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A %Pt NMR spectroscopy study of the speciation of [PtCls]>~, [PtBrg]>~, and the mixed [PtCls_Br,J>~ (m = 0-6)
anions in aqueous medium after hydroxide ion substitution of coordinated halide ions has been carried out under
dynamic conditions. Of the 56 possible [PtCls—n—nBrm(OH)J>~ (m, n = 0-6) complex anions in solution under
dynamic conditions, the relative chemical shifts d(***Pt) of 52 observable species have been assigned, 33 of which
had not been reported previously. The assignment of all these species including the possible sterecisomers is
facilitated by systematic linear relationships hetween the 6(*%Pt) increments resulting from substitutions of the
halide ions by OH~ ions. Under dynamic conditions, the relative concentration (as indicated by resonance intensities)
of the [PtCls—pm—nBrum(OH),J>~ (m, n = 0-6) species was found to be largely determined by the trans effects on
ligand substitution reactions, leading to the transient appearance of previously unobserved complexes. Only the
262624 and 22'2t isomers of the ternary [PtCl,Br,(OH),]>~ complex, the 3m12! [PtCl;Br(OH),J*~ and the 13m2!
[PtCIBr3(OH),J>~ anions could not be observed under our conditions, although their 5(***Pt) are confidently predictable
from the linear trend analysis. This chemical shift trend analysis constitutes a powerful method for the virtually
unambiguous assignment of Pt chemical shifts for such complex anions undergoing slow ligand exchange on
the NMR time scale, as facilitated by the strikingly good correlations of (2%Pt) for the species as a function of the
number of hydroxide ions in the coordination sphere.

Introduction in the case of Pd(ll) and Pt(lV), respectively) from an
aqueous to a nonaqueous (organic) receptor phimssuch
process solutions, many factors such as the acidity, temper-
ature, chloride and precious metal ion concentration, and the
“age” of the solutions (which as a result of relative kinetic
inertness to substitution is characteristic of these metal ions)
largely determine the distribution of “species” of the complex
anions which may occur as a result of the aquation or
hydrolysis reactions of the [M¢J'* complexes. Particularly

for platinum(lV), the resulting [PtGly(H,0),]"*"Y and
[PtCl—(OH),]"* species (with =2 or 4;x =4 or 6y, z

= 0—6) are generally less readily extractetThe relatively
high NMR receptivity of thé*>Pt isotope, the large chemical
shift range ¢*°Pt > 13000 ppm}, and the extreme
sensitivity of 0(1°5Pt) to the structure, geometrical isomers,
oxidation state, and nature of the coordinated ligands of the

The separation and efficient recovery of the platinum group
metals (PGMs; Pt, Pd, Rh, Ir, Ru, and Os) in acidic chloride-
rich process solutions depends on the formation of stable
anionic metal chloride complexes of the type [MCH*,
where M is the PGM ionn its oxidation state £4) [this
formula is not intended to include all possible PGM complex
species, particularly, those for Ru and Os with highred)
oxidation states, and excludes the possibility of polynuclear
complexes, which are not generally observed in the acidic
chloride-rich solutions considered here], anthe number
of coordinated Cl ions, typically 4 or 6, depending on the
specific element? Modern separation and recovery processes
essentially require the selective transfer of such anionic
chloro-complex species (e.g., [PdEEt and [PtC?~ anions
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Pt(Il/1V) containing the molecular species under sttfdy
makes®Pt NMR spectroscopy a powerful method with
which to study the “speciation” of these complexes in
solutions comparable to industrial process streams.

We have recently showt>Pt NMR spectroscopy to be

assignments could be confirmed by the remarkably system-
atic 41%Pt shielding trends observed upon substitution of
halide ions by hydroxide ions in Pt(IV) complexes. More-
over, such correlations lead to the fairly accurate prediction
of 1%t chemical shifts particularly for related, but previously

an excellent tool in a speciation and preferential extraction unobserved, Pt species under specified conditions.

study of [PtX]?~ species (X= CI, Br, or a mixture of the
two halides) over their corresponding aquated Fa¥0)]~

