162  0.0048 TI-C-N(3) 6  3.355(5) 0.0100(7)
ak3-weighted Fourier-filtered data. For independently refined model [TICN)2(H205)] * E_g N @) g 2'832(4) 3.3328(3)
. .. . . 2(M12U2)4 . .
parameters, estimated standard deviations are given in parentheses. The TI-0 4 2.429(4) 0.0029(3)
distanced and Debye-Waller parameter for Pt—N and Pt+-C—N TI-N 2 3263  0.0055
(neg = 4) are correlated to the dominant multiple scattering pathway TI-C—N (3) 4 3.263(3) 0.0055(3)
Pt=C—N (Neeg = 3). bSee Scheme 1. TI-C—N (4) 2 3.263 0.0055
[TI(CN)3(H202)] TI-C 3 2.133(4) 0.0039(3)
in excellent agreement with the mean crystallographic values (in TI-0O 1 2.42(2) 0.0089(23)
parentheses): PC = 1.985 (1.989) A and PtN = 3.149 (3.148) A TI-N 3 3293 0.0056
for Ko[Pt(CN)]-3H,0 13 Pt—C = 2.004 (2.005) A and PN = 3.155 TI-C-N(3) 6  3.293(3) 0.0056(3)
(3.153) A for Ko[Pt(CN)]. 24 TI-C—N (4) 3 3.293 0.0056
The unfiltered data for the standard compoungPt(CN)]-3H,O [T(CN)4] T=C 4 2.176(6) 0.0042(4)
; . ! L TI—-N 4 3.322 0.0060
were also modeled using the GNXAS methihcluding contributions TI—C—N
- . ; . (3) 8  3.322(5) 0.0060(6)
from several additional four-legged minor multiple-scattering path- TI-C—N (4) 4 3322 0.0060
ways?!’ This gave bond distances in excellent agreement with those K[TI(CN) s TI—C 4 2.172(5) 0.0043(3)
above (P+C = 1.987 A, PN = 3.146 A). Even though the amplitude TI—N 4 3323  0.0060
reduction factor became lowes2 = 0.91, this shows that the distances TI-C—N (3) 8 3.323(4) 0.0060(4)
obtained are independent of the program system used. TI-C—N (4) 4 3.323  0.0060

Essentially the same FEFF-based model, including multiple scattering
according to Scheme 1, could also be used to describe the EXAFS
oscillations (Figure 2c) from the linearly coordinated-3—N entities
in the complexes [(NGPt+TI(CN),]" (n = 1-3) (Tables 2 and S2).

In this case there are pronounced differences between thg 3pectra
(Figure 3), resulting from the different number of cyano ligands and
coordination environments of the thallium atom in thelI(CN),
entities.

In addition, the same multiple-scattering model was successfully
applied in this work on the previously collected data for the mono- for analyzing these [Ni(CN)?>~ X-ray absorption data, both from
nuclear [TI(CN).+1]3~ 1 complexes in aqueous solutiérand for the solution and from the solid compound.
solid compound K[TI(CNj] (Table 2 and Table S3 (Supporting Analyses of Vibrational Spectra.Raman and IR spectra are shown
Information)). Previously, the same model was used for the solid in Figure 4, and the experimentally obtained fundamental frequencies
TIPt(CN) (Tables S1 and S2)The reason the same model can be of the three complexes [(NeDt—TI(CN),]"~ (n = 1—3) are listed in
used also for the solid compounds is because the effective multiple- Table 3. A common problem for vibrational spectroscopy from aqueous
scattering contributions are completely dominated by the local short- solutions is the low resolution of the observed spectra. For the
range resonances within the linearly coordinated ligands. Very recently, previously studied closely related complex [(NRY]?~, with 21 Raman
a similar multiple-scattering treatment was published for the planar active fundamentals, only 7 Raman bands could be obsétyesimilar
[Ni(CN)4]?~ complex, confirming this conclusio By means of FEFF situation occurs in the present case, with e.g. 8 recorded bands out of
calculations, different cluster sizes for the[i(CN),4] structure were 24 possible Raman-active modes of the [(BRE)}TI(CN)]~ complex
used to reproduce features in the near-edge region. Also in the EXAFS(Table 3). This is due to the broad and strongly overlapping bands and
region additional multiple scattering pathways, including correlation the difficulty in obtaining low-frequency spectra (below 120&jrin
between the DebyeWaller factors, were tested. The conclusion was aqueous media. In addition, for transmission IR spectra the strong
that exactly the same type of model as the one used here was sufficienabsorption by the bulk water obscures the solute spectra in some regions.
Even though curve-fitting methods were used to analyze the spectra,
the only way to solve the assignment problem for those funda-
mentals which are close in energy, giving unresolved frequencies within
a broad band in the spectrum, is to assign them all to the same
experimental frequency (see Appendix and Table S4, Supporting
Information).

ad-weighted Fourier-filtered data. For independently refined model
parameters, estimated standard deviations are given in parentheses. The
distanced and Debye-Waller parameters for TI-N and THC—N
(neg = 4, cf. Scheme 1) are correlated to the dominant multiple-
scattering pathway FHC—N (neg = 3). ? Estimated to T+-C = 2.20(2)
A when corrected for influence of minor complexes; see text.
¢ Estimated to T+C = 2.22(2) A when corrected for influence of 25%
[TI(CN)4]~; see text.

(15) Yokoyama, T.; Kobayashi, K.; Ohta, T.; Ugawa,hys. Re. B 1996
53, 6111.

(16) Filliponi, A.; DiCicco, A.; Natoli, C. RPhys. Re. B.1995 52, 15122
and references therein. GNXAS software package for EXAFS data
analysis, available at http://www.aquila.infn.it/gnxas/.

(17) Jalilehvand, F.; Persson, |.; SandstraV.; Stalhandske, C. M. V.
Unpublished results.

