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A new series of four binuclear platinunathallium cyano compounds containing a direct and unsupported by
ligands metatmetal bond has been prepared in aqueous solution. The structure of these compounds represented
by the formula [(NCJPt=TI(CN),—1]"D~ (n = 1—4 for compound, II, lll , andIV, respectively) was determined

by means of multinuclear NMRI{®Pt, 205T|, 13C) supported by Raman spectroscopy. In addition, a trinuclear
complex with the formula [[NGPtTI—Pt(CN)]3~ is formed in solutions where the Pt/Tl ratio is larger than 1.

The compounds exhibit very large one-bdf#Pt—205T| spin—spin coupling constants, 251 kHz; the value for
compoundl, 71 060 Hz, is the largest reported coupling constant between two different nuclei. The possible
reasons for this strong coupling, as well as its variation along the series of the binuclear comipelyhdare
discussed in terms of the metahetal bond strength, varying participation of s-electrons in this bond and oxidation
state of the metal ions.

Introduction valent thallium. Previous attempts to react &nd TI" entities

) o ] ) have not resulted in formation of a direct metatetal bond
The interest in direct metaimetal linkage between platinum  yatween these two atorfis.

and thallium atoms was initiated by Nagle and Balch, who |t can be noted that all metametal-bonded compounds

reported six-coordinated platinum in the structurérahs Tlx- mentioned above have been prepared in the solid state and are
PY(CN), which does not possess the usual for platinum(ll) normally not stable in solution, especially not in water.
tetracyano salts P#t linked columnar structure but involves Recently, we have shortly described the formation and charac-
two covalent Pt Tl bonds? The unusual structure and strong  tarization of the first representative of a new class of At
luminescence exhibited by this compound initiated several cyanide species containing a strong unsupported metatal
studies of its electronic propertiés* Later, a P+ Tl bond was bond, namely, the complex ion [(Nt—TI(CN)]~ which is

also found in such compounds as the binuclear [TI(croga-P  tormed in aqueous solution by the reaction betweéehapd

Pt(CNRI(NO3)° and in two trinuclearGPtTI—Pt species:Cis- TI" cyano complexe¥: Here we report a detailed structural
[TI{(1-Me;I')2Pt(NH?,)2} 2J(NOg)-7H,0° and (NBu),[TI{Pt- study of a whole family of bimetallic cyano compounds obtained
(CeFs)a}2].” The oxidation state of platinum 52 in all these in the PE+—TI3*—CN-—H,O system in solution and character-

compounds. Thallium is monovalent in these compounds exceptj;aq by multinuclear NMR and Raman spectroscopy.

the latter one, in which the oxidation stateti®: the presence

of an unpaired electron makes the compound paramagnetic.Experimental Section

Three Compounds containing a TRtuster unit haave also been Materials. A concentrated (1.45 M) aqueous solution of TI(G}O
prepared: [TIR(COX(PCys)s|[Rh(1-CeH12)Cla],® [TIPte(u- in 3.77 M HCIQ, was obtained by anodic oxidation of TICIE A
CO)(u-dpppy] *,° and [P us—Tl(acac} (ReQy)(u-dppmy] "*° ¢ centrated acidic solution of TI(N (1.42 M in 2.96 M HNQ)
The latter compounds contain zerovalent platinum and mono- \yas prepared by direct dissolution of thallium(lil) oxide in nitric acid
under heating. Solutions of thallium(lll) cyanide complexes were
* To whom correspondence should be directed. synthesized either by the method described previétislyby a direct
TKTH. dissolution of T}Oz in hydrocyanic acid® Depending on the synthetic

#Permanent address: Kurnakov Institute of General and Inorganic route, the content of Tin the starting thallium solution varied from 1
Chemistry, Russian Academy of Sciences, Leninsky Prospect 31, Moscow 14 504 of the total thallium concentration. Potassium tetracyanoplati-

117907, Russia. nate(ll) trihydrate (Aldrich, reagent grade) was used without further
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purification. The solution of sodium tetracyanoplatinate(ll) was
prepared by precipitation of potassium perchlorate from the aqueous
solution of K;Pt(CN), with an excess of aqueous sodium perchlorate
at 275 K and was used as a stock platinum solution. For some NMR
measurement$’C-enriched solutions (99%) were used; in this case
TI"M(*3CN),3~" species were prepared using'fGN salt, whereas Na
Pt(CN), salt was obtained from the exchange reaction between K
PtCl, and N&°CN in aqueous solution with molar ratiSCN/Pt= 6,
followed by recrystallization of the tetracyanoplatinate salt. Calcd for
NaPt®*CN),-H,O: Pt, 53.1; Na, 12.5. Found: Pt, 54.4; Na, 12.6.

Solutions of Pt=TI-CN Complexes. Bimetallic P+TI cyano
complexes in aqueous solution were prepared by mixing solutions of
Pt(CN)? and TI(CN)®™" (n = 2—4) species at different metal to metal
and cyanide-to-metal ratios. The solutions were kept dark to avoid
photochemical decompositidf.

13C-enriched bimetallic PtTl cyano compounds were obtained when
the starting solutions of Pt(Ch) and TI(CNY™ were 99% enriched
using N&°CN. After mixing, the resulting PECN)s>~—TI(**CN),*
solution with the ratio Pt/T# 1:1 was divided into two portions which
were titrated (a) with 1.20 M solution of R&CN or (b) with 3.32 M
HCIO, in order to decrease the concentration of free CNThis
procedure allowed us to cover all soluble binuclear Htspecies, and
the recorded®sTl, 1%%Pt, and*3C NMR data were sufficient for the
determination of their structures. For the study of the trinuclear Pt
TI-Pt complex the same solutions &fC-enriched thallium and
platinum cyanides were mixed with the ratio PtAI12:1.

A technique of partial3C enrichment was also very helpful for
spectral assignment. It was found that the cyano ligands of P§{CN)
are sufficiently inert with respect to the ligand exchange with the
thallium site. This fact allowed preparation of the-Hi compounds
by the reaction between PACN)2~ and TI(CN),* (or between
Pt#*CN)s2~ and TIFCN),"). In the current work this method was used
only for the structural assignment of the trinuclearPt—Pt complex.

Analysis. The analytical methods for determination of the, FI3*,
and TI" concentrations in the solutions were described previodsly.
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Figure 1. 29TI NMR spectrum of complex in an aqueous solution
containing 50 mM T* (added as nitrate solution), 50 mM Pt(G)
(added as potassium solution), and 100 mM KCN at pH 0.34. The
asterisk denotes the back-folded signal of complex

950 90 800

Pt/TI molar ratio 1:1) results in an immediate and practically
guantitative precipitation of a yellow powder. The only species
which could be detected (in small amounts)¥8§Pt and?05TI
NMR spectra of the mother liquor after filtration of the
precipitate were either Pt(CM) (6 = —214 ppm) or Ti¢*t (6

= 2034 ppm), indicating a small excess of either platinum or
thallium in the starting solutions.

