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Novel Pentacyano Complexes of Tri- and Tetravalent Platinum
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New pentacyano complexes of tri- and tetravalent platinum were obtained in agueous solution and characterized
by multinuclear NMR {93Pt, 13C) supported by Raman spectroscopy. The complexes form as products of redox
decomposition of metalmetal bonded platinurthallium compounds. The trimetallic [(NEDt-TI-Pt(CN)]3~

yields a new dimeric compound of Pt(lll), [(NEDt-Pt(CN}]*~. The latter is a rare representative of unbridged
dimeric complexes of trivalent platinum; it was obtained through an oxidation of monomeric square-planar platinum-
(I1) species by a metal complex. From the bimetallic compounds [{RE)JI(CN),]" (n = 0—2) tetravalent
platinum complexes are formed. Depending on theTPspecies, electron transfer is initiated either by heat or

by exposition to light; it results in [Pt(CNJF~ or in the hitherto unknown complexes [Pt(GKQH)]>~ and
[Pt(CN)(H20)]~, with the1%Pt NMR chemical shift values 1638.7-0.6) and 1766.740.6), respectively. Proton
dissociation constant of [Pt(CHH.0)]~ has been determinedKp = 2.51 @0.01). In both P¥ and P¥
pentacyano complexes platinum is hexacoordinated forming a pseudo-octahedron with two types of cyano
ligands: four equivalent equatorial cyanides and one apical. Related platinum(lV) species, fRIECNX =

Cl, Br, 1), have also been studied. In all the pentacyano complexes a pronounced trans influence is reflected in
a substantial difference between #3#Pt—13C spin—spin coupling constant for the apical (trans) and the equatorial
(cis) carbon sites. In this respect, the studied X ligands can be ordered in a series of deéPeRISIAH  ans
coupling constant: kO > CI~ > Br~ > |~ > OH™ > CN".

Introduction be prepared by oxidative addition reaction of tetracyanoplati-
num(ll) with cyanogen iodide 1 or bromidé? or by the action

of Cl, or Brp on [Pt(CN)I]2~.12 Alternative pathways include
substitution of hexachloroplatinum(IV) by cyanidand reaction

of dihalotetracyanoplatinum(lV) with cyanidé. The com-
pounds have been subjected to spectroscopic studies in solu-
tion!31516and in the solid stat¥5revealing substantial halide
dependent differences betweeis- andtrans-cyano ligands in
pseudo-octahedral geometry of the platinum polyhedron. Sur-
prisingly, no crystal structure data on [Pt(GX)2~ complexes
have been reported.

The existence of homoligand pentacyano compounds [Pt-
(CN)s]"™™ has been a matter of discussion for at least one and a
half centuries’18 Several solids with the stoichiometry M
[Pt(CN)]-H20O (where M is a balancing metal cation) have been

Platinum(ll) cyano complexes are well-known, and numerous
tetracyano and mixed cyano compounds with other ligands have
been synthesized and characterized in solution and in Solid.
However, corresponding compounds of platinum(lV) were
obtained in the 1960s, but only a few crystal structures have
been reported.® A series of solid salts, MPt(CN),Xo.25-0.4d
(M = balancing cation, X= ClI, Br), in which the average
oxidation state of platinum is between Il and Il has also recently
attracted a lot of interest. In these structures, the planar Pt-
(CN)4 units are stacked and the-FRt distance is short<3.0
A) which gives rise to one-dimensional conductivity of the
compounds.

Pentacyano complexes of tetravalent platinum are usually
viewed as monosubstituted hexacyano species. To our knowl-
edge, only three compounds of this type YEEN)sX]2~, have
been reported (%= Cl, Br, I). Halopentacyano complexes can
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prepared. These compounds were viewed either as miXeéd Pt
PtV chains built of tetra- and hexacyano species of Pt(ll) and
Pt(IV), respectively, or as mononuclear complexes of Pt(lll).
Piccinin and Toussaint obtained crystals ofP{(CN)-3H,0O
from nitric acid oxidation of platinum metal, presumably in the
presence of cyanide ioAs. From low-quality crystallographic
data the authors found a relatively short-Pt separation of
2.92 A which excludes formation of the mixed valence chain
structure.

Recently, we reported our structu®d® and equilibrium?!
studies of the family of oligometallic platinusrthallium cyano
compounds containing (NeBt- unit(s) directly bonded to the
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[Pt(*3CN)sBr]2~. The complex was obtained by in situ oxidation
of the iodide in [Pt{3CN)sl]?>~ (0.1 mmol) by excess of bromine in
aqueous solutio®? The concentration of the resulting solution was
50 mM; the compound was not isolated.

[Pt(*3CN)sCI]>~. The complex was prepared by addition of an
aqueous solution offC-enriched sodium cyanide (0.78 mmol) to an
aqueous solution of NRtCk (0.13 mmol)*® The concentration of the
resulting solution was 50 mM; the compound was not isolated.