Experimental Section

diethylenetriamine anion exchangér§hese studies were
performed under acidic conditions (pH2), in which the
only species observable are the [EEX and [PtX%(H.0)]~

commercial sources and were used without further purification
unless stated otherwise. The platinum saliPt€k-xH,O (x ~ 2),
H,PtBrs (Johnson Matthey PLC, Precious Metals Division), and

complexes, and in very dilute solutions, also small amounts Na[Pt(OH)] (Aldrich) were of reagent grade quality and were dried

of [PtCly(H20),]. In view of the relatively low K, values
of the [PtCE(H20)]~ and [PtBg(H,0)]~ species at i,
3.5-3.8 and K, = 4.4, respectivel§,in solutions with higher
pH, one might anticipate extensive hydrolysis or substitution
reactions of halides by OHons in [PtX]?~ and [Pt(H-0)]~
complexes. A survey of the literature shows only et
NMR spectroscopy study of the hydrolysis products of
[PtCls]>~ over two decades ago by Carr et%in addition
to a related®>Pt NMR study involving the Pt(IV)nitrite-
chloro—bromo series of complexdsAnother related study
in this context is a%Pt NMR study of water exchange of
trans-dichlorodiaquaplatinum(ll) and oxidative addition of
Cl, to the [Pt(HO)4]?" complexes in perchloric acid me-
dium2°

Empirical studies show that®*Pt chemical shifts are
extremely sensitive to the specific structure of the Pt(IV)

containing complex anion, as well as to other factors such

in vacuo and stored in a desiccator prior to use. Aqueous solutions
were prepared using ultrapure Milli-Q water (M@ 18 MQ) and
degassed by bubbling Ar gas through for at teak prior to use.

All aqueous NaOH additions were performed under Schlenk
conditions and all solutions were stored likewise.

All solutions were prepared in subdued ambient light, in view
of the possibility of photochemically induced effects as described
previously’

195t NMR Spectroscopy.19Pt NMR spectra were recorded at
303 K using a Varian INOVA 600 MHz spectrometer operating at
129 MHz for19pt, usig a 5 mmbroad-band probeé\ 1 mmcoaxial
insert tube containing a [Ptg# reference solutiond®Pt= 0.0
ppm) (500 mg cm? HoPtClkxH20 (x ~ 2) in 30% v/v D,O/1 M
HCI) was inserted into 5 mm NMR tubes. Because of the wide
range of1%5Pt chemical shifts, spectral widths of 2050 kHz
were used, corresponding to 1502000 ppm. Spectra were
recorded with a 2.@&s excitation pulse (corresponding to~20°
pulse) at maximum practical power and an acquisition time of 1.0
s with no relaxation delay, in an attempt to ensure homogeneous

as small differences in concentration, temperature, pH, andang complete excitation over the large spectral widihelaxation

solvent compositioA*12In this context, we therefore inves-
tigated [we reinvestigated the series of [RtGQIOH),]2~

times of most of the platinum complexes were measured toli)
ms in these solutions, which ensured essentially complete relaxation

complexes studied by Carr et al. to obtain a consistent setof all complex species in solution. A line-broadening factor of 20
of 0(*%%Pt) data for the trend analysis presented in this study Hz was applied resulting in an effective line-width at half-height

vide infra] the full series of [PtGl(OH).?", [PtBrs_(OH)iJ?
(n = 0—-6), and mixed halide [Pt€ln-nBrm(OH),)>~ (M, n
= 0—6) complex anions with the aim of establishing a rapid
and reliable method with which to identify various complex
species under dynamic but well-defined conditions in Pt-
(IV)-containing solutions. We here present a full 129 MHz

for different resonances ranging from 40 to 80 Hz; the estimated
accuracy of the measured®Pt values ist1 ppm. Under these
conditions, the expectedCI/3"Cl and"*Br/81Br isotope shifts were
not resolved for most**Pt NMR peaks, but if desired, these can
be observed under conditions of higher resolution. Given the very
large spectral widths used to record &Pt spectra in this work,

it is not possible to achieve completely homogeneous excitation

19 i i i : _ ; .
Pt NMR assignment of 33 previously unobserved species gyer the entire spectral width, with the consequence that the relative

of the 56 possible [PtGlyn-nBrm(OH),)>~ complex anions,
including virtually all of the geometrical isomers. These
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325. (c) Pregosin, P. &nn. R. NMR S1986 17, 284-349.
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81 (2), L25-L26.
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Soc.1999 121 (3), 545-556. (b) Davidson, C. M.; Jameson, R. F.
Trans. Faraday Socl965 61 (515), 2462-2467.