Addition of ionic cyanide (aqueous solution of NaCN) to the
systems results in an increase of solubility of the precipitate
which dissolves completely at a molar ratio [GNM = 6 (M
= Pt, or Tl), indicating further coordination of the CNigands
to the metal ions. Dissolution of the powders is accompanied
by appearance i#3TI NMR spectra of two new groups of triplet
signals (with intensity ratio 1:4:1) centered at about 780 (the

pH values were measured by a combination electrode connected to aShift differs slightly from that in nitrate medium) and 1370 ppm

pH meter (Radiometer PHM93). The readings of the electrode were
calibrated to pH values using the method of Irving for pHL,}” and
by direct calibration for pH< 1.

NMR Measurements. All NMR spectra were recorded with a
Bruker AM400 spectrometer at a probe temperature of 208) K.
Typical NMR parameters for obtainiff®Tl, 199Pt, and'*C spectra were
presented in our recent publicatiod$* The chemical shifts were
referred (in ppm) toward higher frequency from signals of (a) aqueous
solution of TICIQ, extrapolated to infinite dilution, (b) aqueous 0.1 M
NaPtCk (4533 ppm to higher frequency from R{Pt) = 21.4 MHz at
25°C), and (c) water-soluble sodium salt of TMS, 8¥TI, 1%Pt, and
13C NMR spectra, respectively.

Raman Spectroscopy. Raman spectra were excited using pre-
monochromatized 514.5 nm radiation from a Coherent Radiation

and assigned to complexesindll , respectively (Figure 1 and
Table 1). The two small peaks in each triplet arise from the
spin—spin coupling between ti&5TI and 9Pt nuclei {%Pt: |

= 1/,, natural abundance 33.8%), and together with the central
uncoupled peak they give the intensity ratio of 1:3.9:1 as
expected for thallium bonding with one platinum atom in the
species. The coupling constart&@9ST|—195Pt) are~71 and
~57 kHz for | and Il, respectively. The same values of
coupling constants were obtained frdfftPt NMR spectra of
these solutions. The latter spectra consist of two pairs of 1:1
doublets, with the ratio of approximately 2.4 between them, due
to coupling to the two isotopomers of thalliu#TI and 20T|

both havel Y5, natural abundance 70.5% and 29.5%,

Laboratories Innova 90-5 argon ion laser at an effective power of respectively) and are centered at 473 and 383 pprh &md 1|
approximately 400 mW at the sample. Solution spectra from typically (cf. Figure 2), respectively. Along witBPSTI NMR data, this
0.05-0.1 M aqueous solutions in glass cuvettes were recorded by meansshows that the complexes are heterobinuciéar.

31;iligopr)hzoztgr:ncpc:inrggg.ochromator ata spectral bandwidth of 4 ¢m Upon further addition of the cyanide ion to the Pt(GN)-
TI(CN)2"—H,0 system ([CN§¢/M > 6), 295TI NMR signals (1:

4:1 triplets) of two additional platinumthallium complexes

appear in the spectra. The signals are centered at 1875 (

and 2224 ppmly ), and the'9Pt—205T| coupling constants are

~47 and~38 kHz, respectively. These complexes are also

binuclear: in%Pt NMR spectra they appear as pairs of doublets

centered at 184ll( ) and 68 (V) ppm with the same values of

coupling constants as those obtained fréflfTI NMR (Table

1). The same result was obtained when TI(€Nyields

compoundll ) or TI(CN),~ (yields compoundV ) was used as

a starting complex for the reaction with tetracyanoplatinate.

Results

A. Characterization of Pt—TlI Cyano Complexes in
Aqueous Solution by Multinuclear NMR. (1). Formation
of Pt—TI Species. Reaction between colorless aqueous solu-
tions of Pt(CN)?~ and thallium(lll) perchlorate or nitrate (with

(16) (a) In the previous pap@mwe have shown that when the oligonuclear
Pt—TI compounds are exposed to light electron transfer is initiated
between the two metal atoms, leading to dissociation of the metal
metal bond. The only thallium product of this redox reaction is, Tl
whereas the oxidation of platinum results in formation of mononuclear
cyano complexes of Pt(IV) and a Pt(lll) cyano dini&t(b) Maliarik,

M.; Glaser, J.; Tth, I. Inorg. Chem, submitted for publication.

(17) Irving, H. M. L.; Miles, M. G.; Pettit, L. PAnal. Chim. Actal967,
38, 475-478.

(18) The complexes andll are also formed when reaction is carried out
between solutions of Pt(Chf and TI(CN)" with the molar ratio
PtTI = 1:1.
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Table 1. NMR Parameters for PtTI—CN Compounds and Some Related Platinum and Thallium Species in Aqueous 38lution

species O Opt Och Ocs/m? Occ Unope 2t Wri_ce Jr-cc prch 2Jpr—c® Upct  3JcA_ce
TI'/d 0 - - - - - - - - -
PtV(CN)e>~ 655 88.8 806
| 786 473 93.4 —/0 90.3 71060 12746 - 592 909 - 820 -
1] 1371 383 101.7 164.8/1 91.1 57020 9743 2446 452 843 200 821 30
1l 1975 184 110.6 156.9/2 93.4 47260 8446 876 338 783 128 832 19
\Y) 2224 68 116.1 141.9Y3 97.0 38760 7270 52 255 742 ~0 843 ~0
TI"(CN)y/9 2842 - 147.4/3 - - 7954 - - - -
Pt'(CN)2/9 —213 130.2 1031
\Y 1237 599 117.0 - 95,5 25168 4600 - 308 700 - 858 -

180"

a All parameters were obtained from tR&TI, °%Pt, and'®C NMR spectra of the PCN),2—TI(**CN)," systems in agqueous solutichThe
values of spir-spin coupling constants &*C and**3Pt to2°T| are not included® m, number of cyanides bounded to thalliufrParameters measured
in separate solutions of 10, and P¥ (**CN)s?~. ¢ Values calculated using computer program WIN DAISYhe chemical shift was calculated
from the observed exchange averaged signal which results from the exchange between cyaoidesahd TI(CN),~, taking into account their
content in solutiond Parameters measured in separate solutions'6f¥2IN); and PtFPCN),2~. " 3JpcA.
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Figure 2. 9Pt NMR spectrum of compleK in an aqueous solution
containing 50 mM T4+, 50 mM P#*, and 300 mM [CN}y at pH 1.08.
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Addition of the ionic cyanide results also in an increase of
the basicity of the solution. As a result, for solutions containing
IV as the dominating binuclear complex, pH*8 and the
anions TI(CN)~ and Pt(CN)?~ appear in the solution indicating
some dissociation of the PTl species. To study the influence
of pH on the bimetallic compounds at constant [¢}! ratio,
the Pt(CN)2~—TI(CN)," solution was titrated with a 1.0 M
solution of sodium hydroxide. Only a small decrease of the
concentration ofl accompanied by an appearanceibfcould
be detected, while the concentration efas practically constant
in the pH range 0.781.58. When pH was further increased,
the solution slowly turned brown due to the formation of
thallium oxide.