[Pt(CN)sH.0]~ and [Pt(CN)sOH]?~. Both complexes were pre-
pared in solution by continuous heating at 80 under stirring of a
suspension of the solid compound [(NRJTI] (0.09 mmol) in a slightly
alkaline aqueous solution (1 mL, pk 8, adjusted by NaOH).
Homogeneous, transparent and colorless solution was obtained within

thallium atom. The complexes can be viewed as metastable12 h. The only thallium species detected in the solutioA’8ji NMR
intermediate products of the electron-transfer reaction betweenWwas Ti". pH of the resulting solutions was adjusted with 0.80 M HCIO

Pt(ll) and TI(Ill) leading to Pt(IV) and TI(l). Depending on
the bimetallic P Tl cyano compourn®® and the experimental
conditions, the redox reaction can yield a number of oxidized
platinum cyano species and TI(I). Here we report a study of

(down to pH= 1.32) and 0.39 M NaOH (up to pk 8.60) for the
species [Pt(CNH,0]~ and [Pt(CN3OH]?, respectively. Solutions of
the fully 3C-enriched complexes were prepared in the same way, but
from [(N13C)sPtTI].

[(NC)sPt-Pt(CN)s]*~. The species was obtained in solution by

hitherto unknown pentacyano complexes of tri- and tetravalent dropwise addition of 0.5 mL of a solution of TI(CN) (0.15 mmol

platinum in aqueous solution. These novel platinum com-
pounds, which form as a result of redox decomposition of the
oligonuclear PtTl complexes, were characterized by multi-

nuclear NMR, supported by Raman spectroscopy. For com-

TI(ClO4)3, 0.3 mmol NaCN, pH 2 adjusted by NaOH) to 1 mL of a
solution of NaPt(CN), (0.9 mmol). The pH of the resulting colorless
solution was adjusted with 1.3 M NaOH up to pH 2.6. The
compound was not isolated, and a few minutes after the addition of

parison, some related pentacyano species of platinum(IV) haveT!(CN).* the only thallium species detected in the solution#y1

also been considered.

Experimental Section

Warning! Solutions containing cyanides should be treated with care
due to a possible emission of poisonous gases: HCN in acidic medium
or (CN), in oxidizing medium.

Materials. Potassium tetracyanoplatinate(ll) trihnydrate (Aldrich,
reagent grade) was used without further purification. The solution of

sodium tetracyanoplatinate(ll) was prepared by precipitation of potas-

sium perchlorate from the aqueous solution gP¥CN), with an excess

NMR was TI". All attempts to prepare solid phase containing this
compound were unsuccessful.

Analysis. pH values were measured by a combination electrode
radiometer GK2104C connected to a Radelkis OP-208/1 pH meter. The
electrode readings were calibrated to pH values using the method of

sIrving et al?* for pH > 1 and by direct calibration for pH 1.

NMR Measurements. NMR spectra were recorded with Bruker
AC200, AM400, and DRX500 spectrometers at a probe temperature
of 298#0.5) K. Typical NMR parameters were as follows:

205T] NMR (AM400): spectrometer frequency (SE) 230.8 MHz;
spectral window (SW)= 100 kHz; pulse width (PWy¥ 14 us (flip

of aqueous sodium perchlorate at 275 K and was used as a stoCkyngje ~6(°); pulse repetition time 0.58 s; digital resolution 12 Hz/

platinum solution. A concentrated (1.45 M) aqueous solution of TI-
(ClOg)3in 3.77 M HCIQ, was obtained by anodic oxidation of TIG&
A concentrated acidic solution of TI(NJ (1.42 M in 2.96 M HNQ)
was prepared by direct dissolution 0@k in nitric acid under heating.
Solutions of thallium(lll) cyanide complexes were synthesized as
described previousli2 The content of Tlin the starting thallium
solution varied from 1 to 3% of the total thallium concentration. For
some NMR measurement¥N-enriched solutions (99%) were used;
in this case, T (*3CN).*~" species were prepared using solid}GA,
whereas NgPt(*CN), salt was obtained from the exchange reaction
between KPtCl, and N&3CN in aqueous solution with molar rafifCN/
Pt = 6, followed by recrystallization of the tetracyanoplatinate salt.
Anal. Calcd for NaPt(**CN),-H,O: Pt, 53.1; Na, 12.5. Found: Pt,
54.4; Na, 12.6. Bimetallic PtTl cyano complexes in aqueous solution
were prepared by mixing solutions of Pt(GR)and TI(CN)Z™ (n =
2—4) at different Pt/TI and cyanide-to-metal ratios as described
previously?>2! The solid compound, [(NGPtTI], was precipitated from
the solution containing the corresponding complex and 1.5 M perchloric
or nitric acid?°

[Pt(**CN)sl]?~. The complex was prepared in aqueous solution
according to the proceduren which Pt{3CN)z~ (0.1 mmol) was
oxidized by the3C-enriched cyanogen iodide (0.12 mmol). The
concentration of the resulting solution was 50 mM; the compound was
not isolated.

(19) Berg, K. E.; Glaser, J.; Read, M. C.ithpl. J. Am. Chem. Sod.995
117, 7550-7551.

(20) Maliarik, M.; Berg, K.; Glaser, J.; Sandstrom, M.itfipl. Inorg. Chem.
199§ 37, 2910-2919.

(21) Maliarik, M.; Glaser, J.; Ti, |.; Webba da Silva, M.; Zény, L.
Eur. J. Inorg. Chem1998 565-570.

(22) Biedermann, GArkiv Kemi 1953 441.

(23) Blixt, J.; Gyai, B.; Glaser, JJ. Am. Chem. S0d.989 111, 7784
7791.

point. The chemical shifts are referred in ppm toward higher frequency
from the 2°5TI NMR signal of an aqueous solution of TICIO
extrapolated to infinite dilution.