(9) Kerrison, S. J. S.; Sadler, P.J. Chem. Soc., Dalton Tran4982
(12), 2363-2369.

(10) Graning, O.; Elding, L. I.Inorg. Chem.1989 28 (17), 3366-3372.

(11) (a) Cohen, S. M.; Brown, T. H.. Chem. Physl974 61 (7), 2985~
2986. (b) Pesek, J. J.; Mason, W. R.Magn. Resonl977, 25 (3),
519-529. (c) Priqueler, J. R. L.; Butler, I. S.; Rochon, F. &ppl.
Spectrosc. Re 2006 41 (3), 185-226.

(12) Koch, K. R.; Burger, M. R.; Kramer, J.; Westra, A. Dalton Trans.
2006 No. 27, 3277-3284.

integral intensities of resonances, particularly the chemical shifts
far from the transmitter offset at the center of the spectrum, may
not accurately reflect the true concentration of the species in
question. Nevertheless, under the conditions used here, an ap-
proximate correlation between peak intensity and relative concen-
tration of a particular complex species may be reasonably expected
(we thank one of the referees for drawing attention to this point).
Hence no completely quantitive peak intensity information is
implied (see below) in this study.

Hydroxide lon Substitution Experiments. To observe all the
[PtCls—n(OH),]?~ speciestf = 0—6) under one set of experimental
conditions, 128:L of a 5.0 M NaOH solution (3.2 molar equiv of
OH~ ions to total Pt(IV) ions) was added to a solution (4Q9 of
HoPtClkXxH,O (x &~ 2) in water (initial Pt concentration ([RX]is
0.5 M). To this solution, with a final Pt concentration ([Ptbf
0.38 M, 14 mg of NgPt(OH)] (0.04 mmol) was added. All ten
[PtBrs—n(OH),]2~ (n = 0—6) species were visible in a 0.5 M [Pt]
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Figure 1.

195t NMR spectra ofa) an aqueous solution of RtCk to which a total of 3.2 molar equiv of NaOH have been added(fP1).38 M) and

(b) an aqueous solution of RtBrs with a total of 4.0 molar equiv of NaOH added ([P 0.50 M). The fully hydrolyzed [Pt(OH)?~ species §06) was
observable only after addition of a small portionQ.2 molar equiv to Pt) of NfPt(OH)]?~ to these solutions. The nomenclature code for the species has

been adapted from Drews and Preétz.

solution (400uL) of H,PtBrs in 2.0 M NaOH (4.0 molar equiv of

OH~ ions to total Pt(IV) ions), followed by the addition of 0.04
mmol Na[Pt(OH)]. To obtain the [PtG-m-nBrn(OH),)2~ (M, n

= 0—6) complexes, an equimolar solution offHClxH,O (x ~

2) and HP1Brs ([Pt]i = 0.50 M) in water was aged after mixing

for at least 24 h to ensure that a steady-state had been reached,

followed by addition of 2.1 molar equiv of NaOH (to total [P

0.41 M). The relative'®®Pt NMR peak intensities of the species
present at very low concentrations in solution under these conditions
could mostly be increased by changing the ratio ePt€kxH,0O

(x =~ 2) to H,PtBrs or by adding more NaOH solution.

The 195Pt NMR spectra of the alkaline solutions were recorded
deliberately under dynamic conditions before any steady-state had

reactions, forming [PtGL.(OH),]?~ (n = 1—6) complexes
according to eq 1.

[PtCIg* + OH" =<—=[PCI(OH)]* + CI (1a)

[PICIs(OH)[> + OH ~— =—==

(cis, trans)[PtCI4(OH)2]2‘ +CI’ (1b)

[PCI(OH)s]* + OH’ [P{OH)g* + CI (1)
Evidently, the extent of OHsubstitution is dependent on
the concentration of OHions added (and possibly reaction

time allowed). To obtain a sufficiently alkaline solution, in

been reached because the objective was to observe as many of th&hich essentially only OH substitution of choride could

complex species, including all stereocisomers, as possible. For this

be observed, sodium hydroxide in excess of 2.0 molar equiv

reason, the relative concentrations of the species as determined byelative to hexachloroplatinic acid was required to neutralize

the integrated peak areas are indicative ofr#tative concentrations

of the complexest a fixed point in timeafter the NaOH addition
only and are not intended to convey any quantitative mechanistic
information concerning the rate of formation or about the quantita-
tive distribution of species.