(18) Mutos-P&z, A.; Daz-Moreno, S.; Sechez Marcos, E.; Rehr, J. J.
Inorg. Chem.200Q 39, 3784.

(19) Memering, M. N.; Jones, L. H.; Bailar, J. Gorg. Chem1973 12,
2793.
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Figure 3. Tl L,y EXAFS, k¥-weighted and Fourier filtered (1-48.5 ) !
A), of aqueous solutions with the dominating species [(RE) ©
TI(CN),]™ (n = 1-3) from top to bottom, respectively: (a) experi- “gf;
mental (solid lines) and model EXAFS functions; (b) Fourier transforms. —g o
A simplified description of the vibrational spectra of the present <

coordinate analyses. The complex [(M)-TI(CN)]~ can be described
in C4, symmetry, and the complex [(N§Dt—TI(CN2)]?>~ probably
belongs to theC,, point group and [(NGPtTI(CN3)]3~ to Cs. How- - ; ! ;
ever, the last two complexes can be satisfactorily characterized by using 2250 2200 2150 2100 2050

the local symmetries of the Pt and Tl fragments. For the analyses, the Wavenumber (cm-1)

dimetallic complexes can be divided into a common part, which is the Figure 4. Vibrational spectra of the dimetallic complexes [(NB)-
(NC)sPt— group with localCs, symmetry, and & TI(CN), group with TI(CN)s™ (n = 1—3) in aqueous solution: (a) Raman low-frequency
local C,, symmetry for—TI(CN), andCs, for —TI(CN)s. Assignments region (smoothed, base-line corrected); (b) RamarNGstretching
according to these local symmetries are reported in Table S4 (Sup-region (interpolated); (c) IR absorption (baseline correctedN@egion
porting Information) and are based on calculated frequencies and (* free CN™ ion, ** E, band of [Pt(CN)]?).

comparisons with previous assignments of related compféxé#

detailed discussion of the proposed assignment and possible alternativeResults and Discussion

is given in an Appendix in the Supporting Information.

Wilson's GF matrix method was used for the calculation of Structure of the Complexes in Aqueous SolutionMulti-
vibrational frequencies using a symmetrized valence force field. The nuclear NMR spectroscopy showed that three different types
initial force constants were adopted from Jones éf-&f and from of cyano ligands are present in the dinuclear Pt bonded
Blixt et all® and refined to give a satisfactory fit of calculated to [(NC)sPt=TI(CN),J™ (n = 0—3) complexeg. The platinum
experimental frequencies by means of a PC-based program patkage. aom s coordinated by four equivalent cyano ligands, and the
The internal coordinates are illustrated in Figure S3 (Supporting same square-planar coordination geometry is assumed to prevail

Information). The fundamental modes, their potential energy distribu- . . _ ) .
tions over the internal coordinates, and force constants for the best fit {:_ls In th_e Startmg_ [Pt(CN])Z complex. A fifth a_X|aI cyano
ligand, in a position trans to the platinurthallium bond,

are given in Tables S4 and S5 (Supporting Information). For a : - FIe : .
consistency check, the [Pt(Ci§ complex was reevaluated from  COmMpletes an octahedral six-coordination around platinum with

literature data, with results in satisfactory agreement with the previous & Similar pentacyanoplatinum entity in all four complexes.

solution species is therefore necessary in order to allow normal- / \

P —

investigatior?* The results of the Pt and Tljl-edge EXAFS analyses carried
out for the aqueous solutions of the complexes [($RE)
(20) Jones, L. H.; Smith, J. Mnorg. Chem.1965 4, 1677. _ TI(CN)n]" (n = 1-3) are fully in agreement with the previous
@1 \J(%?E’S’llé?'fnorgan'c Vibrational Spectroscoplarcel Dekker: New g roscopic findings. A nonbuttressed-Pt bond directly
(22) Kubas, G. J.; Jones, L. #horg. Chem.1974 13, 2816. links the pentacyanoplatinum unit to the thallium cyano group.
(23) Mink, J.; Mink, L. M. Computer Program System for Vibrational ~ The length of the metalmetal bond and the coordination
Analyses of Polyatomic Moleculedtink, J., Mink, L. M., Eds.; anyjronment of the metal atoms in the complexes are discussed
Department of Analytical Chemistry, VeszpréJniversity: P.O. Box . .
158, H-8201 Veszpra, Hungary. in detail below. The Pt and Tl -edge EXAFS data for the

(24) Siebert, H.; Siebert, AZ. Naturforsch.1967, 22B, 674. complexes are summarized in Tables 1 and 2, and the EXAFS
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Table 3. Vibrational Fundamental Frequencies (¢infrom Raman and IR Spectra of the Dimetallic Cyano Complexes in Aqueous Sélution

[(NC)sPtTI(CN)]~ [(NC)sPtTI(CN),]?>~ [(NC)sPtTI(CN)]3~
Raman IR Raman IR Raman IR approx assignt
2200.1vs, p 2199.5m 2195.6vs, p 2196 s 2191.8vs,p 2192 w CN str (eq)
2189.8s, m 2183.3m 2180.5m CN str (eq)
21754 s 2169.4 s 2165.5s CN str (eq)
2177.6 s, br 2167.8 s, br 2160.5vs CN str (ax)
2177.6 s, br 2167.8 s, br 2160.5vs CN str (TI)
2169.4s 2165.5s CN str (TI)
468 m 468 m 467.7m PtC str (eq), PtCN def (eq)
439 w PtCN def (eq)
411m 414 vw 415w PtC str (eq), PtC str (ax), PtCN def (eq), PtCN def (ax)
362w 333w 376 m TIC sym str
392w 328.8w TIC asym str
260 vw 267 w 269.8 w TICN def
163.7 vs 162.6 vs 159.1vs PtTI str

a Abbreviations: br, broad; m, medium; p, polarized; s, strong; vs, very strong; w, weak; vw, very weak; eq, equatorial; ax, axial; str, stretch;
sym, symmetrical; def, deformation. The symmetry species are not specified, because of overlapping bands belonging to several irreducible

representations (cf. Table S4).