Titration of the Pt(CNy~—TI(CN)," solution with acid (3.32

v ———
1250 1150

(ppm)
Figure 3. 205TI NMR spectra of compleX/ in aqueous solutions
containing 50 mM T¥", 100 mM Pt{?CN),2~, and 100 mM N&CN;
the asterisk denotes the low-frequency part of a signal of conmiplex
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Varying the molar ratio Pt/Tl in the range +:1:4 did not
result in the formation of additional Pl compounds. When
an excess of TI(CN§™" (n = 2—4) was used, the same
heteronuclear species were observed as described above, but
the amount was limited by the amount of available platinum.

A different situation occurred when tetracyano platinum was
added in excess. In Pt(CNJ—TI(CN)," solutions with Pt/TI
ratio 2:1, a pentet with intensity ratio 1:7.7:17.3:7.7:1 was
observed centered &t = 1237 ppm (Figure 3) (in addition to
the triplet signals of complexes and I1). This intensity
distribution almost ideally coincides with the values 1:7.8:17.3:
7.8:1 predicted for 8%5T| resonance of a trinuclear PTI—Pt
complex {/) considering all possible combinations of magnetic
and nonmagnetic Pt nuclei. The value of #&1—1%Pt spin-
spin coupling constant in this trimer amounts to 25 kH2%Pt

M HCIO,) has a stronger effect and results in a decrease of the R spectra of this species show two doublets due to coupling
concentration of specids accompanied by a smooth increase s platinum to25T| and2°3T| nuclei, centered at 599 ppm (Table

of she relative concentration df Thus, at pH= 0.16 up to 1). NoZ2Jpprwas observed. Titration of the solution with acid
50% thallium in the solution is present in the form of complex |eq to a decrease of the concentration of the trinuclear species
|. Atthe same time, the decrease of pH causes a precipitationang, as in the case of binuclear species, the equilibrium shifted

of a white powder, [(NGPtTI],*® from the solution which
restricts the highest available concentration of complex~25
mM. A similar effect as for the acid titration was obtained when
the Pt(CN)2 —TI(CN),* solution is titrated by an aqueous
solution of AgCIQ (1.83 M). Due to the low solubility of
AgCN (2.3 x 107 g/100 mL at 20°C) it readily precipitates

toward complexX. On the other hand, increasing the concentra-
tion of cyanide in the solution resulted in formation of the
binuclear complexeHd —IV. Further increase of the platinum
concentration in the system (up to Pt/Tl ratio of 4:1) did not
result in appearance of additional-Fl species.

Concluding, altogether five oligonuclear-PEl compounds

from the cyanide-containing solutions, allowing a decrease of exhibiting strong coupling between the thallium and platinum

the concentration of CNwithout significant change of pH; this

nuclei were obtained in agueous solution. The trinuclear Pt

shifts the equilibrium between the binuclear complexes toward T|—Pt complex ¥) could be stabilized in solutions with excess

specied .20

(19) (a) In the solid compound [(N€BtTI] the platinum-thallium separa-
tion is 2.63 A% (b) Eriksson, L.; Glaser, J., Jalilehvand, F.; Maliarik,
M., Persson, |.; Persson, P.; Sandstrd/.; Toth, 1. To be published.

platinum. The formation of the four binuclear+Pkl complexes
-1V (see Table 1) is governed by the cyanide/metal ratio in

(20) Maliarik, M.; Glaser, J.; Tiln, |.; W. da Silva, M.; Z&any, L. Eur. J.
Inorg. Chem.1998 565-570.
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Figure 4. 205T| NMR spectra of complexeb—1V, respectively (ad). Aqueous solution containing 50 mM3T| 50 mM Pt{3CN),2~, and: 100
mM Na*CN at pH 0.25 (a); 150 mM N&CN at pH 1.04 (b); 200 mM N&CN at pH 5.52 (c); 300 mM N&CN at pH 8.66 (d).

Chart 1

M—C =N M—C= N—M

A B

If?l M—C=N
/C\ \|
MT—M M

c D

the solution. This indicates that the main difference between constantJ(13CA—19Pt) are both in the range characteristic for
these species is the number of cyanide ligands, which strongly platinum cyanides, which supports its direct bonding to the

influences both9Pt and2%5T| chemical shifts and the spin
spin coupling constantsg(195Pt—205Tl), of the complexes.
(2). Composition of the PtTI Species and Assignment
of the Cyanide Sites. Binuclear P+ Tl Complexes. The data
for complexIl were communicated recendy. Its 295T| NMR
spectrum (Figure 4b) was assigned in terms of an AMpin
system for the carbon sites. TA&Pt NMR spectrum of the

platinum atom. At the same time this carbon nucleus shows a
very strong coupling t@%TI (~10 kHz), typical for thallium
cyanides and is more than three times larger thi#PCE—
205T]) (Table 1). Moreover, € and & couple to each other
with J = 30 Hz, whereas no coupling to®@an be detected.
Several alternatives can be considered for the location of this
cyanide ligand, €. Four binding modes of cyanide have been

compound is also in agreement with this assignment. Apart reported for binuclear complexes of metal ions. Apart from
from the coupling to the two thallium isotopes, the platinum being coordinated through the carbon at single metal centers
signal is split into twenty lines present as doublet of doublets (A, Chart 1), different types of cyanide bridging between two
of 1:4:6:4:1 pentets, as expected for the coupling to the three metal centers as iB,21-22C,23 or D?*?>are also possible. The
groups of nonequivalent carbon-13 nuclei. The three different formation of structureB with a C* cyanide forming a linear

cyanide types € CB, and ¢ were assigned on the basis of

13C NMR spectra. The four equivalent cyanide$, @ave both
13C NMR chemical shift andJ(*3CC—195Pt) values typical for

platinum cyano complexes (Table 1). It seems likely that the
original coordination geometry of the cyanide ligands in
Pt'(CN)4?~ is maintained inll and the carbons form a square

—C=N- bridge between Pt and Tl atoms is unlikely because
of the very strong coupling betweeii*Pt and 25Tl which
indicates that platinum and thallium centers are linked by a direct
meta-metal bond. Bridge formation via the*@arbon atom

as inC andD could both explain the values J{*3CA—19pt)
andJ(*3CA—205T]) and the strong coupling between the platinum

plane around the platinum atom. The value of the chemical and thallium centers because in this case the metatal bond

shift for CB is much closer to those for the TI(CR)" complexes

than to those for the platinum cyano species (cf. Table 1), but (21) Bignozzi, C. A.; Argazzi, R.; Schoonover, J. R.; Gordon, K. C.; Dyer,

the information from the carbermetal coupling constants is
less conclusive. Still, these data indicate a dire€Tl
bonding, whereas the B&-Pt coupling is probably indirect,
through two or more bonds.

The position of the cyanidedin the structure ofl requires
some discussion. I8C NMR chemical shift and the coupling

R.; Scandola, Flnorg. Chem.1992 31, 5260-5267.

(22) Scott, M. J.; Lee, S. C.; Holm, R. Hhorg. Chem.1994 33, 4651.

(23) Budzichowski, T. A.; Chisholm, M. H?olyhedron1994 13, 2035~
2042,

(24) Bartley, S. L.; Bernstein, S. N.; Dunbar, K.IRorg. Chim. Actal993
213 213-231.