19t NMR: SF= 42.8 MHz (also 85.6 and 107.5); SW 10—50
kHz; PW= 12 us (flip angle~60°); pulse repetition time 0.58 s; digital
resolution 8 Hz/point. The chemical shifts were measured relative to
an external standard of aqueous 0.1 MR&k which is 4533 ppm to
higher frequency fronE(***Pt) = 21.4 MHz at 25°C 2526

BC NMR: SF= 50.3 (100.6) MHz; SW= 20 kHz; PW= 7 us
(flip angle ~18°); pulse repetition time 1.39 s; digital resolution 1.2
Hz/point; NS= 1000-10000. The chemical shifts were measured in
ppm toward higher frequency with respect to an external signal of a
water-soluble sodium derivative of TMS.

Raman Spectroscopy. Raman spectra were excited using pre-
monochromatized 514.5 nm radiation from a Coherent Radiation
Laboratories Innova 90-5 argon ion laser at an effective power of
approximately 400 mW at the sample. Solution spectra from typically
0.05-0.1 M aqueous solutions contained in glass cuvettes were recorded
by means of Dilor Z24 triple monochromator at a spectral bandwidth
of 4 cnmt using photon counting.

Results and Discussion

[Pt (CN)s]2*~ Species. The recently prepared bimetallic-Pt
TI complexes [(NCIPt-TI(CN)]"™ (n = 0—3) (Figure 1) are
usually very inert toward redox decomposition and can be kept

(24) Irving, H. M.; Miles, M. G.; Petit, L. DAnal. Chim. Actal967, 38,
475-488.

(25) Pregosin, P. STransition Metal Nuclear Magnetic Resonance
Elsevier: Amsterdam, 1991; Vol. 13, p 351.

(26) Goodfellow, R. G. InMultinuclear NMR Mason, J., Ed.; Plenum
Press: New York, 1987; pp 52561.
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Figure 1. Typical distribution of platinum-containing species in aqueous

solution as a function of pH, calculated using the known stability #onstants.

[Ptlot = 100 mM, [Tllot = 50 mM, [CN}o: = 550 mM. Redox decomposition of the bimetalic-Hi complexes is not taken into account.

in solution for years in the dark at room temperature (295°).

apical positions in each of the pentacyano units, and therefore

In contrast to this, in solutions containing significant amounts the %Pt spectrum (natural abundance' %Pt is 33.7%) should

of the trinuclear species [(NEDt-TI-Pt(CN)]3~, preferably
formed at high ratio of Pt(CNJ~/TI(CN),", a redox decom-
position takes place and under certain conditions all thallium
can be reduced to TI(l). However, no [Pt(GN) complex
(expected to form as a result of the final oxidation of the

appear as a probability-weighted superposition of two isoto-
pomers with (i) oné®Pt nucleus (A part of the AXXspectrum)
and (i) two 9Pt nuclei (AA part of AA'XX' spectrum, one-
half of the intensity of the AXXspectrum).

The 12C spectrum for this complex consists of the central

platinum cyano compounds in the presence of excess of Cya”ide)smglet at 93.3 ppm (from the isotopomer with H&Pt nuclei)

was detected in%Pt NMR spectra. The only®Pt NMR

resonance observed in these (natural abundarié€)afolutions-

apart from the characteristic signals of the bimetallie- Rt

species and the signal of the Pt(GN}’—was an intensive
singlet peak positioned at 116 ppm.

It was found that cyano ligands of the tetracyanoplatinate-
(I) are inert with respect to the ligand exchange with the
thallium cyano complexes. This allowed preparation of the
trinuclear species [(NGPt-TI-Pt(CN)]3~ selectively labeled
either in axial or in equatorial positions of the platinum
pseudooctahedron by a reaction between'?€N),2~ and
TI(*3CN),™, or Pt3CN)4z~ and TIF2CN),", respectively?

When the reaction was carried out betweer?t{),2~ and
TI(*3CN)," complexes, the signal at 116 ppm appeared as a
symmetrical multiplet (Figure 2a). It has been demonstrated
for several platinum complexes by Appleton et&E! that
patterns of this type are not obtained throd@#t—X coupling
in a mononuclear complex. These patterns can be easily
explained in terms of a binuclear symmetrical complex contain-
ing a Pt'—Pt" bond, with both Pt atoms coordinated by the
same type of ligands. In such compounds, ¥t nuclei are
chemically equivalent but are rendered magnetically nonequiva-
lent by coupling to the X nuclé®33 In this light the multiplet
at 116 ppm can be assigned to the dimeric compound of trivalent
platinum, [(NC}Pt-Pt(CN}]4~. The two 13C atoms occupy

(27) However, in solutions containing excess [Pt(g&), the equilibrium
between the complexes [(N£BPt-TI(CN),|" (n = 0—3) and [(NC}-
Pt-TI-Pt(CN)]3~ (Figure 1) is shifted toward Pt-TI-Pt; here, also the
[Pt(CN)]2~ signal is observed.

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

(29) Appleton, T. G.; Byriel, K. A.; Garrett, J. M.; Hall, J. R.; Kennard,
C. H. L.; Mathieson, M. T.; Stranger, forg. Chem1995 34, 5646~
5655.

(30) Appleton, T. G.; Barnham, K. J.; Byriel, K. A.; Hall, J. R.; Kennard,
C. H. L.; Mathieson, M. T.; Penman, K. Ghorg. Chem.1995 34,
6040-6052.