O(aq)

Figure 5. Structural models proposed for the dimetallic complexes in
aqueous solution (distances in A): (a) [(NE)y-TI(CN)(H20)4]; (b)
[(NC)sPt=TI(CN)2]*"; (c) [(NC)sPt=TI(CN)3]*".

fits and Fourier transforms are shown in Figures31Proposed

Table 4. Comparison of &N and M—C Stretching Force
Constants (N cm') for Platinum(1V) and Thallium(lll) Cyano
Complexes

complex K(CN) K(MC) ref
[Pt(CN)]*~ 17.43 2.94 this work, 24
[Pt(CN)CI]2~ 17.62217.80 2.8922.92  this work, 19
[Pt(CN)%Br]%- 17.57217.6% 2.9022.89 this work, 19
[Pt(CNXI12~ 17.48217.4% 2.8822.72 thiswork, 19
[(NC)sPTI(CN)]-  17.36217.3¢ 2.7622.38 this work
[(NC)sPtTI(CN)y]?~ 17.30217.22 2.8222.40 this work
[(NC)sPLTI(CN)3J3~ 17.18217.1% 2.8122.43 this work
[Pt(CNLCIZ]~ 17.30 2.79 20
[Pt(CNYBr;]~ 17.23 2.81 20
[Pt(CNl]~ 17.06 2.78 20
[Pt(CN)]> 17.41 2.75 22
[TICN]2* 17.73 2.36 10
[TICCN)Z]* 17.62 2.34 10
[TI(CN)3] 17.60 2.13 10
[TI(CN)4]~ 17.56 1.80 10
[(NC)sPTICN]~ 17.50 1.8¢9 this work
[(NC)sPTI(CN) >~  17.23 1.81¢ this work
[(NC)sPTI(CN)J®~ 17.39 1.66! this work

aFour equatorial cyano ligands in (N$PX— group.® Axial cyano
ligand of platinum ¢ Experimental frequencies taken from this reference.
d Cyano ligands in-=TI(CN), group.

(nieg = 3) and Pt C—N (nieg = 4), shows why the contribution
from the PtTI bond is difficult to detect in the Pt . edge
EXAFS data and explains the similarity of the EXAFS oscil-
lations in Figure 1. In the TI |y edge spectra, however, the
Pt+TI bond makes a major contribution, particularly at high
values (Figure 2c). Even though the cyano ligands are more
strongly dominating in the Tl l,-edge spectra for the [(NEPt—
TI(CN)2]%2~ and [(NCYPt—TI(CN)3]®~ solutions, the PtTI
contribution is still discernible in the Fourier transform for all
three solutions (Figure 3). However, in the EXAFS functions
the oscillating contribution from the platinunathallium interac-

structural models for the complexes consistent with these resultstion has an increasing envelope at highvalues, which

are shown in Figure 5.

distinguishes it from other scattering paths. Therefore, in the

Further details of the analyses of the EXAFS data are given model refinements the Pl bond distance could be obtained
in Tables StS3, and assignments and treatment of the independently from both the Pt and the T){edge EXAFS,
vibrational spectra are discussed in the Supporting Information. with high precision and in satisfactory agreement for the same
Results of the normal coordinate analyses are given in Tablessolution (Tables 1 and 2).

4 and 5 and in Tables S4 and S5 (Supporting Information).
Characterization of the Metal—Metal Bond. For the
[(NC)sPt=TI(CN)(H20)4~ complex the Fourier transform of
the PtTI contribution to the EXAFS spectra of the Pt and Tl

The weighted average PTI bond distances for the [(NEPt—
TI(CN)p]™™ (n = 1—3) complexes are given in Table 5 (2.60(1),
2.62(1), and 2.64(1) A, respectively) and include estimated
uncertainties from systematic errors in the data and the distribu-

atoms is shown separately in parts b and d of Figure 2. The tion of complexes in the solutions. Thus, the increasing number

overlap with the strong multiple-scattering features; €N

of cyano ligands results in a smooth increase in the metal
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Table 5. Characteristics of the P{Tl Bond in the Dinuclear Complexes in Aqueous Solution

16, 2008895

Oty NESPE25TN),  p(PTI),  K(PtTHE  Opy Pt “rel om, Tl “rel

complex Hz cmt Ncm™t ppnP oxidn state”  ppn? oxidn state”
PtV(CN)e> 655 44
Tl 0 +1
[(NC)sPt=TI(H,0)J 71060 474 +3.6 (+3.2F 786  +1.5({1.6F
[(NC)sPt=TI(CN)(H,0)]~  2.60(1) 57 020 163.7 1.736 383 +3.4 1371 +1.9
[(NC)sPt=TI(CN)]2- 2.62(1) 47 260 162.6 1.693 184 +2.9 1975 +2.3
[(NC)sPt—TI(CN)3]> 2.64(1) 38 760 159.1 1.563 68 +2.6 2224 425
TI"(CN),~ 3010 +3
Pt'(CN)2 —-213  +2

2 Full normal-coordinate analysis including all atoms in the compléscom ref 2. Numbers in parentheses were determined by means of

X-ray photoelectron spectroscopy (XPS) for the solid [(MRE)1].5

metal bond distance. For all three compounds these short
distances unambiguously demonstrate formation of a direct Pt
Tl bond and confirm the conclusions from our previous
spectroscopic studiés.