Results and Discussion

195pt NMR Study of Hydroxide lon Substitution in
[PtCl¢]> and [PtBrg]?>~ Complexes.In the presence of a
strong base, such as the Okbn (as NaOH), the hexachlo-
roplatinate, [PtG]%, complex may undergo substitution/
hydrolysis [because it is not clear whether the hydroxyl
species are formed by direct substitution of Oldns or via
hydrolysis of the aquated species, the former term is used
throughout the text without any mechanistic implication]
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the strong acid BEPtCk. Thus upon addition of 3.2 molar
equiv of a NaOH solution to a concentrated ([Rt] 0.50

M) solution of HPtCk (to pH ~ 13), the initially bright
yellow/brown solution immediately changed color to clear
orange/brown, suggestive of fairly rapid ligand exchange.
The %Pt NMR spectra of such solutions, acquired within
5—10 min after NaOH addition, confirmed that significant
OH™ substitution had indeed taken place. In spectra recorded
within ~2 h after the NaOH addition, all the [PtCI(OH).)?>~

(n = 0—5) complexes are observable, including all the
possible stereoisomers, albeit some only as transient reso-
nances (Figure 1a).

To facilitate the'%Pt NMR assignment, each complex
species is coded with a unique identification number based
on the nomenclature adapted from Drews and Prédthe
first numeral in this code represents the number of chloride



195t NMR Chemical Shift Trend Analysis

Table 1. 9Pt Chemical Shift Assignments of All Observable [RtGl-nBrm(OH)]2~ (m, n = 0—6) Complexes in an Alkaline Solution ([P 0.38
M)2

[PtCls_n(OH)J2~  [PtCls_nBr(OH)J2  [PtClL_nBra(OH)J2~  [PtClnBrs(OH)]2~ [PtCh_Bra(OH)J2  [PtCli_nBrs(OH),2~ [PtBre]2
o19%p o19%p o019 o19%p o19%pP o19%p o19%p
specie® (ppm) specigs (ppm)  species  (ppm)  species  (ppm)  specigs  (ppm)  speci€s  (ppm)  speci€s (ppm)
600 9 510 =277 4°2°0 —574 3f3fo —883 2°4°0 —1204 150 —1538 060 —1882
501 669 411 409 420 —576 3m3m0 —885 2140 —1207 051 —765
402 1282 4°11 405 3f2c1 129 2c3f1 —152 14°1 —452
4102 1263 31z 1042 3m2c1 134 2t3m1 —155 141 —464
303 1852 3mix 1044 3m2t1 126 2°3m1 —161 04c2¢ 259
3mo3m 1830 3mi 1019 20202t 767F 132¢ 535 042t 222
2°04¢ 2362 2¢13m 1618 2¢2¢2¢ 793 13m2¢ 528
2104 2337 2013 1642 2t2c9¢ 796 13t 503!
105 2835 2113 1616 20t2¢ 787 033f 1184
006 3275 114t 2155 2122t 768 03m3m 1152
114c 2177 12c3m 1393
015 2680 12¢3f 1418
123m 1389
024¢ 1981
024t 1955

aNote that the chemical shifts of the specB 2, 262¢2t, 21212t and13™2! are predictedfrom the trend analysi$.Code for species has been adapted
from Drews and Preetf.Average valuet2 ppm, since somé%Pt values differ slightly depending on the reaction conditidrredicted value, since
species was not observed.