(31) Che, C.-M.; Schaefer, P.; Gray, H. B.Am. Chem. S0d.982 104,
4253-4255.

symmetrically flanked by peaks from isotopomers with one (X
part of AXX' spectrum) and two (X part of AXX" spectrum)
195pt nuclei with the intensity ratio 4:4:1, respectively (Figure
2b). Simulation of the spectra on the basis of these spin models,
followed by an iteration, resulted in determination of the
coupling constant3J(Pt—C), 2J(Pt—C), 1J(Pt—Pt), and®J(C—

C) (C = Cyans = X) (Table 1 and Supporting Information,
Figures StS3).

When the reaction was carried out betweer¥®i{),2~ and
TI(2CN),*, the species [(NGPt-Pt(CN}]*~ was obtained with
13C-labeled equatorial sites of the platinum polyhedra. This
allowed us to acquire information on the remaining coupling
constants of the dimer. The final confirmation was obtained
from the spectra of the ful¥3C enriched PtPt complex
synthesized from platinum and thallium cyano species in which
all cyanide was in form ofl3C (Table 1 and Supporting
Information).

The chemical shift of the [(NGPt-Pt(CN}]4~ species is close
to the average of those for 'REN)2~ and PV(CN)e2~
complexes (Table 1), which indicates the presence of trivalent
platinum in the dimeric compound. Similarly, the specific'*Pt
region” positioned between the corresponding mononuclear di-
and tetravalent Pt species was considered for both the bridged
binuclear platinum(lll) complex@%3° and for an unsupported
Pt dimer, [PtCl(acag),.®*

(32) (a) Some other polynuclear platinum compounds with the metal
oxidation state 0 or-1 exhibit also second-order NMR spectra, see
refs 32b-d. (b) Green, M.; Howard, J. A. K.; Murray, M.; Spencer,
J. L.; Stone, F. G. AJ. Chem. Soc., Dalton Tran977, 1509-1514.

(c) Kiffen, A. A.; Masters, C.; Visser, J. B. Chem. Soc., Dalton
Trans.1975 1311-1315. (d) Boag, N. M.; Browning, J.; Crocker,
C.; Goggin, P. L.; Goodfellow, R. J.; Murray, M.; Spencer, JJL.

Chem. Res. (M)978 2962-2983.

(33) NMR spectra of the studied PEN solution recorded at different
magnetic fields (SF 42.8 and 85.6 MHz) result in the same multiplet
type confirming that it is not an exact superposition of separate
multiplets at both chemical shifts.
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Figure 2. NMR spectra of the complex [(NePt-Pt(CN}]*~ formed in an aqueous solution containing starting species: 100 mMERE;]2-, 50
mM TI3*, and 100 mM N&CN at pH 0.43. (a}*Pt NMR; (b) :*C NMR.

Most of the binuclear Pt—Pt" compounds contain support- is available. Nevertheless, the relatively ladfBt—Pt) value
ing ligands (carboxylato-, sulfato-, phosphato-, pyrophosphito-, of ~1800 HZ° found for the dimeric [(NGPt-Pt(CN}]*~
etc. bridges) forming a “lantern structur&3¢ The one-bond species is indicative of a direct metahetal bond in the
Pt—Pt couplings in these complexes cover a wide range of compound.
values from 700 up to 6800 Hz and are significantly dependent The bonding situation between the''Patoms in the RBf*
on both axial and bridging ligand&3° Few dimeric complexes  entity is usually considered on the basis of tfe*020*27*4
of trivalent platinum with nonbuttressed metahetal bond were orbital configuration giving rise to a single metahetal
found very recently237-39 and no information about spirspin — R -
coupling constants between platinum nuclei in such compounds &” 1C$;gll Ff'l’a':?g(')z;;gbg” Intini, F. P.; Natile, @. Am. Chem. Soc.
(38) Baxter, L. A. M.; Heath, G. A.; Raptis, R. G.; Willis, A. Q. Am.

(34) Prenzler, P. D.; Heath, G. A.; Lee, S. B.; Raptis, RCBem. Commun. Chem. Soc1992 114, 6944-6946.

1996 2271-2272. (39) Paul, R. L. Thesis, Australian National University, 1996.
(35) Umakoshi, K.; Sasaki, YAdv. Inorg. Chem.1994 40, 187—239. (40) Due to superposition of at least two spin systems, overlapping peaks
(36) Cotton, F. A.; Walton, R. AMultiple Bonds between Metal Atoms do not allow this value to be refined with better accuracy than 100

2nd ed.; Clarendon Press: Oxford, 1993; p 787. Hz.
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Table 1. NMR Parameters for Pentacyano Compounds of Platinum and Some Related Complexes in Aqueous Solution

6Pt 6cisC étransC 1\]Ptﬂ:is(: 1\JPtflransC 2\]trans(}cisc
species (ppm) (ppm) (Ppm) (Hz) (Hz) (Hz)

[Pt(CN)J2~ 213 130.2 1031

[Pt(CN)H,0]~ 1767 95.8 65.6 828 1096 4.9
[Pt(CN)CIJ2~ 2 1234 95.8 78.8 824 1024 5.1
[Pt(CN)Br]z- 2 911 94.1 80.0 824 996 45
[Pt(CN)I] 2 2 319 91.2 77.7 828 921 4.4
[Pt(CN)sOH]~ 1639 98.4 83.2 846 904 47
[Pt(CN)sTI]® 474 90.3 93.4 820 909