The stretching vibration of the P{l bond, which appears
as an intense polarized Raman band, occurs at low wavenumbers
due to the large masses of the two bound atoms (Figufe 4).
The vibration frequency decreases as expected with increasing
Pt—TI bond length but is not very sensitive to the change in
the metat-metal distance (Table 5). To compare the overall
strength of the PtTI bond in the compounds, force constants
of the metat-metal bond stretch were calculated using different
approximations in the normal-coordinate analyses, from con-
sidering only the metal atoms to including the full cyano
coordination around the metal atoms. The values obtained for
the PtTI stretching force constants are characteristic for single
meta-metal bond®-26but differ by as much as about 20% for
different approximations in the models (Figure 6). The decrease
in the force constant with increasing bond distance is more clear-
cut than the relatively small decrease in the vibrational
frequency, which is partly due to a compensating effect from
the increasing mass of theTl(CN), group with an increasing
number of cyano ligands (Table 5).

The NMR spir-spin coupling constanfg(*°%Pt—295T]) show
a much more pronounced decreasing trend (Table 5), which,
however, reflects mainly a decrease in the s-orbital contribution
to the P+TI bonding? Qualitatively, the P+Tl o-bonding
molecular orbital can be considered as a result of the symmetry-
allowed overlap between the filled platinumdnd the vacant
thallium 6s orbital The thallium 6s valence orbital becomes

Pt-T1 force constant

1,85

18-

1,75

1,7

1,65

1,6 4

1,55

1,5 -

1,45

d/A

2,59

>

26 2,61 2,62
Pt-T1 bond distance

263 2,64

Figure 6. Correlation between P{T| stretching force constants and
bond distances: (a) including only the metal atoms; (b) including the

less available for the platinungaklectron pair when the number  axially coordinated cyano ligands; (c) including the full cyano coordina-
of strong o-donor cyano ligands increases and changes thetion around the metal atoms.
coordination geometry around the thallium atom.

Platinum Coordination. The Pt Ly -edge EXAFS data cannot  the corresponding values for the standard compounds (Tables
distinguish between the axial and equatorial cyano ligands for 1 and S1). Thus, the trans effect, i.e., weakening the axiaCPt
the species [(NGPt—TI(CN)p]"~ (n = 1—3). Therefore, for all bond in a Pt(CN)X unit for the above ligands X —TI(CN)j,
samples a mean value was used for the fire@®&and Pt--N does not increase the -PC. distance enough>(~0.05 A) to
distances, including three- and four-legged multiple-scattering make it distinguishable by the EXAFS method.
pathways of the same length as-Rt (cf. Scheme 1). The mean  The yiprational spectra give a similar picture. Only a broad
Pt-C and Pt--N distances obtained for the series of dinuclear 45ymmetric feature is present in the-@t stretching region of
species are similar, and in all cases the-Rtdistance is about the Raman spectra (Figure 4a), which should contain the
1._15—1.16 A longer than PtC. Th% dlffere_nce is consistent symmetric (A) Pt—Ceq breathing mode expected around 470
with the expected EN bond length” and with an essentially 11 (¢t the Supporting Information). Additional information
linear Pt-C—N conf'lguratlon. The DebyeWaller factors (Pt on the platinum coordination environment can be obtained from
C, Pt-+N) for the dinuclear complexes are small and close t0 ¢ N stretching region of the dimetallic complexes (Figure
4b,c), in which three Raman and two IR bands can be
distinguished by curve-fitting methods (Table 3). The band-
widths are about-813 cnt?, with strong overlap. Thus, these
bands must contain all four expected fundamental CN stretch-
ings, belonging to the symmetry species;2A B, + E of a
(NC)sPt= group inC4, symmetry.

(25) Shriver, D. F.; Cooper, C. B. Mibrational Spectroscopy of Metal
Metal Bonded Transition Metal Compoundhriver, D. F., Cooper,
C. B., Eds.; Heyden: London, 1980; Vol. 6, pp 2057.

(26) Cotton, F. A.; Walton, R. AMultiple Bonds Between Metal Atoms
2nd ed.; Clarendon Press: Oxford, U.K., 1993.

(27) Golub, A. M.; Kdler, H.; Skopenko, V. VChemistry of Pseudohalides
Elsevier: Amsterdam, 1986.
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The two Raman bands appearing at the highest frequenciesEXAFS and from the previous NMR dataFor compar-

in the cyanide stretching region of the dimetallic species can
be assigned, assumirtgy, symmetry of the (NGPt— group,
to the two A (breathing) modes, the intermediate weaker Raman
band to the B mode, and the strongest infrared band to the E
mode (cf. the Supporting Informatio&) The frequency of the
main equatorial A breathing mode decreases slightly; =
2200.1, 2195.6, and 2191.8 cinfor the three [(NCPt—
TI(CN),]"™ complexes withn = 1—3, respectively (Table 3).
Similar trends were observed for the Biodes,vg = 2189.8,
2183.3, and 2180.5 cm, and for the E species;s = 2175.4,
2169.4, and 2165.5 cm, for the three complexes, respectively.
A decrease in the €N frequency of cyano ligands is
normally taken as a sign of increased metal to carbdiack-
bonding, weakening the-EN bond121.27.28The vy frequency
(2211 cn?), and the corresponding €N stretching force

ison, also the mononuclear thallium(lll) cyano complexes
[TI(CN)p+1]3 (D (n = 1—3)'° were analyzed here with the
current multiple-scattering model based on FEFF calculations
(Table 2).