(25) Curtis, D. M.; Han, K. R.; Butler, W. Mnorg. Chem198Q 19, 2096~
2101.
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is strengthened by the presence of the bridging group. However, Complex I. The2%TI NMR spectrum ofl shows (similarly

the equivalence of four €cyanides observed in the NMR as for complexll) spin—spin coupling to®Pt, C*, and

spectra of all the studied nuclei is not consistent with such a 1:4:6:4:1 pentets arising from coupling to four equivalent

structure, unless there is a rapid rotation of the cyanide aroundcyanides € (Figure 4a). This indicates that totally five cyanide

the PtTI bond resulting in both a time-averagé#z NMR ligands are present in the complex and the spin system can be

signal of ¢ and a coupling of%T| and %Pt to C°. Such a described as MXfor the carbon sites.

rotation would be slowed at lower temperature, and at some The3C NMR spectrum of this compound is fully compatible

stage the nonequivalence of the different cyanides of the Pt-with the assignment and exhibits signals of two different groups

(CN)4 unit would be observed. However, no temperature of cyanide ligands positioned at 93.4 and 90.3 ppm with the

dependence was observed for the signal ®tganides in3C intensity ratio 1:4, respectively. Both signals are split into

NMR spectra of binuclear P{TI compounds in the range 298 doublets by spirspin coupling to?°5Tl and are further split

263 K, i.e. down to the freezing temperature of the solution all by ***Pt. The chemical shift value and coupling constants of

four carbon nuclei still give one narrow resonance. the more intensive signal are indicative of th&é €&anides,
Another argument against the presence of bridging cyanide Which allows us to assign it to the four carbons of the Pt(CN)

in the structure can be provided by comparison of pairs of Uit of I The coupling constant of the remaining carbon to

coupling constants afpi c* andJp;_cc, andJr_c* andJy_ce. 5Tl has the same value as that available fromi¥el NMR

Due to the fact that bridging atoms have a higher coordination SPectra (see above), confirming its assignment to they@nide,

number than terminal ones it is commonly observed that the and leads to the following structure of this compound:

magnitudes ofJ(M—L) to bridging ligand atoms (L) are smaller

than those to corresponding terminal atofhdor example, in I weC ConN 0

the trinuclear platinum cluster [RBUINC)g] the values of-Jc—pt A

are 1936 and 357 Hz for terminal and bridging isocyanide NC Pt T

ligands, respectively’ The spin-spin coupling constants of c

the platinum atom to the‘Cand to the terminal (€ carbons NC

have very similar values, whereas for thallidm_c» is several

times larger thardr—c® which lessens the probability that the Complex Ill. Careful analysis of the multiplets appearing

ACN ligand occupies a bridging position between Pt and Tl in the2%5TI NMR spectrum (Figure 4c) showed that they result

centers. It can also be noted that andD types of cyanide  from spin-spin coupling betweefTl and two different'C

bridging have been found only in homonuclear compounds. sites with a similar magnitude of coupling constants, which leads

Con

Therefore, the only plausible location of the cyanidei€the to a deceptively simple spectrum. To establish the spin system
complex is a direct coordination to platinum in a trans position and accurate values of the coupling consta&f#| NMR spectra
to the thallium atom: were simulated on the base of various models, followed by an

iteration. This treatment led to the conclusion that only an
A,MX 4 spin system (considering only tR&C sites) fits to the

I nct Cen - - - : -
experimental spectrum (Supporting Information). Therefore, it
NCA Pt T Bon can be concluded th#t , similarly toll , contains three groups
of chemically equivalent cyanides and the only difference is
ne® CoN that in lll there is one more €cyanide bound to the thal-
lium:
Despite some differences in detail, the general appearance m 2-
of the 19%Pt, 295T] and 3C NMR spectra is common for all the nc’ CoN Ben
13C enriched complexds-IV which indicates similar structures NCA Pt Tl/
of these compounds. TH&5TI NMR spectra are the most \B
informative (Figure 4): in addition to the large spigpin NeS Con CN

coupling betweeR%T| and 195Pt, they also show coupling to a
13C nucleus of one cyanide ligand (1:1 doublet) with a large
coupling constant (12-77.2 kHz, cf. Table 1). By analogy with Fine structure of thé*C NMR spectrum oflll becomes

I, this J(295TI—13C) can be assumed to arise from the interaction observable only when the temperature of the solution is
between thallium and the cyanidé CValues of other coupling ~ decreased to 273 K. Signals of three types of cyanide ligands
constants to thé3C nuclei are significantly smaller (Table 1), can be detected at 156.9, 110.6 and 93.4 ppm with the intensity
and their variation for the compountls andIV, in combination ~ ratio 2:1:4, respectively, and are coupled 28Tl and %Pt

with the relatively broad signals (26@00 Hz), results in less  (coupling t02°*Tl is also observed for the former two signals).
well-resolved multiplets. Accurat#2°TI—13C) values for all ~ These resonances can be unambiguously assigned to®the C
types of carbon nuclei could be obtained only for compldxes C#, and C cyanides, respectively (Table 1). In addition, the
andll , and the number of coupled spins was determined directly Signal of C is split into a doublet withl = 19 Hz. By analogy
from the2%5T| NMR spectra. Below, we present the assignment With Il we attribute it to the spin-spin coupling to thé Gucleus

of the 295T| and 13C NMR spectr& for the species, Il , and (this coupling cannot be observed for the signal éfdlie to

IV ; the latter two cases are supported by the results of spectralits relatively large linewidth, 53 Hz). The spirspin coupling
simulation.

(28) Thel%Pt NMR spectra of thé3C-enriched complexes Il , andIV
are fully in agreement with the structures proposed for these

(26) Jameson, C. J. Multinuclear NMR Plenum Press: New York, 1987; compounds on the basis &PTl and 13C NMR data. Becaus&Pt
pp 89-131. NMR spectra are less informative and do not provide any additional
(27) Green, M.; Howard, J. A. K.; Murray, M.; Spencer, J. L.; Stone, F. information, they are not discussed in this paper. A typie#t NMR

G. A. J. Chem. Soc., Dalton Tran&977 1509-1514. spectrum is included in Supporting Information.
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constants)(*3C—2%5T), obtained directly from¥3C NMR spectra ~ Table 2. Characteristic Raman Vibrational Frequencies (§nof
of Il (Table 1) are in good agreement with the values calculated Binuclear Pt Tl and Some Related Cyanide Compounds and
from the 205T| spectra and, together with the chemical shift Symmetric Stretching Force Constants (N"¢jrfor the

values and signal intensities, confirm the above structure of the Metal—Metal Bond