ions in the octahedral complex; the second numeral signifiesppm). The same upfield shift pattern was observed when
the number of bromide ions, while the third numeral indicates [Pt]s was increased at a fixed NaOH concentration. A similar
the number of hydroxide ions coordinated to the Pt(IV) ion. behavior was reported by Appleton et al., who found that
The configuration of possible geometric isomers is given as the 61°*Pt of the [Pt(HO)4?" complex shifted in the
a superscript (c focis, t for trans m for meridional and f downfield direction with increasing perchloric acid concen-
for facial). The [Pt(OH}]?~ species Q06) was not formed tration, hence in the opposite direction to our findings upon
at sufficient concentrations of RtCk, to which NaOH(aq) addition of a basé! This suggests that the ionic strength/
was added (even in larger excess), to be observable in thes@H of the solution affects thé®Pt chemical shifts of,
195pt NMR spectra, necessitating the addition of solid-Na  particularly, Pt(IV) species with several hydroxy ligands to
[Pt(OH)]. The %Pt peak attributable 006 (6°Pt= 3275) a significant extent, certainly more so than observed for the
in the spectrum shown in Figure 1a is the result of such an [PtCls-nBry]?>~ (m = 0—6) species.
addition. In this context, it is also revealing to compare the reported
Although Carr et af. first assigned the ten possible %Pt values of the corresponding chloroaquoplatinum(lV)
[PtCls—n(OH),]?~ (n = 0—6) complexes using®*Pt NMR complexes [PtG(H.0)s—x]* %, as obtained by Gring and
spectroscopy, we re-examined this series to obtain a con-Elding, for the oxidation of [Pt(kD)4]?* by Cl, in perchloric
sistent series of relativé'®Pt values for the trend analysis acidl® The reported!®Pt (relative to [PtGJ]2") for the aqua
discussed below. Our observ&dPt chemical shifts (mea- complexes [PtCI(kD)s]3*, cis/trans[PtCly(H20)4]%t, mer/
sured relative to an external but coaxial reference assignedfac{PtCly(H.O)s]*, [PtCL(H20),] [unknown isomer cis or
to 01°%Pt = 0.0 ppm), given in Table 1, are in reasonably trang, and [PtCk(H.O)]~ were 2640, 2173, 2248, 1646,
good agreement to those reported by Carr et al. Interestingly,1548, 1029, and 475 ppm, respectively. By comparison to
it should be noted that the differences between our measurecbur data in Table 1, thé'%Pt chemical shifts for the aquated
019t values of the [PtGl,(OH),]>~ complexes compared complexes differ significantly (by more that tmeaximum
to those reported by Carr and co-workers appears to dependxpected experimental error £fL0 ppm resulting from small
on n, the number of hydroxide ions bound to Pt(IV), temperature, concentration, and reference variations known
increasing slightly for the [PtGl,(OH),]?>~ complexes with  to affect %Pt chemical shifts) from the corresponding
increasingn. These variations are most probably the result hydroxychloroplatinum(lV) complexesl05 2°04°, 2'04,
of the slightly different concentrations and conditions under 3m03", 3703, 4°02, 402, and501by [01%Pt(wygroxy) — I*°>
which both studies were performed, which could be verified Pt(qud] 195, 189, 89, 184, 304, 234 (or 253 since the isomer
by a separate experiment, in which the NaOH concentration of the [PtCl(H.O),] complex was unspecifiedy,and 194
was varied at a fixed [Rt[0.25 M). We observe a slight ppm, respectively. Evidently these large differences under-
dependence of thE€*Pt chemical shift on the OHconcen- score the extremely high sensitivity of tA&Pt chemical
tration, increasingly so for the [Pt<h(OH),]>~ complexes shift of the Pt(IV) complexes to subtle differences in the
with increasingn. Whereas the [PtGJ>~ complex showed nature of the coordinated ligands, which in this case,
no significant shift ind'%Pt when the OH concentration particularly, depend on the degree of protonation of the
was increased from 0.2 to 5.0 M, the [Pt(QH) resonance  coordinated water molecule in the first instance and, presum-
shifted upfield by as much as 40 ppm (from 3284 to 3245 ably, on which geomeric isomer (where applicable) is