Substitution of one cyano ligand trans[TI(CN)2(H20)4] ™
by a Pt(CNj group gives the complex [(NERt=TI(CN)(H20)4] .
The TI-C and T}--N distances (2.128(4) and 3.284(6) A,
respectively) are both longer in the dimetallic complex than in
the mononuclear one (2.092(4) and 3.263(3) A, respectively)
but are in both cases consistent with linearTHN coordina-
tion (Table 2). As in the paremtans[TI(CN)»(H.0)4] ™ species,
we assume that the coordination environment of the thallium
atom in a hydrated [(NGPt—TI(CN)(H,0)4] ~ species is pseudo-
octahedral with four weakly coordinated equatorial water
molecules. However, the short Pt distance to the bulky

constant (Tables 4 and S5), has its highest value for the Pt(CN) group may cause some steric interaction, as indicated
[PtY(CN)e]*~ complex and decreases with an increasing number in Figure 5a. The HO bonds are longer in the dimetallic

of cyano ligands on the thallium atom in the [(NE}—
TI(CN),]" complexes fon = 1—3. The P+ C force constants,

species (about 2.51 A) than in the mononuclear complex (2.43
A) (Table 2).

for both the equatorial and axial stretching, decrease abruptly  aso for the [(NCyPt—TI(CN),J2~ and [(NC}Pt—TI(CN)s]3~

from [PtV(CN)g]2~ to the first [[NC}Pt—TI(CN),]"~ complex
(n = 1) and are then almost constant for= 2, 3 (Table S5
and Figure S4a). For the [(N§Pt—TI(CN)n"~ complexes this
reflects the balance between the decreasingCPt—bond
strength and the increasimgbond strength resulting from the

complexes, the HC and TN distances increase significantly
but are still consistent with linear FIC—N bonding (Table 2).
The TI-C bond length increases to 2.22 A (see below) for the
[(NC)sPt—TI(CN)3]3~ species (Figure 5b), which indicates a
change to tetrahedral coordination geometry, as in the related

increasing electron density on the platinum atom in this series [T(cNy),]~ complex!? A trigonal coordination geometry of the

(cf. Oxidation States of the Metal Atoms). Previously, it was
found for the [Pt(CNgX]2~ (X = Cl, Br, 1) complexes that the
symmetric equatorial PtC and C-N frequencies remain
essentially unshifted from those of the parent complex
[PtV(CN)g]?~ but the apical (trans to X) P{C and G-N
frequencies shift to lower energies in the order-CBr > .19

By means of the previously reportédC NMR spectra of
the aqueous [(NGPt—TI(CN),]"~ species, both the chemical
shifts and the platinumcarbon spir-spin coupling constants,
1J(19Pt—13C), are easily obtained for the two types of-&
bonds of the Pt(CN)unit. The coupling constant for the
equatorial carbond](*%Pt13C,), increases slightly, 820, 821,
832, and 843 Hz, while the axial coupling decread&@?Pt—
13C,,) =909, 843, 783, and 742 Hz, for= 0—3, respectively,
the axial one with a trend similar to that for th#!°5Pt—205T[)
coupling constant (Table 5). TR&*%Pt—12C) coupling constant
for [PtV(CN)e]2~ is 876 Hz. However, the huge two-bond axial
thallium—carbon spir-spin coupling 2J(2°5T|-++13C,,) = 9743,
8446, and 7270 Hz fon = 1—3, respectively, is more than 20
times larger than that for the equatorial carbon atdd{3%5T|—
13Cep = 452, 338, and 255 Hz, respectivélfthe very large
2J(295T|--+13C,y) values imply strong interaction between the
thallium atom and the axial cyano ligand within a linear NC
Pt—TI entity. This can be explained by assuming three-center
bonding, involving a combination of the carbon,2platinum
5dz, and thallium 6s orbitals under loc&l,, point group
symmetry. Thus, the decreasing trend of #€°5Pt—13C,)
spin—spin coupling constants observed for the series ofTiPt
complexes reflects the decreasing s character of theCRt
bond, which is transmitted from theansPt—TI bond, rather
than the total strength of the PC, bond.

Thallium Coordination. Within each [(NC3PtTI(CN),|"~
(n= 1-3) species, the cyano ligands coordinated to the thallium
atom were found to be equivalent, both from the present,Tl L

(28) Nakamoto, Kinfrared and Raman Spectra of Inorganic and Coor-
dination Compoundsbth ed.; Wiley-Interscience: New York, 1997;
Part B, Chapter 11I-15.

thallium atom seems likely for the [(NEDt—TI(CN);]?~ species,
similar to that for the halide complexes [T¢.0),] (X = ClI,
Br).10 Possibly there is also weak hydration of the thallium atom
as in the halide species, even though neOlinteraction could
be detected in the EXAFS data.

The mean T+C distance (2.206(6) A), obtained for the
solution where [(NGPt—TI(CN),]2~ was the dominating spe-
cies (Table 2), appears surprisingly long, considering that in
the hydrated mononuclear [TI(CMH-O)] complex the T+C
distance is 2.133(4) A, intermediate between those of the
[TI(CN)2(H20)4]* and [TI(CN)]~ complexes (2.092(4) and
2.176(6) A, respectively). However, these mean values for both
the [(NC)Pt=TI(CN),]?~ and [(NC)Pt=TI(CN)3]®>~ complexes
are affected by the presence of additional complexes in soltition.
In both cases the dominating [(N§PX—TI(CN)y]"~ complex
contained less than 75% of the total thallium concentration at
the equilibrium composition. For [(NGRt=TI(CN),]?~, the
remainder consists of equal amounts of the species HNE)
TI(CN)(H20)4]~, with one THC distance, and [(NGPt—
TI(CN)3]®~, with three THC distances. In the [(NGPt—
TI(CN)3]®~ solution there is 25% [TI(CN)~ present with four
shorter THC distances. Thus, the extra-C distances should
increasethe mean value obtained for thedC bond distances
for the [(NC)Pt—TI(CN),]>~ solution, while adecreaseis
expected for the [(NGPt—TI(CN)3]®~ solution. The T+C bond
distances of the [[NGPt—TI(CN),]%~ species, corrected for the
presence of other species with different numbers ofJl
distances, can be estimated as 2.20(2) A and for the HN€E)
TI(CN)3]3~ complex as 2.22(2) A.