complex. . TL(CN) PtC(CN)4 K .
Complex IV. The continuous decrease of the platindm complex CN (CCN) (eN)  PeTl (PTh
thallium coupling constant and the magnitudes@#T|—13C) ' b - 22008 160s, br
for the binuclear complexes through IV (Table 1), in " 2210w, sh 2175m, brzfgg?nssh 161s 1.53
connection with cyanide ligand exchange, leads to only partially |, 2210m  2162s,br 2191s 157 s
resolved signals with a pseudotriplet structure in’fi5€l NMR 2179 m
spectra oflV (Figure 4d). In contrast tdl , several possible IV 2210w 2161s,br 2191s 157 s 1.45
spin systems can be found to fit the experimental spectrum; _ ot d 2179 m
thus, additional information about the number of spins coupled T (CN) 2200
S TIM(CN)s 2187
to thallium is necessary. PHI(CN)2~ 2167 s
Room temperatur€C NMR spectra of the solutions contain- 2148 m
ing IV as the main species show two relatively narrow peaks Pt"(CN)s*" 2210's
(line width ~ 10 Hz) at 116.1 and 97.0 ppm with the intensity 2202 m, sh
ratio 1:4, and coupled t8%Tl and 19Pt. These peaks were aOnly metal atom skeletons were used for calculati§ng.No

assigned to the £ and ¢ cyanides, respectively, of the separate line was observed_, pr(_)bably due to overlap by a very strong
binuclear complex (Table 1). In addition, a broad resonance band at 2200 crt. ¢ TheB, vibration frequency cannot be determined
(line width ~ 330 Hz) centered at about 143 ppm is detected ?rg%rféfegfue to overlapping bands from other complekeeequency

in the spectra. This signal is due to the fast exchange between '

the C cyanides ofV and those of TI(CN)™ (30% of the total Jri—c» of the binuclear PtTl compounds, and we assign it to
thallium in the solutiondricn),~ = 145.0 ppm). A decrease of ACN ligand occupying a trans position to thallium in the
the temperature in order to slow down the exchange processstructure.

led to an increasing line width of the signal, and at 268 Kitis  When both starting complexes, Pt(GK)and TI(CN)", were
broadened beyond detection; further cooling results in freezing enriched to 99% iA3C, the2%5TI NMR signals were additionally
of the sample. Other attempts to slow down the exchange andsplit into nine lines (cf. Supporting Information) due to coupling
hence to resolve the signal by diluting the solution or by to the carbon nuclei of two equivalent F&N), units. These
introducing an inert salt (NaClpto decrease the freezing point  findings are also confirmed by tHéC NMR spectrum of the
were not successful. Nevertheless, taking into account thecomplex exhibiting (in the same way as figrsignals of only
concentrations o and TI(CN)~ in solution (as obtained from  two groups of carbon nuclei with the intensity ratio 1:4 and
205T| NMR), the intensity of the signal €can be calculated,  chemical shifts compatible with assignment6N and“CN
leading to the integral ratio of the three cyanide sites in the ligands, respectively. All NMR parameters for the trinuclear
compound equal to 1:3:4. Therefore, we propose the following complex are given in Table 1. By combining all available data,

structure oflV: the following structure of the trimer can be proposed:
v By 13 v Nt CeN Nt N 3
NeC Con R
NC Pt Tl Pt AcN
NCA Pt T BCN
\B NcC Cen NcC ‘en
(o “en CN

B. Characterization of Binuclear Pt—TI Cyano Com-

Simulation, and the following iteration of th&5TI NMR plexes in Aqueous Solution by Raman SpectroscopyDue
spectra oflV in terms of AMX4 spin system (for the carbon  to specific equilibria between thePTl species in solution only
sites only) resulted in a calculated spectrum which is in good Il andIV can be prepared as dominating bimetallic complexes,
agreement with the experimental one (Supporting Information) even if IV is in equilibrium with TI(CN)~ and Pt(CN)*~.2°
and gave the values of the coupling constants between thalliumThis makes Raman spectra of the solutions contaihjriy ,
and carbon:J(2°5T1—13CB) = 52 Hz andJ(2°5TI—13CC) = 256 andV difficult to interpret. Nevertheless, the Raman data of
Hz; the latter coincides with the experimental value obtained the bimetallic Pt Tl complexes give important information,
from 13C NMR (Table 1). especially concerning the metahetal bond. In the discussion
below we deal mainly with the data dh andIV .

A typical feature of Raman spectra of all solutions containing

carried out in two steps. First, a selectivélgZ-labeled complex the P'_[_TI compounds is the presence of a strang and sharp
was prepared by the reaction between M)~ and band in the low-frequency region, for compourtdandIV at

TI(3CN),* species. Th&%TI NMR spectrum of the complex 161 and 157 cmt, respectively (Table 2), which is charactgristic
showed, in addition to coupling #%Pt giving a five-line  [OF & metak-metal (M—M) bond stretching® The depolariza-
spectrum (natural’C abundance, Figure 3), splitting of each fuon rat!o,r, of t_hese Raman bands, 0.23 and 0._26, r_espgctlvely,
signal into a 1:2:1 triplet}fC-enriched complex, cf. Supporting Is consistent with an assignment to_arIM!’ stretching vibration.
Information). This is due to coupling t8C (cf. Supporting Generally, bimetallic compounds with single metaietal bonds
Information) which indicates presence of two equivalent cyanide (29) Nakamoto, Kinfrared and Raman Spectra of Inorganic and Coor-
ligands in the structure. The magnitude of_ this coupling constant dination Cémboundwh ed.; John Wiley & Sons: New York, 1986;
(4600 Hz) is of the same order of magnitude as the values of p 536.

Trinuclear Pt —TI—Pt Complex. The determination of the
structure of the trinuclear P{TI—Pt complex in solution was
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unsupported by bridging ligands display-W stretching bands
at wavenumbers lower than 200 chwhile multiple bonding
or ligand bridging in conjunction with an MM single bond
leads to higher wavenumbei&. Our estimated values of the

Maliarik et al.

compounds with a general formula [(GJRY—TI(CN),—] "D~
(n=1—4), and a trinuclear complex [(NEDt—TI—Pt(CN)]3~

can be obtained in aqueous solution. The coordination environ-
ment of the platinum atom in the bimetallic PEl species

stretching force constants (Table 2) are characteristic for single consists of four equivalent cyanide ions forming a square plane

bonds30:31

The G=N stretching region of the binuclear species is also
informative and can provide additional support for the above
structural considerations based on multinuclear NMR data.
Spectra ofll and IV show both four intense bands of

around the metal, while the apical positions of the pseudo-
octahedron are occupied by one cyanide ligand and the thallium
atom. Information available from NMR measurements is not

sufficient to clarify the structural arrangement of the cyanide

ligandsbound to thalliumin the family of binuclear compounds

coordinated cyanide. Comparison of these two spectra, together, 4 only general considerations based on comparison with

with the information on the mononuclear platinum and thallium
cyanide complexes (Table 2), allows us to distinguish vibrations
of three different types of cyanide ligands.