(13) Drews, H. H.; Preetz, WZ. Naturforsch. B1996 51 (11), 1563~ (14) Appleton, T. G.; Hall, J. R.; Ralph, S. F.; Thompson, C. Slidrg.
1570. Chem.1984 23 (22), 3521-3525.
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considered. Given that the reported chloroaquaplatinum(lV) () 4000 -
complexes by Gming and Elding were examined in 2 M 3000 - IPCloa(OH)F
HCIQ,, it is reasonable to assume little or no hydrolysis of 20004 oo
these complexes, whereas our complexes are certainly all ~ §
halchydroxylatinum(ll) complexes because these were all 21090
observed in strongly alkaline solutions at an initial pH ;.3"' oy AT
12. Indeed, the observed chemical shift differences between  **-1000 4 .
the [PtCKH.0)s_J** and [PtC (OH)J?~ (n = 0-5) 2000 4 [PABraa(OHNI
provide a significant justification for the present study
. : -3000 ' . r T T "
because the extent of hydrolyis of the chloroaquoplatinum- 0 1 ) 3 4 5 6
(IV) complexes in water as a function of pH has not been number of OH'/ n
fully and quantitatively investigated to our knowledge. (b) 1200 -
In recent years, relatively accurate high-level computation OH trans to Br
of metal nuclei shieldings has become practical, and this field 1000 - /
is developing rapidly with some impressive succedses. §
Nevertheless, in particular for the calculation &PPt S 800 - OH trans to OH
chemical shifts for even simple complexes such as [FtCl g OH fanstocl /
and [PtCl]?-, it was recently shown by Sterzel and Autsch- 1 500 | /
bach that not only are very high-level and flexible compu- N\A
tational basis sets required for reasonably accurate predictions a0 |0t mansto o

of chemical shifts, but the importance of taking into account
solvent shell strl_Jctures,_as well as other unspecified elgctronic substitution step (X" by n OH’)
solvent-solute interactions, should not be underestimated Figure 2. (a) Averagel®Pt chemical shifts of [PtGL-(OH)J2- (O) and
because these can profoundly affect the agreement betweerptgr; (OH) ]2~ (®) complexes as a function of the number of hydroxide
experimental and calculatéd®Pt chemical shiftd® In the ilgtnBsr h ;t 0:6()) ?Oal\lkalirge é%lg&?ga?; mtﬁhﬂ(‘gmn&%ﬁ%’\g sg&l eHen
case of the series of [PtCLBry*” complexes, the very good . the fP(t[Ck]_fn(Ol-i)n]Z* g.pt(ec)ies where Clis substituted by OH trans to
agreement between the computed and experimental chemicat|- (A21%5pt, ), ortransto OH~ (ABS™9Pt, »). Likewise, closed symbols
shifts reported by Penka Fowe et'aland ourselves is indicate chemical shift incrementa ¥°6*%Pt) between the [PtBra(OH)]?*
encouraging, although as pointed out by Sterzel and species for the corresponding substitutions of Bms by OH" ions.
AutschbacHS$ this may be the result of a fortuitous cancel-
lation of computational errors, together with the expectation bound to platinum(lV) increases, suggesting that platinum-
that these complexes are likely to have very similar solvation bound ligands such as OHor H,O) which are capable of
shells in water. Moreover, it appears that a continuum solventforming strong hydrogen bonds with the water solvent or
interaction model alone cannot adequately represent theundergoing protonation/deprotonation reactions may play an
effects of solventsolute interactions in this context. As our important role in the determination of the experimental
own preliminary computational efforts in this regard suggest, chemical shift of such species. Work aimed at elucidating
explicit single-water molecule interactions with [P§€t can such postulated effects is underway.
induce very significant effects on the computed chemical Experimentally, the replacement of dbns by OH" ions
shift of this complex? Moreover work in progress in our  within the coordination sphere of Pt(IV) leads to a monotonic
laboratory shows that, for complexes such as [P#IDH)], downfield 6'°Pt shift with a well-defined second-order
the agreement between the computed and experimental shiftorrelation of6*°%Pt as a function ofi (R> > 0.9999), shown
deteriorates significantly as the numbey ¢f hydroxy groups in Figure 2a. The chemical shifincrement A(0°%Pt),
between the [PtGl,(OH).]?>~ species for the substitution of
(15) (a) Autschbach, J.; Ziegler, T. Relativistic computation of NMR  C|~ jons by OH ions at a positiortransto a CI ion, is
Sheldings and, Shnshi couning consants Bncycioped o wellcorrelated through a different inear trend (>~
& Sons: Chichester, U.K., 2002; Vol. 9, pp 36823. (b) Autschbach, ~ Pt) = 695.8 — 40.5) (n = 1-5) as compared to that
o o e Eaonions. 2 fesuling ffom the substitution of a Cion by an OH ion
Inorganic Chemistry ;| Kaltsoyannis, N., McGrady, J. E., Eds.; at a positiontransto an OH ion (AB(61°%Pt) = 665.9 —
Springer: Heidelberg, Germany, 2004; Vol. 112, pp4B. (c) 38.31) (n = 2—6) (see Figure 2b). These linear trend lines