In the vibrational spectra several broad bands were observed
in the frequency range expected for—=f® and THC bond
stretching (325400 cnt?; cf. Figure 4a). Assignments were
made of the symmetric and asymmetrie-T stretching modes
for the —TI(CN), groups on the basis of a previous investigation
(cf. the Supporting Informatiorff. The resulting force constants
(Table S5) are consistent with the weakening of the@'bonds,
which is expected from the increasing bond distance and the
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increased electron transfer from the thallium to the platinum intermediate relative oxidation states could be derived for the
atom with increasing number of cyano ligands (see Oxidation metal atoms, in this case from X-ray photoelectron spéctra.

States of the Metal Atoms). In the cyanide stretching region The obtained values, ¥¥TI16, are similar to those for the
we assign the broad Raman band at the lowest frequency, 2178complex [(NC}Pt—TI(H20),] in solution, P#&TIL5,

2168, and 2161 cmt, with increasing intensity fon = 1-3,

This gradual charge transfer indicated by the NMR chemical

respectively, to the cyano ligands of the thallium atom (Figure shifts is also supported by preliminary results from ab initio
4b and Table 3). The symmetric stretching vibrations of the calculations on the charge distribution in the [(NE§-

corresponding mononuclear [TICN),+4]3~(D complexes
appear at higher wavenumbers: 2187, 2187, and 2180,cm
respectivelyt

Another sensor of the HC bond character is the one-bond
spin—spin coupling constantJ(2%5TI1—12C), which decreases
dramatically for the [(NGPt=TI(CN),]"~ species: 2446, 876,
and 52 Hz forn = 1—3, respectively. This decrease can be
attributed to the decreasing s character of the'bonds, which
is influenced by the thallium coordination geometry. The metal
metal bonding also has a strong influence on the thatium

TI(CN),]"~ complexes® The Mulliken charge for thallium
increases stepwise;0.19 and+0.06 e, with a corresponding
decrease for platinum;0.27 and—0.12 e, when the number
of cyano ligands increases from= 1 to 2 and froorm = 2 to
3, respectively.

To summarize, when the cyanide ions bind to the thallium
atom, two effects seem to occur: (1) an increase in the transfer
of the bonding electron pair toward platinum and (2) an increase
in the electron density on thallium from the cyano ligands. The
former effect is consistent with an increase in thePtbond

carbon coupling and the s character of the bonds, as shown bydistance.

the substantially larger values &J(?°5TI—13C) for the corre-
sponding [TV (CN)n+1]3~ ™D species: 13 749, 7954, and 5436
Hz.®

Oxidation States of the Metal Atoms.The chemical shifts
of both thel%Pt and2%5T| nuclei are quite sensitive to changes
in the oxidation state of the metal iofs.3! The shifts in the
series of dinuclear complexes [(NBx—TI(CN)n]"~ fall in the

Correlation with Vibrational Spectra. Attempts have previ-
ously been made to correlate shifts in the vibrational frequencies
of cyano groups to, for example, the Pt oxidation state in
partially oxidized tetracyanoplatinate one-dimensional conduc-
tors, since the cyanide stretching mode should be particularly
sensitive to the electron density of the platinum afém.
Stretching frequencies of cyano ligands usually increase with

wide interval between the characteristic aqueous solution valuesan increasing charge on the metal at6tiThe reason for this

for complexes with the metal atoms in their two limiting
oxidation states: e.g. for platinum,"Ptn [Pt(CN)]?~ and P!
in [Pt(CN)4]?~; for thallium, TI'in TITagand TI" in [TI(CN)4]~
(see Table 5%°

When additional cyano ligands coordinate to the thallium

is rather complex and can for transition metals be considered
to originate from a combination of two effects: (1) a strong
o-bond withdrawing negative charge from the cyano carbon
atom (from the nonbondingo2electron pair) and thus resulting

in a stronger &N bond and (2) decreased availability of the

atom in the dinuclear complexes, the chemical shifts of the metal filled metal d orbitals, which can back-bond to the cyari(2p)

atoms gradually change with opposite trends der and o+

antibonding orbital and weaken the-8l bond?%27:35.36Thus,

(Table 5 and Figure S6). Thus, the decreasing shielding of thefor the [PtY(CN)s]2~ complex the Raman-active-N sym-
thallium nucleus is coupled to an increase in the shielding of metric stretching (Ay frequency becomes very high, 2211
the platinum nucleus, which implies a transfer of electron density cm™*. For [Pt(CN)4?" the corresponding 4 mode is found
from thallium to platinum when the number of cyano ligands at 2168 cm*, consistent with an increased-PCN 7* back-
increases. With the chemical shifts for the above complexes, bonding because of higher availability of the platinum d

[PtV(CN)g]?~, [Pt (CN)4]?~ and TI aq [TI"(CN)4]~, as reference
values, thedp; and 1 values in the series of dinuclear species
[(NC)sPt+=TI(CN)q]™ (n = 0—3) can be used to estimate the

electrons for the lower oxidation stat&For partially oxidized
tetracyanoplatinate compounds the correspondinf)l Gtretch-
ing frequency is intermediate: e.g. 2182 ¢nfor K,[Pt'(CN)4]-

relative amount of electron transfer between the metal atoms. Bro.ss3*

With the use of the integer oxidation states for the complexes

A similar situation is found for the (NGPt— unit of the

above as starting points, this electron transfer can be expressedinuclear [(NC3Pt—TI(CN)y"™ (n = 1-3) complexes, where

in terms of “relative oxidation states” in a linear interpolation.
The values vary for platinum from 3.6 to 2.6 and for thallium
from 1.5 to 2.5, respectively, whemincreases from 1 to 3 (cf.
Table 5 and ref 32).