We assign the broad band at the lowest frequency, 2161
2175 cntl, with the intensity increasing frorfl to IV, and
almost the same line width as for the TI(GR)" species, to
the BCN ligands bound to the thallium atom (Table 2). The
two sharp bands, between 2179 and 2200 %rim the middle
of each set of four bands from the compounidsIV can be
attributed to the symmetric (@) and antisymmetric (B)
stretching vibrations of four equivalent cyanidé€N) of the
Pt(CN); unit in Dgn Symmetry32

The highest frequency band at 2210¢rfor all compounds
-1V is assigned to théCN ligand (Table 2). Above, when

related species could be presented. Recently, thallium(lll)
cyanide complexes in aqueous solution were thoroughly studied
by using a combination of experimental methods, including
X-ray techniques (LAXS, EXAFSY It was shown that the
TI(CN)," complex has a linear structure with four weakly
coordinated water molecules in equatorial positions. It seems
reasonable that the linearity is preserved also when a cyanide
ligand is replaced by a Pt(Chyroup, as inl. In contrast to
complexll, this linear geometry is not presentlih andlV as

can be inferred from the observed equivalence of two and three
BCN ligands, respectively. When the TI(CNfomplex in
aqueous solution is formed from TI(CN) the coordination
number of thallium changes from 6 to 4; a pseudotetrahedral

discussing the NMR data, we have considered alternative Structure for TI(CN}(Hz0) was assumedtf. A similar pyramidal
positions of this cyanide ion in the structures of the binuclear arrangement of cyanide ligands around thallium may be present
Pt-TI compounds. The vibration frequency indicates a terminal in the structure of [(NGPtTI(CN)3]*~ with the platinum atom
position of theACN cyanide in the compounds, rather than a 0f the Pt(CN} unit completing the pseudotetrahedral structure.
bridging one. It was found for a number of the cyano complexes For the other [(CNgPt—TI(CN),-1]"1~ complexes in solution

of metals containing both terminal and bridging cyanides that (n= 1—3), the remaining coordination sites of the thallium atom
v(C=N) vibrational transitions indicative of two types of cyanide are probably occupied by water molecules.

ligands are detected separately with the bridging ones appearing The 205T| NMR chemical shift of the [(NGPt+TI—Pt-

at considerably lower frequencies. Thus the binuclear complex (CN)s]3~ complex is very close to that of. The magnitudes

anion [Re(CN)s(dppm}]%~ containing a single ReRe bond
exhibits cyanide bands at 2097 and 2081 ¢éffor the terminal
and at 1935 cmt for the bridging ligand$* A similar
difference, about 100 cm, between the terminal and bridging
cyanide vibration frequencies was also observed for the bi-
nuclear vanadium compound [V(C{EN),]»*~.2% No stretch-

ing vibrations of the cyanide ligand were detected below 2161
cm for the series of binuclear Pl complexed —1V, which

strongly indicates that no bridging cyanide ligands are present.

Moreover, the highest frequency, 2210 Tof the cyanide

ligands in these complexes is consistent with strong s donation

from the carbon centered HOMO resulting in strengthening of
the G=N bond?3

Such a structural arrangement is also consistent with the

constant frequency of th&CN cyanide stretching vibration in
the series of compounds$-IV, which indicates that the
Pt—ACN bond strength is almost not affected by the change of
the number of cyanide ligands bound to thallium, and therefore
the influence of cyanides®CN), on the ACN group is not
important.

Discussion
Structure of the Pt—TI Species. Summarizing the results

described in the previous section, four closely related binuclear

of both Jri—pr and Jri—c» are only about half as large as those
for Il. This can be interpreted as a result of substitution of
BCN ligand inll by a Pt(CN} unit to form a linear NG-Pt—
TI—Pt=CN axis. In the structure of the PTI—Pt trimer the
thallium atom can be considered as bridging between the two
platinum moieties. Very recently the complex anion{[Ht-
(CsFs)a}2]%~ containing a linear PtTI—Pt core with all metal
atoms in oxidation staté-2 has been prepared and structurally
characterized. The linear trinuclear M-TI—M fragment was
also found to be present in the complex anio{ {Ti(CO)} ]~
which contains, according to the auth&®sTI'~ as a four-
electron building block. On the other hand, when thallium is
in the oxidation state-1, the M-TI-M structure is strongly bent
due to a stereoactive electron lone pair at the centfaltfis
was observed for complexes with #1 Pt® and Ir3¢ Formation
of a diamagnetic compound [(N€&o—TI—Co(CN)]>~ (closely
related toV) obtained from the reaction of thallium(l) with
pentacyanocobaltate(ll) ions in aqueous solution is also dis-
cussed in ref 37.

For platinum, this type of PtM—Pt coordination geometry
seems to be relatively common. Trinuclear complexes with
linear P=M—Pt entities have previously been reported for M

(30) Shriver, D. F.; Cooper, C. B. IAdvances in Infrared and Raman
SpectroscopyClark, R. J. H., Hester, R. E., Eds.; Heyden: London,
1980; Vol. 6, pp 127157.

(31) Cotton, F. A.; Walton, R. AMultiple Bonds between Metal Atoms

(34) Blixt, J.; Glaser, J.; Mink, J.; Persson, |.; Persson, P.; Samsivb
J. Am. Chem. S0d.995 117, 5089-5104.

(35) Schiemenz, B.; Huttner, &ngew. Chem., Int. Ed. Engl993 32,
1772-1774.

2nd ed.; Clarendon Press: Oxford, 1993; p 787 and references therein.(36) Balch, A. L.; Nagle, J. K.; Olmstead, M. M.; Reedy, P. E.Am.

(32) Memering, M. N.; Jones, L. H.; Bailar, J. Gorg. Chem1973 12,
2793.
(33) Render, DJ. Organomet. Chen1972 37, 303-312.

Chem. Soc1987 109, 4123-4124.
(37) Crouch, E. C. C.; Pratt, J. M. Chem. Soc., Chem. CommL®69
1243.
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= Pb(l1),%8 Cu(l1),%® and Ag(1)*° In all these compounds the
platinum atom has the oxidation stat® and the coordination

Inorganic Chemistry, Vol. 37, No. 12, 1998917

of spin—spin coupling to another metal nuclei, numerous
couplings between platinum and different metal nuclei can be

number five in a square-pyramidal geometry, in contrast to the found in the literature. A collection of the values3{9Pt—

six-coordination found in the P{TI—Pt complex prepared in
this work.

Metal—Metal Bonding in the Pt—TI Species. The most
striking feature of the studied bimetallic complexes is certainly
the direct P+ Tl metal-metal bond which is convincingly
detected by both the spitspin coupling constant between
195t and?%STI nuclei and the stretching frequeneyPt—TI).

There are seven known compounds containing a direet Pt
Tl linkage5-19 Vibrational data for the metalmetal bond in
these complexes are lacking, while valuestaft95Pt—205T[)
were obtained for two of them, namely [Tl(crown}Pt(CN)]*
(3825 Hzp and [TIPE(CO)(PCys)3]™ (2032 Hz¥ both with
monovalent thallium. As can be seen from Table 1, the
platinum—thallium coupling constants of the oligonuclear
complexed-V surpass the previously known values by an order
of magnitude.

When spin-spin coupling constants involving such heavy

M) displays a remarkably wide range with little relationship to
the metal oxidation state and the structure of the comfflex.

The magnitude of thé%®Pt—205T| coupling constant found
for the bimetalic compleX is not only the largest known
between these nuclei, but also the largest hitherto reported
between two different nuclei. The only larger coupling constant
is that found for the homopolyatomic cation $¢g with a
covalent Hg-Hg bond?’ Similarly as for the platinum
thallium species, the enormous isotropic coupling constant,
1J(*9°Hg—1%Hg) = 139 600 Hz, is due to the high 6s contribu-
tion to the Hg-Hg bond and the high 6s electron density at the
mercury nucleus caused by the relativistic effects on this heavy
atom.