[Pt(CN)TICN]~ P 383 91.1 101.7 821 843

[Pt(CN)TI(CN),J% b 184 93.4 110.6 832 783

[Pt(CN)TI(CN)3]3 ® 68 97.0 116.1 843 742

[PH(CN)],TI* P 599 95.5 117.0 858 700

[Pt(CN)]* © 116 100.6 93.2 878 618 5.2
[Pt(CN)g|2~ 653 88.8 806

aSome of the parameters for the complexes [(NC)Pt(&N) (X = ClI, 1) have been reported previously in refs 13 and®Bata from ref 20.
¢ Other coupling constants refined for this compléds—pt = 1800 Hz (ref 40)2Jpt—cisc = 19.8,2pt-transc= 291, 3Jransc-transc= 48 Hz. The analysis
of the spectra also shows tha(Pt—Cs) and2J(Pt—Cs) coupling constants have the opposite sign.

Table 2. Raman Data for Pentacyano Complexes of Platinum(1V) and fdk({B\)s].*~ in Aqueous Solutioh

[Pt(CN)]>~ [Pt(CNXCIJ? P [Pt(CN)XBr]> [Pt(CNXI]?- P [Pt(CN)H,0]~ [Pt(CN)OH]?~ [Pt (CN)s]2*~
2211 vs (py 2204.9 (p) 2203.0 (p) 2199.5 (p) 2207 vs (p) 2202 vs (p) 2208 w (p)
2200 m (d) 2192.7 (d) 2195.5 (d) 2187.7 (d) 2196 m (d) 2190 m (d) 2192 vs (p)
2179.5 (d) 2177 m (p)
2161 s (p)
630 m (p) 546 m (p) 504 w (p)
467 m (p) 462.9 (p) 465.8 (p) 467.0 (p) 464 s (p) 464 m (p) 467 s (p)
4525 (p) 432.9 (p) 400 m (p)
426 w (d)
329.5 (p) 226.0 (p) 180.6 (p) 145 s (p)
109 w (d) 109.1 (d) 105.2 (d) 107.4 (d)

aFrequencies are expressed inén? From ref 15. (p) polarized band; (d) depolarized band.

bond35:36.41a Depending on the bridging and axial ligands, the
Pt—Pt distances vary from 2.4 to 2.83Rwhile the values in

the three nonbridged structuresfBis{ HN=C(OH)C(CH)z} 4],%"
[Pt(CsdoH)Cl],,%8 and [Pt(GodoH)CI], 2° are very similar:
2.694, 2.696, and 2.708 A, respectively. A characteristic Raman
absorption at 139 cni assigned to the PtPt stretch was also
reported for [Pt(@doH)Cl]».38 In the complex [PtCl(acagy,

the corresponding Raman band was observed at 144.%A
value of 145 cm? for the symmetrical stretching frequency{Pt

Pt) obtained in this study from Raman spectra of the [@RE)
Pt(CN)]4~ complex in aqueous solution (cf. Table 2) serves as
a strong support of the presence of a nonbuttresseéiond

in the cyano dimer compound. The remaining Raman frequen-
cies of [(NC)Pt-Pt(CN}]*~ are also given in Table 2. By
analogy with vibrational spectra of the platinum pentacyano
complexes the bands at 467 and 400 éman be assigned to
A; stretching mode of the planar and apicat-RBtvibrations,
respectively.

Similar bonding situation with pronounced character of the
meta-metal bond in [(NC)Pt-Pt(CN}]*~ is also indicated by
the metat-ligand interactions. For the complex jRts{ HN=
C(OH)C(CH)3} 4] containing chloride atoms both in equatorial
(cis) and axial {rans) positions of the platinum polyhedra, the
much longer Pt Cl, distance is characteristic for a largans
influence exerted by the P+-Pt" bond3” Considering the lack
of direct information on the PtC bond lengths in the penta-
cyano platinum(lll) dimer, spirtspin coupling constants be-
tween the®Pt and'3C nuclei can be used for estimation of the
metal-ligand interactions (remembering that both the-€N

(41) (a) Stranger, R.; Nissen, S. C.; Mathieson, T.; Appleton, Tn&rg.
Chem.1997, 36, 937-939. (b) Crouch, E. C. C.; Pratt, J. Nl. Chem.
Soc., Chem. Commuth969 1243-1244.

bond strength and the amount of s-electron contribution will
influence these constants). As can be seen in Tablg(Rt—
Cirang is much smaller thafJ(Pt—Cgs), indicating strongrans
influence for [(NC}Pt-Pt(CN}]*~.

From the five possible isoelectronicdd systems, namely
Cao*", R, Irp*t, Nift, and Pf™, the bis-rhodium(ll,Il)
compounds are best established and demonstrate a marked
similarity in the bonding with the B&" analogues. As for
platinum(lll), among the large number of bridged "RIRh'
species only few unsupported compounds have been regérted.
At the same time the information on cyano derivatives of
divalent rhodium is lacking. It is quite interesting that the
cyanides of divalent cobalt exhibit features very similar to those
of the platinum(lll) cyano complexes. In our recent paper
we have made a comparison between the trinucleail PtPt
cyano species and its cobalt(ll) analogue [(M&)-TI-Co-
(CN)s]®>~, obtained from the reaction of thallium(l) with
[Co(CN)]3~.4t  Another example of the close similarity
between platinum and cobalt cyano complexes can be the well-
known Adamson’s salt, [GECN)1]~. The crystal structure
of this complex with barium as cation exhibits (apart from the
short Co-Co distance of 2.80 A) a square-pyramidal geometry
of the cyanide ligands around the cobalt atBrftwhich closely
resembles the proposed structure of the platinum(lll) cyano
dimer. Similarly as for the [(NGPt-Pt(CN}]*~ species, the
metal-metal bond in the binuclear cobalt(ll) compound has a
pronounced trans influence: €€, is substantially longer than
Co—Ceq

(42) Simon, G. L.; Adamson, A. W.; Dahl, L. B. Am. Chem. Sod972
94, 7654-7663.