Autschbach, J. Calculation of heavy-nucleus chemical shifts: Rela- . o .
tivistic all-electron methods. InCaiculation of NMR and EPR ~ With R* ~ 0.995 allow for the assignment of all the

1 2 3 4 5 6

Parameters. Thleory and ApplichatianaUpp, M., Bihl, M., Malkin, stereoisomers because substitution of ® OH™ at a
V. G., Eds.; Wiley-VCH: Weinheim, Germany, 2004; pp 2247. i f : :

(d) Buhl, M. NMR of transition metal compounds. Balculation of positiontrans to a CLIOH which sys_terr_]atlcally causes a
NMR and EPR Parameteraupp, M., Bihl, M., Malkin, V. G., Eds.; 20—25 ppm largeA(61%Pt) than substitution of Clby OH~

Wiley-VCH: Weinheim, Germany, 2004. (e) Kaupp, M.; Malkin, V. gt g positiontrans to an OH ion.
G.; Malkina, O. L. NMR of Transition Metal Compounds. In

Encyclopedia of Computational Chemistson RagueSchleyer, P., The aboye chemical shift trend analysis serves as a means
16) Iéd.; Wlllel\sll| & /_\S?nsr:1 bCh;]chuister, (L:JHK-, 12%%% 45(8), 3316-3324 for the assignment of new Pt(IV) hydroxdalide series of
terzel, M.; Autschbach, horg. em.. , . . . . .
(17) Penka Fowe, E.; Belser, P.; Daul, C.; Chermett@liys. Chem. Chem. comp]exgs as illustrated by the hydrqmde for brormde ion
Phys.2005 7 (8), 1732-1738. substitution study of the [PtB?~ species, not previously
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Figure 3. 19Pt NMR spectra of a solution ([RtE 0.41 M) with equimolar quantities of ##tCk and HPtBrs, to which 2.1 molar equiv of NaOH (relative
to total Pt) have been added. For clarity, the individual stereoisomers which are visible under these conditions are not indicated. Althoubk teostigf t
[PtCls-m-nBrm(OH)n]2~ species are observable in this spectrum, the peak of, for exampl&0Qhepecies is too small to be visible, although it is seen at

an appropriate time after mixing (see Figure 1a).

reported. The addition of 4.0 molar equiv of Olibns to an
aqueous solution of #PtBr; rapidly results in a color change
from deep red to red/brown. Inspection of tHéPt NMR
spectra (Figure 1b) of this alkaline solution (pH13—14)
reveals all 10 expected peaks resulting from [RROH),]>~
(n=0-6) over a 5000 ppm range (note that @@ complex
was only visible after the addition of M&t(OH)]). All the
19pt signals could be easily assigned to the various
[PtBre—n(OH),)?>~ (n = 0—6) species in a manner similar to
that for the [PtCJ-,(OH),]?>~ species (see Table 1); a plot of
the averag@®!®°Pt as a function of the number of substituted
OH" ions again displays a goo&{ > 0.9999) second-order
relationship. Similarly, the linear correlations of thé¢d°>

Pt) increment versus the substitution of "Bions by
hydroxide ions allows for the easy assignment of the
individual isomers: substitutions of Bby OH™ at a position
transto Br- or OH" follow almost perfect 2 = 0.9995)
parallel linear trend lines, with the former (OHrans to
Br) AS(0'%Pt)= 1218.2— 97.M) (n = 1-5) and the latter
(OH™ transto OH") AP(61%Pt) = 1186.0— 97.&) (n =
2—6) (see Figure 2b). In a similar manner to that for the
Pt—chloro—hydroxo complexes above, the trends for the Pt
bromo—hydroxo complexes show that substitution of Br
by OH™ at a positiortrans to a Br ion systematically causes
a 25-35 ppm largerA(01°%Pt) than substitution of Brby
OH™ at a positiontrans to an OH ion.