This “relative oxidation state” increases for the thallium atom

the A; equatorial and axial stretching frequencies (Tables 3 and
S4) occur between the corresponding values éfdd Pt
cyano complexes. The bands shift to lower frequency with an
increasing number of cyano ligands in the complexes. Also,
the IR-active E mode stretching frequency of the (BREentity

and decreases for platinum, with the sum close to the expectedfalls between the f vibration of [Pt(CN)g]*~ (2191 cn?)?’
value of 5, when the number of cyano ligands increases in the @nd the & mode of [P¥(CN)4?~ (2133 cm?) (cf. Figure 4c
series of complexes. Thus, the increased negative charge of thénd Table S4). The €N bond stretching force constants have
—TI(CN), group seems to be partly transferred from the thallium been evaluated by normal-coordinate analyses (Tables 4 and

to the platinum atom via the Pl bond. The values obtained
for the [(NC)Pt—TI(H20),] complex indicate that the electron
pair of theo bond is located more in the thallium 6s than in the
platinum @z orbital. Also for the solid (NGPt—TIl compound

(29) Glaser, J. IPAdvances in Inorganic ChemistnBykes, A. G., Ed.;
Academic Press: San Diego, CA, 1995; Vol. 43, pp/8.

(30) Hinton, J. F.; Metz, K. R.; Briggs, R. WProg. Nucl. Magn. Reson.
Spectrosc1988 20, 423-513.

(31) Pregosin, P. STransition Metal Nuclear Magnetic Resonance
Elsevier: Amsterdam, 1991; Vol. 13.

(32) Maliarik, M. Ph.D. Thesis, The Royal Institute of Technology,
Stockholm, Sweden, 2001.

S5). They decrease for both the equatorial and axial cyano
ligands of the (NGPt— unit, when the number of cyano ligands

(33) Kloo, L.; Glaser, J.; Maliarik, M. unpublished results. Computation
level: restricted HF, SDD basis set ((8s7p6d)/[6s5p3d] and (4s4pld)/
[2s2p1d] for platinum and thallium, respectively), MWB (effective
core potential) 60 and 78 for platinum and thallium, respectively.

(34) Ferraro, J. R.; Basile, L. J.; Williams, J. M.; McOmber, J. I.; Shriver,
D. F.; Greig, D. RJ. Chem. Phys1978 69, 3871.

(35) Dunbar, K. R.; Heintz, R. A. IRhemistry of Transition Metal Cyanide
Compounds: Modern Perspegts Dunbar, K. R., Heintz, R. A, Eds.;
Wiley: New York, 1997; Vol. 45, pp 283391.
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increases on thallium: i.e., for a decreasing charge on the depend on the formal oxidation state of the metal atomé:= Tl
platinum atom (Table 4 and Figure S4b). PP (2.79-3.05 A)20-42T|—Ptl (2.88-3.14 A)394348 and TI'—

For the mononuclear complexes [TI(GN)]3~ ("D with n = Pt (2.70-2.71 A)#° The bond distances in the presently studied
0—3, both the T+C and C-N stretching force constants complexes are shorter, [(NEt—TI(CN),]" (= 1-3) (2.60-
decrease monotonically (Table 4 and Figure S5). Replacing one2.64 A), as is also the case for a number of related solid
cyano ligand with a (NGPt— unit to form the dinuclear compounds which recently have been structurally characterized
complexes [(NGPt=TI(CN),]"~ (n = 1-3) shifts both the in this laboratory: [TIPt(CN (2.63 A)5 [(NC)sPt—TI(dmso)]
TI—C and the &N symmetric stretching vibrations to lower  (2.61 A)5 [(NC)sPtTl(en),] (2.64 A) S50 [(NC)sPt—TI(bipy)-
frequencies. Also, the corresponding-T distances increase  (dmso} (2.62 A)5! [(NC)sPt—TI(bipy)s] (2.61 A)?! and
(Table 2), showing that the FIC bond is weaker in the  [(NC)sPt—TI(H.0O)(nta)P~ (2.61 A)32Even though the electron

dimetallic compounds. However, in the [(N—TI(CN),]"~ transfer between the two metal atoms may vary, the short
(n=1-3) series, the €N force constant has its smallest value platinum—thallium distance is consistent with the higher total
for the intermediate complex, [(NEDt—TI(CN),]2-, indicating oxidation state (V) of the two metal atoms.

an increase in the back-bonding from the thallium atom. The
increase in the FC distance, about 0.07 A from that in the i o o
probably tetrahedral [TI(CNJOH,)] complex, also seems to be This work finalizes the structural characterization of the
largest for this complex and suggests a different coordination family of dinuclear [(NC3Pt=TI(CN)q|"" complexes initiated
geometry with more than one water molecule hydrating the in this laboratory. The platinum-thallium and metatligand
thallium atom. distances have been determined in aqueous solutions of the
Even though the axial P{C stretching force constants are complexes [(NGPtTI(CN)q|"™ (n = 1-3) by means of the
much smaller than the equatorial ones (Figure S4, Table 4), EXAFS technique. The short Tl distancse, 2.60(1), 2.62(1),
both sets show somiecrease,despite the decreasing charge and 2.64(1) A, which increase far = 1-3, respectively,

Conclusions

on platinum, for the dimetallic complexes with = 1—3, confirm the previous conclusion of a nonsupported direct metal
respectively. Moreover, despite the corresponding increasing Metal bond. Also, the values of the force constant of theTiPt
“relative oxidation state” on the thallium atom, the-TT bond, which have been obtained by normal-coordinate analyses

stretching force constant decreases. This shows that no simpleof vibrational spectra, are characteristic for single meaétal
correlation between metal atom charge and bond strength, ag?onds. They show the same trend, namely weakening of the
estimated from force constants and vibrational spectra, can bemeta-metal bond with coordination of additional cyano ligands
made for the delocalized bonds in this series of dimetallic to the thallium atom. This is also consistent with our previous

complexes. spectroscopic characterization of these species, e.g. the trend
Platinum—Thallium Bond Distances.As discussed above, ~ Of the spin-spin coupling constants)(*Pt—205Tl).
the short platinumthallium bond length for the [(NGPt— The structure of the pentacyanoplatinum group shows only