Therefore, the large values 3f-°Pt—2%5Tl) observed for the
compoundsl—V allow to exclude presence of monovalent
thallium in the series of binuclear species. At the same time,
in contrast to the recently prepared paramagnetic complex [TI-

elements as platinum and thallium are considered, relativistic { Pt(GsFs)4} 5]+ containing T¥,” the narrow NMR signals of

effects have to be taken into accodht.This is especially

important for thallium due to the presence of s valence orbitals.

The relativistic contraction of the 6s shell of thallium leads to

the bimetallic species obtained in this work exclude the presence
of unpaired electrons in the PTl complexes in solution.
Despite the difference in magnetic properties of complexes, the

an increase of 6s electron density on the nucleus. This in turn donor-acceptor model proposed by Uson for the-Ptbonding
contributes to the dominant Fermi contact term (defined as being sjtuatior! seems to be appropriate also in the present case. Thus,

due to 6s orbitals) for spinspin coupling! and is reflected in
the large values 08(?°TI—-X) even for coupling with lighter
atoms (X= 1H, 13C, and3P*2439, Thus, for instancell-
(?95T1-13C) is 14 636 Hz in the TI(CN)?" cationl4

In this light, the dramatic difference in tHg(19%Pt—205TI)
values between the series of spedieg and the other PtTI
compounds may reflect varying proportions of thallium 6s
character in the metaimetal bond caused by the oxidation state
of the thallium atom. This phenomenon can be qualitatively
considered in terms of thes? “inert pair” effect which is a
classical feature some p-block elements of the periodic taite.
When in the monovalent oxidation state, the thallium atom
essentially preserves its%iled shell. The minimal participa-
tion of thallium(l) s electrons in bond formation is supposedly
reflected by the very limited X spin—spin coupling. Indeed,
although numerous compounds of Tiave been investigated
using the?%STI NMR technique, only a few spiaspin coupling
constants have been reporteédnd even the largest of them
are substantially smaller than those fo¥ TIAn analogous, but

for the complexed —V the metat-metal interactions can be
qualitatively interpreted as a donation of a pair of electrons from
the PY atom to the s valence orbital of Tl An analogous
dative bond formalism was used earlier for an isoelectronic
Pt'(d8) — Hg'(d'0) systent:

Previous theoretical studies of'"REN),2~ anion, which is
closely related to the bimetallic PTl species|—V (all
containing Pt(CNjunits), showed 91% contribution of atomic
platinum orbitals (mainly 5¢) to the highest occupied molecular
orbital?2 The formation of as bond with contributions from
the 6s orbital of thallium and the filled Bdorbitals in planar
d® complexes is symmetry-allowed and gives rise to a strong
covalent P+ Tl bond in the family of bimetalic complexes.

We have already noted that a strong dependence of all NMR
parameters on the number of cyanide ligands bound to the
thallium atom is a characteristic feature of the-Pt compounds
I—IV. Table 1 shows a clear tendency of decreasidg
(195Pt—205T1) with increasing number of CNin the binuclear
species. Thus, when going frointo IV, an almost 50%

not so strong lone pair effect has been observed for severalyecrease of the Pl coupling constant takes place. Taking
complexes of main group elements and is usually associatedinig account the general trend of spispin coupling constants

with a negative contribution to the one-bond coupling constant.

The removal of the lone pair results in large amplification of
the coupling?®
In contrast to thallium which exhibits only a few examples

(38) Uson, R.; Fornies, J.; Falvello, L. R.; Uson, M. A.; Usoniniorg.
Chem.1992 31, 3697-3698.

(39) Schreiber, A.; Krizanovic, O.; Fusch, E. C.; Lippert, B.; Lianza, F.;
Albinati, A.; Hill, S.; Goodgame, D. M. L.; Stratemeier, H.; Hitchman,
M. Inorg. Chem.1994 33, 6101-6110.

(40) Uson, R.; Fornies, Jnorg. Chim. Actal992 198-200 165-177.

(41) Pyykkq P.; L., W.Mol. Phys.1981, 43, 557—580.

(42) Hinton, J. F. M.; K. R.; Briggs, R. WProg. NMR Spectrosd 988
20, 423-513.

(43) Balch, A. L.; Neve, F.; Olmstead, M. M. Am. Chem. Sod.99],
113 2995-3001.

(44) Downs, A. J. InChemistry of Aluminium, Gallium, Indium and
Thalliumy Downs, A. J., Ed.; Blackie Academic & Professional:
London, 1993; p +80.

(45) Glaser, J. IPAdvances in Inorganic ChemistnBykes, A. G., Ed.;
Academic Press: San Diego, 1995; Vol. 43, -p6B.

to decrease with increasing interatomic distance between the
two bound atoms, it would be natural to attribute such a strong
effect to a significant weakening of the bond between the two
metal atoms. Nevertheless, when dealing with meatatal
bonds, especially between heavy atoms, the situation is not so
clear. The lack of correlation betweé&k:_p;and such indicators

of Pt—Pt bond strength ag(Pt—Pt) and interatomic distance
has been discussed for several compouhes Also, no relation

was observed between the metaletal separations and the

(46) Goodfellow, R. G. I'Multinuclear NMR Plenum Press: New York,
1987; p 521-561.

(47) Gillespie, R. J.; Granger, P.; Morgan, K. R.; Schrobilgen, Gatg.
Chem.1984 23, 887—-891.

(48) Krumm, M.; Zangrando, E.; Randaccio, L.; Menzer, S.; Danzmann,
A.; Holthenrich, D.; Lippert, Blnorg. Chem1993 32, 2183-2189.

(49) Pregosin, P. SCoord. Chem. Re 1982 44, 247-291.

(50) Appleton, T. G.; Hall, J. R.; Neale, D. W.; Ralph, S.korg. Chim.
Acta 1983 77, L149-L151.
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corresponding spinaspin coupling constants in trichlorostannate
complexes of platinum(ll) containing a direct-Psn bond!
This observation was referred to a very high sensitivity of the
spin—spin coupling to electronic changes in the metaletal
bonding which does not significantly affect other properties of
the bond®? Hence, taking into account the governing role of
the 6s orbitals of thallium in the P{Il coupling, marked
changes in the values édp—1 in complexed —IV may arise
from variation of the s character in metahetal bonding
resulting from coordination of extra CNigands to the thallium
atom.

To assess the Pl bonding situation in the family of
binuclear species Raman stretching vibration of the metedtal
bond was helpful. In contrast to the valuesaf*%Pt—205Tl)
obtained from NMR, which decrease by 35% when going from
Il tolV, the vibrational transition frequency of the¥l bond
changes by only 4 cm (Table 2). The corresponding decrease
of the force constants is quite small (5%), which means that
the metat-metal bond strength is only very slightly affected
by the number of cyanides bound to the thallium atom. Taking
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from thallium back to platinum, decreasing the s-character of
the metat-metal bond, which is in turn reflected by a decrease
in the Pt-TI spin—spin coupling and the opposite trends of the
dprandd values. Discrete oxidation states cannot be assigned
to the metal atoms in these complexes, which can be considered
to contain partially oxidized (betweent2and 4+) platinun®3

and partially reduced (betweert3and 1) thallium.