(43) Brown, L. D.; Raymond, K. N.; Goldberg, S. 2. Am. Chem. Soc.
1972 94, 7664-7674.
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Scheme 1
TI(CN),* + 2Pt(CN) e

[(CN),Pt-TI-P{(CN),J*
[(CN),PtED-PLI(CN), ] + TI*

2 PUO(CN),> + (CN),

80 °C
20 hours

In all solutions with the molar ratio between the starting
[Pt(CN)]2~ and [TI(CN)] " species= 2, the resulting molar ratio
between the products [(NEDt-Pt(CN}]4~ and TI(I) is 1:1. This
indicates that the charge-transfer reaction is

TI(H) + 2Pt(I1) < TI(1) + 2Pt(lll)

The two platinum(lll) entities dimerize to give binuclear cyano
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Scheme 2
80 °C, pH ~ 8

12 hours

(CN),PE-TI > TI* + [PHV(CN)(H,0)]

+H* -H*

[PtYY(CN),(OH)]*

product of cyanide oxidation or decomposition, e.g. (&N)
NH4*, NCO™, be detected in solution by meansé€ or 14N
NMR, but it is probable that the formed (CN)eaves the
solution at 80°C.

Mononuclear Species, [PY (CN)s(H20)]~ and [PtV (CN)s-
(OH)]%". In contrast to the trinuclear complex, the binuclear
Pt—TI species [(NCPt—TI(CN)n]"~ (n = 0—3) in solution are
stable toward redox decomposition in the dark at room tem-
perature (295 K), but decompose when heated or exposed to
visible light (except for the redox-inert [(NEDt—TI(CN)z]3~).44b
The rate of heat decomposition is dependent on the complex,
and decreases when n increases from 0 to 2; exposition to visible
light completely destroys the compounds [(NE) TI(CN),]"™
(n = 0—2) within 2—=72 h. The only product of thallium
reduction in the binuclear P{Tl compounds is T, while
oxidation of platinum leads to two different products. Only
hexacyanoplatinate(IV) species is formed in an irradiated sample
of a solution of [(NC3Pt-TI(CN)]2~. Apart from the signal of
[Pt(CN)]2-, one more single peak witf*Pt NMR chemical

complex with a PtPt bond. It seems reasonable to suppose ghift in the range 16391767 ppm (depending on pH) can be
that the electron-transfer goes via fast formation of the trinuclear gpserved in the spectra of the solutions of [(ARTICN]

[(NC)sPt-TI-Pt(CN)]3~ compound'*@as shown in Scheme 1,
reaction 1. The rate of redox decomposition of the At-Pt

which had been subjected to light illumination or heatthtn
the case of [(NGPt-TI] complex only the lattet®*Pt resonance

species (Scheme 1, reaction 2) is very much dependent on thgs ohserved? according to Scheme 2. Formation of monovalent
PE*/TI3* ratio in the solution and increases strikingly at larger - thallium from the redox decomposition reaction of the binuclear

excess of platinum (molar ratio between [Pt(GJR) and TF*
> 2). Both irradiation of the trinuclear complex with visible

Pt—TI cyano complexes indicates two electron transfer between
the two coupled metals which is in agreement with the oxidation

light and heating result in a complete redox decomposition of state4-4 of the platinum in the resulting complex.

the compound. For example, when a deep yellow solution

containing the Pt TI—Pt complex as the only P{T| species is

To determine the structure of the resulting platinum complex,
the fully 13C-enriched compound [(NGPt-TI] was completely

exposed to light from an incandescent lamp at room temperature,gecomposed by heating at 80. In thel9Pt spectrum of the
after a few hours the color d|SappearS and the trinuclear COmpleXresulting solution the Complex exhibits a Signal appearing as a

is completely transformed into the binuclear [(NR})Pt-
(CN)s)*~ and TI(1).

This Pt=Pt compound is stable toward irradiation with visible
light, whereas when heated in aqueous solution at@ is

doublet of 1:4:6:4:1 pentets due to platinum couplings with one
and four equivalent carbon nuclei, respectively (Figure 3). This
is in agreement with3C NMR spectrum of the solution showing

signals of the two different cyanide ligands, with the intensity

completely destroyed within 20 h (Scheme 1, reaction 3). The ratios 1 and 4, appearing as a three-line (1:3.9:1) pattern due to

only platinum product of this decomposition which could be
detected by*Pt NMR is [Pt (CN)4]2~. Formation of the latter
complex unambiguously shows that breaking of thePtbond

coupling with magnetic and nonmagnetic platinum nuclei. The
signals are further splitted into doublet and 1:4:6:4:1 pentet,
respectively, arising from coupling between the two groups of

and the reduption of thg platinum is accomlpanied by a rgleasecarbon nuclei with 8Jc_c of ~5 Hz (cf. Table 1 and Supporting
of the two axial cyano ligands. The reduction of the platinum |nformation). All this information unambiguously demonstrates
requires an oxidation of some other component in the system. presence of Pt(CNentity in the compound with four equivalent

Here, there are two possible candidates, “Cahd TI(l).

cyanide ligands in an equatorial plane around platinum atom

HOWeVer, no oxidation of monovalent thallium has been and one Cyanide in an apica| position_

observed to take place in the solution.