TI(CN),]™ complexes increases far= 1—3: 2.60(1), 2.62(1), & minor change in the current series of dimetallic complexes.
and 2.64(1) A, respectively (Table 5). These metaktal The EXAFS data could only give a mean—& distance of
distances can be compared with bond lengths 8t and 2.00-2.01 A for the five cyano ligands of the platinum atom.
TI"—TI" in homodinuclear compounds, with the metal atoms Also, the stretching force constants indicate relatively small
in oxidation states close to those in the present complexes. Achanges in the bond strength. However, the drastic changes in
recent structural study of a dimeric complex of trivalent the thallium coordination geometry and bonding cause variations
platinum, [(NC}Pt—Pt(CN)}]*-, gives a direct unsupported in the characteristic properties, including the change in the Pt
Pt'—Pt!l bond length in agueous solution of 2.733ANo Tl distances. In the [(NGPt-TI(CN)s]*~ complex the thallium
similar complex with thallium(ll) has been found. However, a atom s probably tetrahedrally four-coordinated with threed!|
comparison can be made with the-Tl bond distance 2.91 A bonds of 2.22(2) A, while two strong FIC bonds of 2-2(23_(2)
from the structure of tetrakis(hypersilyl)dithallium(R§ Thus, A are formed in the intermediate complex [(NE)-TI(CN)]?",
the PtTI distances in the [(NGPtTI(CN),]™ (n = 1-3) possibly with additional weak coordination of water molecules.
species are significantly shorter than the mean of these two The thallium atom coordinates one cyano ligand in the hydrated
distances, 2.82 A, indicating strong covalency in the Rt [(NC)sPt=TI(CN)(H20)s]~ complex in a linear NEPt-TI—
bond. CN entity, with the THC bond distance of 2.13(1) A and

Ustn et al. recently reported the structure of a number of Probably four water molecules loosely bound to thallium with
dimetallic compounds with direct Pt TI' contacts® They a mean T+O distance of about 2.51 A. -
concluded that an increasing donor strength character of the When one cyano ligand of the mononuclear [TI(GN)*~*®
platinum atom reduces the PTl distance. However, in the ~ complexes is replaced by a (N¥}— group, forming [(NC3Pt—
present case the donor property of the platm.um center in the(4o) Ezomo, O. J.: Mingos, M. P.. Williams, I. 3. Chem. Soc., Chem.
(NC)sPt— group should be virtually constant in the series of Commun.1987 924.
[(NC)sPt=TI(CN)n]"~ complexes. The shortening of the metal ~ (41) Hao, L.; Vittal, J. J.; Puddephatt, R.ldorg. Chem.1996 35, 269.
metal bond when reducing the number of cyano ligands from 3 42) ggéaz'%%%' \1/25"1%8226tt' B. L. Yson, R. L.; Noll, B.LAm. Chem.
to 1 is due, rather, to an increase in acceptor character of the(sz) Nagle, J. K.; Balch, A. L.; Olmstead, M. M. Am. Chem. S04.988
thallium atom. 110, 319.

In an overview of Pt Tl distances for structurally character- ~ (44) Baich, A.; Rowley, S. PJ. Am. Chem. S0499Q 112, 6139.
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(47) Bronger, W.; Bonsmann, E. Anorg. Allg. Chem1995 621, 2083.
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TI(CN),]"~ (n = 1—3) complexes, the HC distances increase  structure of the [(NGPtTI(CN),]"~,n= 0, 1, 2, or 3, Specie?,

by about 0.040.07 A, consistent with smaller FIC force and the other with the nuclear spigpin coupling in the
constants in the dinuclear species, and charge transfer occur§(NC)sPtTI(CN)]- complex3® Both studies give results in
from thallium via the PtTI bond, as indicated by the NMR  reasonable agreement with the experimentally derived structures
chemical shifts. The electron transfer between the metal atomsand confirm that the hydration of the thallium atom is important
in the current series of dimetallicPT| complexes is discussed  for the properties, especially for the remarkable sfspin

in terms of “relative oxidation states” of the metal atoms. These coupling pattern found from our previous NMR data. The
were evaluated by means of tH&Pt and?°5T| NMR chemical difference in the calculated PC bond distances for axial and
shifts, intermediate for platinum betweer Rt [Pt(CN)]?~ and equatorial ligands is small, consistent with the EXAFS results.
PtV in [Pt(CN)]%~, and for thallium between Tin the hydrated ~ The calculated FO bond distance for a [[NGRtTI(CN)(HO)4]
Tl*aqion and TI" in [TI(CN)4]~. The obtained values indicate  species is 2.54 A3 in good agreement with the experimental

a gradual charge transfer from the thallium cyano entity to value 2.51(1) A.

platinum when additional negative cyanide ions coordinate to  gypporting Information Available: Results of analyses of Py
thallium. The complexes can be considered as metastableand Ti L, edge EXAFS data (Tables SB3), an appendix giving a
intermediates in a two-electron-transfer process betweearit detailed account of the assignment of the vibrational spectra, on the
TI"" cyano complexes, where the final products of the redox basis of calculated frequencies and comparisons with previous assign-
reaction are Pf and Tl species* ments of related complexes, assignments and normal-coordinate

. ) ) analyses of vibrational spectra of [Pt(GN) and [(NC}PtTI(CN),]"
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