A number of compounds comprising intermediate oxidation
states of the metal in the range.25 to+2.40 have been found
for platinum® Complexes of platinum(lll) are less common
compared to Ptand PY but have been intensively studied
during the past decade. The vast majority of Pt compounds
are binuclear and contain a-Fet entity3! No partially reduced
compounds have been reported for thallium. The only inter-
mediate which can be considered between the two main
oxidation states of thallium is the thermodynamically unstable
TI". Until now only three solid compounds of thallium(ll) have
been reported. Apart from the paramagnetic catiod{ fH
(CeFs)a}2]2" discussed abovetwo other compounds, both
containing a direct TI-TI" bond, have been prepared: the

into account both the large masses of the coupled metal atomgdiamagnetic [(MeSi)sSilTI—TI[Si(SiMes)3]2>® and the cluster

and the known weakening of the FC bond in TI(CN)3™"
species upon increasing®* it is reasonable that the overall
strength of the PtTl bond is only slightly sensitive to
coordination of additional cyanide ligands to the thallium atom
of the bimetallic compound.

Oxidation State of the Metals in the Binuclear PtTI
Complexes. The chemical shifts of5TI NMR are usually very
indicative of the oxidation state of thallium. Thus, in aqueous
solution the range of chemical shifts for'Tls usually between
+1800 and +3600 ppm (excluding a few heavy halide
compounds) and for Thetween—200 and+200 ppm?2:45 203
TI NMR chemical shifts for the specids-1V lie in the wide
range between the values characteristic for afid cyanide
complexes of T (Table 1 and ref 14). The loweét, found
for 1 is 786 ppm which is much closer to the range of
monovalent than to trivalent thallium. Coordination of ad-
ditional CN~ ligands to the thallium atom results in the same
trend as for the TI(CN§J™ complexes, namely an increase of
the chemical shift (Table 1); for compld¥ the shift is close
to the range of T (CN),3" species (23063000 ppm).

Similarly as for thallium, the values é#Pt NMR chemical
shifts for thel =1V complexes lie between the two oxidation
states of platinum in its cyano complexesYRPt(CN)}2~) and
Pt (Pt(CN)2"), but with the opposite trend of this change
with increasingn in [(NC)sPt—TI(CN),—1]™D~ species (Table
1). Optis largest forl, only 180 ppm from the corresponding
value for hexacyanoplatinate(IV), wheredg for 1V is only

Tlo.eSy.eM0701:%7 with unknown magnetic properties.

Conclusions

Reaction between Pt(CM)y and TI(CN)}®™ (n = 1-4)
complexes in aqueous solution results in the formation of a
family of heteronuclear cyano complexes. Depending on the
molar ratio Pt/Tl, cyanide concentration, and pH, four binuclear
complexesl-IV with the general composition [(CARt—TI-
(CN)p—1]®™D~ (n = 1—4) and a trinuclear species [(N§Pt—
TI-Pt(CN)]3~ (V) can be obtained. Multinuclear NMR,
supported by Raman spectroscopy, allows us to establish the
stability of the metatmetal bond in aqueous solution and to
distinguish three types of cyanide ligands in the complexes. Four
equivalent cyanide ions form a square plane around the platinum
atom, and one cyanide occupies an apical position trans to the
thallium atom in the pseudo-octahedrally coordinated platinum.
The number of cyanides bound to thallium varies from 0 to 3
in the binuclear species giving rise to four different complexes.

Data on nuclear spiaspin coupling constants and vibration
frequencies are fully indicative of a direct and unsupported Pt
Tl bond in the oligonuclear complexes formed in solution. The
estimated force constants for the-Hi bonds are characteristic
for single bonds. Taking into account the diamagnetic nature
of the complexes in solution, the bonding situation in the Pt
Tl systems can be interpreted as a donation of two electrons
which are shared by the two metals, where the thallium-related
molecular metatmetal orbital accommodates electron density

280 ppm from tetracyanoplatinate(ll). Therefore, in the studied donated by platinum. Quantum mechanical calculations are
binuclear complexes the decreasing shielding of the thallium clearly needed to clarify the details of the bonding situation
nucleus when coordinating additional cyanide ligands is ac- between the two metals.

companied by an increasing shielding of the platinum nucleus.
This is in good agreement with the dor@cceptor model of
the P+TI bond considered above. In the absence of a direct
TI—CN bond (as irl), the electron pair donated by platinum is
largely localized on the valence orbitals of thallium and,
accordingly, gives the highest s contribution to the Ptbond

(for the series of the binuclear compounds) and the strongest

coupling constant](195Pt—295T]). Coordination of the cyanide
ions to thallium results in a smooth transfer of electron density

(51) Albinati, A.; Naegeli, R.; Ostoja Starzewski, K. H. A.; Pregosin, P.
S.; Ruegger, HInorg. Chim. Actal983 76, L231-L232.

(52) Appleton, T. G.; Hall, J. R.; Neale, D. Whorg. Chim. Actal985
104 19-31.

The strength of the metaimetal bonds as represented by the
force constant is only slightly affected by change of the number
of cyanide ligands in the binuclear complexes. On the other

(53) This is also supported by the cyanide stretching vibrations of the Pt-
(CN)4 unit in the family of the binuclear PtTI compounds exhibiting
v(C=N) values in the range between the frequencies bfaRt P
cyano complexes (Table 2).

(54) Williams, J. M.; Johnson, P. L.; Schultz, A. J.; Coffey, C.I@brg.
Chem.1978 17, 834-839.

(55) Roundhill, M. D. InComprehensgie Coordination ChemistryPerga-
mon Press: Oxford, 1987; Vol. 5, p 3#500.

(56) Henkel, S. Klinkhammer, K. W.; Schwarz, Vingew. Chem., Int.
Ed. Engl.1994 33, 681-683.

(57) Dronskowski, R.; Simon, AAngew. Chem., Int. Ed. Engl989 28,
758-759.
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hand, the value ofJ(*95Pt—205T|) changes significantly with n ~ can be used for controlling the redox process between the two
in [(CN)sPt=TI(CN),—1]™1~. Assuming that contact contribu-  bound metals and the electronic properties of the intermediates
tion dominates the spinspin coupling mechanism, the large formed can be studied with particular attention to their sensitivity
difference in the PtTl coupling constants, varying between to photoinduced electron-transfer reactions.

71 and 38 kHz, may arise from different amount of thallium 6s
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This shows that we deal with partially oxidized/reduced metal
atoms. The most pronounced transfer of the electron pair Supporting Information Available: Output parameters from
between the two coupled metal centers takes place in the absenceimulation of 25TI NMR spectra (spir-spin coupling constants,
of cyanide ions coordinated to thallium; hence, the cyanide chemical shifts, line widths), figures showing experimental and
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