(44) (a) The expression “fast formation of Pt-TI-Pt” is not very precise,

but the kinetic details fall outside the scope of this paper. The formation
of Pt-TI-Pt species precedes the formation of the Pt-Pt complex. With

larger excess of Pt(ChY~ the decomposition reaction is so fast (a

few minutes) that in some cases not even Pt-TI-Pt could be detected,
only Pt-Pt. (b) The binuclear Pt-TI complexes have no measurable

absorption in the visible region, but they are in equilibrium with the
yellow trinuclear species [(NGPt-TI-Pt(CN)]3~. Currently, we are

studying if the photochemical decomposition of the binuclear com-

pounds can be related to this equilibrium.

Neither could any

(45) (a) CN reduces Pt(IV) complexes in aqueous solut®rand as a
result Pt(CN)?~ can be detected in the solutions containing excess of
cyanide ion. (b) Chernyaev, I. |.; Babkov, A. \Dokl. Akad. Nauk
SSSRL963 152 882.

(46) In a previous papé&twe briefly described formation of a sparingly
soluble (even at temperatures up to 9C) compound [(NGPLTI].
Nevertheless, under prolonged heating (up to 12 h) 4C8@ slightly
alkaline aqueous solutions it decomposes completely into water-soluble
products. Similarly as for the parent species in solution the breaking
of the metat-metal bond yields Tl and the pentacyano complex of
tetravalent platinum, [Pt(CNPH]2~/[Pt(CN)(H20)]".
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(a)
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Figure 3. %Pt NMR spectra of 50 mM aqueous solutions of the fufig-enriched complexes [Pt(CNH.O)]~ (a) and [Pt(CNYOH)]?>~ (b)
obtained from decomposition of the solid compound*fMsPt-TI] at pH 1.12 and 5.46, respectively.

It is reasonable to assume that after the dissociation of the Experimental §ons VS pH) data were least-squares fitted giving
PtTI bond an extra ligand will be coordinated by the platinum the proton dissociation constant of [Pt(G{j.0)]~ (50 mM
atom to fill the vacant sixth position of the Pt(IV) pseudo- in 1 M NaClQy), pK, = 2.51 @0.01), and the values @fy,0
octahedrorf” In the studied aqueous platinum-cyano system and doy of 1766.76-0.6) and 1638.70.6) ppm, respec-
only a water molecule can saturate the platinum coordination tively.50.51
sphere in the pentacyano complex, as shown in Scheme 2. Apart from the substantial difference in the platinum chemical
Usually, the degree of protonation of the oxygen atoms has shift, the protonation of the oxygen atom in the platinum
a profound effect on the platinum complexes through thedPt coordination sphere of the pentacyano species causes other
bond which is in turn reflected in th®3Pt NMR shift28:48.49 significant changes in NMR and Raman parameters as can be
The pentacyano species exhibits a strong pH dependence of theeen from Tables 1 and 2, respectively.
platinum chemical shift. The two well-defined pH regions allow Characteristics of the [Pt(CN)X]2~ Species. The data for
to discern the complexes [Pt(C){Hi,0)]~ and [Pt(CN3(OH)]2~ the [Pt(CN}(H.0O)]~ and [Pt(CN3}(OH)]>~ species can be
(Figure S9 in Supporting Information and Table 1). Due to
the fast exchange of the proton between the two species only a%0)

In the recent pap¥ra [PtV (CN)sCI]2~ complex formed in the solution
due to impurity of chloride ion was mistakingly assigned to a hitherto

time-averaged®Pt signal could be observed. The observed unknown [P¥ (CN)s(H0)] ion.
chemical shift of this peak is a direct function of the individual (51) (a) Above, we mentioned that redox decomposition of the [¢NC)
chemical shifts of [Pt(CNJH20)]~ (3h,0) and [Pt(CN}(OH)]2~ PtTICN]™ species results in formation of both hexa- and pentacyano
. species of platinum(IV) in solution. Different ratios between [PtEN)
(don) and the molar fractions of these complex&s,6 and and [P{CN)(H-0)]/([P{CN)(OH)J2") complexes can be produced
Por): depending on the experimental conditions, especially on the CN
content of the bimetallic Pt-TI complexes. It turned out that change
5 =6 P +o.P of the cyanide concentration and/or of the acidity of the solution after
obs H,0" H,0 OH" OH the redox reaction had no influence on the ratio between the two

platinum species for any of the studied solutiorsy = 0—0.08 M,

T L . . pH = 1.2-9.2, [Pt(CN}(H20)"] = 0.03 M. We suppose that this can
Substituting the equation into the expression for the protonation be attributed to the kinetic inertness regarding coordination of the sixth
constant (based on concentrations), we obtain cyanide ion to the platinum atom. It was also shown that the reaction

between pentacyanoiodide complex of platinum(IV) and cyanide is

_ . . slow and formation of hexacyano species is usually not complete while

pK,=pH+ |Og[(50H 5ob9/(5obs 6H20)] it is considerably accelerated and results in practically quantitative
transformation into [Pt(CN)?~ when the solution was irradiatéd:5*

This is a usual situation for cyano complexes of transition metals where

(47) Formation of a square-pyramidal pentacyano polyhedron of platinum- the last stage in the stepwise formation of [M(GN) complexes from
(IV) in aqueous solution seems improbable: low-spircdmplexes aqua cations is the slow ofelhe break of the PtTl bond can be
prefer six-coordinate geometry. assumed to activate fast cyanide transfer reaction from the thallium
(48) Shipachev, V. A.; Zemskov, S. V.; Al't, L. YXoord. Khim.198Q 6, to the platinum atom leading to a “decomposition equilibrium” between
932-935. penta- and hexacyano complexes of platinum(lV) while the further
(49) Carr, C.; Goggin, P. L.; Goodfellow, Rorg. Chim. Actal984 81, formation of [Pt(CN}]?~ is kinetically hindered. (b) Babkov, A. V.
L25—-26. Dokl. Akad. NaukL981, 261, 889-891.
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correlated with their halide analogues [Pt(GX[?~ (X = CI-, value of LJ(Pt—Cyuand occurs for the covalent PPt bond in
Br—, 17). Vibrational spectra of pentacyanohaloplatinate(lV) the [Pt(CN}]. species.

complexes both in solid and in aqueous solution were fully
described by Memering et dP and the fundamental frequencies
were assigned. Both [Pt(CHH20)]~ and [Pt(CN}(OH)]?~ Formation of a stable Pt(CN}ntity seems to be a common
complexes possess the same molecular symmetry of point grougand overlooked feature of the coordination chemistry of platinum
C4, as the [Pt(CNgX]?~ (X = CI—, Br~, I") anions; this results  in oxidation states Ill and IV. Apart from the substitution
in similarity of their vibrational spectra (cf. Raman spectra of reactions of [PYXg]2~ or [PtV(CN)4X5]2~ (X = halide) with

the aqueous solutions of [Pt(Gi1-0)]~ and [P{(CN3(OH)]*~, cyanide, pentacyano complexes can be obtained from oxidative
Table 2). In the same way as for the pentacyanohalide speciesaddition reactions of [B{CN),]2~ with either ICN, BrCN, or

the patterns observed in the most informative cyanide stretching[TI(CN)]3—" (n= 1—4). In the latter case, bimetallic complexes
region of [Pt(CN3(H.0)]~ and [Pt(CN}(OH)]?>~ exhibit A, and [(NC)sPt-TI(CN),]"~ (n = 0—2) or the trimetallic [([NC)Pt-TI-

B: vibrations of only equatorial cyano ligands at about 2200 Pt(CN)]3~ form as stable intermediates; they provide a route
cm™L. The planar A (Pt=C) stretching mode corresponds to a to hitherto unknown pentacyano complexes of tetravalent
band at 464 cm'. As one would expect, the PO stretching ([Pt(CN)(H20)]~ and [Pt(CN3}(OH)]2") and trivalent ([(NC3-
vibration is significantly shifted to higher frequences compared Pt-Pt(CN}]4") platinum. In all these cases, the platinum atom
to the Pt-X (X = CI~, Br, I7) and exhibits bands at 546 and is hexacoordinated. The sixth position in the coordination

Conclusions

630 cnt? for the OH™ and HO ligands, respectively. sphere of the metal can be occupied by different types of anionic
In contrast to the vibrational data, a complete NMR charac- (CI-, Br-, 1=, CN~, OH"), molecular (HO), or “metal” (T,
terization of the complexes, [Pt(C8¥]2~, (X =CI~, Br—, I, TI(CN);, (m = 1-3), Pt(CN}) ligands. In all the pentacyano

H,O, OH") has not been reportéd. In the present work, we  complexes a pronounced trans influence appears as a substantial
have prepared pentacyanohalides of platinum(IV) in agueousdifference between thE€5Pt—13C spin-spin coupling constant
solution and obtained a full set of theffC and %Pt NMR for the apical and equatorial carbon sites. The X ligands in the
parameters (Table 1)!%Pt NMR chemical shifts of these tetravalent platinum species [Pt(GX] can be positioned in a
complexes cover a wide range (about 1400 ppm, cf. Table 1) series of decreasintf>Pt—3Cyans coupling constant: kD >
which can be attributed to the well-known sensitivity of the C|- > Br— > |- > OH~ > CN.
195pt nucleus to the chemical environmént® The binuclear species [(NEDt-Pt(CN}]*~ is a rare repre-
Also other NMR parameters for the [ICN)sX] species vary  sentative of unbridged dimeric complexes of trivalent platinum;
with X (Table 1). The most pronounced difference is observed it is the first example of a homoligand bis-platinum compound.
for the 13C NMR chemical shift §ransg and19Pt-13C spin— This is also the first example where d'PtPt!' complex was
spin coupling constants of the apical cyano ligand. This is best obtained through oxidation of the monomeric square-planar
rationalized in terms of a substantiahns influence of the X platinum(ll) species by a metal complex ([{CN),]*). Charge
ligand which is well-known for a large number ofbonded  transfer between the 'Pand TI" species yields Tl and a Pt-
complexes of transition metals. Considering the substitution (111) dimer; it is possible that also reactions of tin(IV) and lead-
reaction (IV), which have two oxidation states with two electrons

between, can yield Pt(Ill) compounds.
[Pt(CN)g] + X — [Pt(CN);X] + CN
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