Consistent with our recent findings in similar systems of
acidic aqueous HPtCk solutions] qualitatively, the rate of
ligand exchange (substitution of halide ions by Oidns)
is found to be relatively rapid because the [PtX(gJ#) (X
= Cl or Br) signal could be detected in solution within 10
min after the addition of excess NaOH solution (3.2 and 4.0
molar equiv of OH ions to total Pt(IV) ions). However, in
these solutions, thextentof the halide ion substitution by

by OH™ takes place to yield immediately observable
[PtCls—n(OH),]?2~ n = 1—3 complexes in solution when the
initial molar ratio of “unbound” OH/[PtClg]?~ is just 1:10.
No quantitative studies of the relative stabilities of Pt(IV)-
halo—aquo and halehydroxo complexes derived from the
[PtCls]>~ and [PtBg]>~ complexes could be found in the
literature, although equilibrium constantd«) have been
reported by Leden and Chéttfor the Pt(Il) complex
[PtCI3(C,Hy4)]~ for the substitution of Cl by a variety of
ligands (L)

[PtCl(C,H,)]~ + L = trans[PtCL(C,H,)L] + CI~ (2)

The K¢ values, determined at room temperature in agueous
solutions (relative to Ci) are 3x 1072 for L = H,0, 3.4
for L = Br-, and~1Cf for L = OH™; these findings are
consistent with the findings reported here.

19pt Chemical Shift Trends for Rapid and Clear
Assignments of Ternary [PtChk-m-nBrm(OH)q]?>~ Species.
The addition of a 2.1-fold molar excess of Okbns relative
to total Pt to an equilibrated solution of equimolar amounts
of H,PtCk and HPtBrs, containing all ten [PtGLBry]%>~
(m = 0—6) species, results in the observation of over 30
separate peaks in the3000 ppm spectral range of th¥Pt
NMR spectrum shown in Figure 3, showing virtually the
entire series of [PtGln-nBry(OH)]?>~ (m,n = 0—6) species
in solution.

Close inspection of the spectra shown in Figures 1 and
3 indicates that thecis/trans and fac/mer stereoisomers
are always found within 40 ppm of each other, whereas
the observed average chemical shift difference between
[PtCls—m-nBrm(OH),]>~ complexes of different stoichiometric
composition is typically>=100 ppm. This serves as a
starting point for the assignment of &Pt resonances as

OH" is seen to be much more pronounced, compared to thatshown by the hypothetical ligand substitution scheme for

of the exchange of chloride or bromide ions by
molecules in acidic media, as we reported previously,
pointing to a much higher affinity of OHions for Pt(IV)
than of water molecules. For comparison, in the most-dilute
6 mM [Pt} acidic HPtCk solutions, only the aquation
products [PtG{H,O)]~ and [Pt(Ci(H,O),] could be observed

in 9Pt NMR spectra, despite the1000-fold molar excess
of water relative to [PtG]?>~,” whereas substitution of ClI

the total of 56 unique [PtGlnBr(OH)]>~ complexes
possible (Scheme 1).

The scheme displays the complexes arranged according
to increasing number of coordinated Bions from left to
right, showing the [PtGlBry,]>~ species in the top row.
Species with the same number of Bons are shown grouped

(18) Leden, I.; Chatt, JJ. Chem. Socl955 2936.
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together, with the stepwise substitution of chloride ions by @
hydroxide ions indicated from top to bottom. Other possible
direct conversions (such as the substitution of Bms by

OH™ ions, e.g.,231 — 222 — 213 etc.) are omitted in
Scheme 1 for clarity. The bold numerals to the left of the
species represent the statistically expected isomer ratio, wher
applicable, not taking the consequences of the kirtedits

effect into account. Bold, full and dashed arrows represent
substitutions of Cl by OH™ at a positiortransto a Br~ ion,

3000 -

2000 -

1000 A

-1000
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Substitutionstrans to a Br~ ion are expected to show the
largesttrans effeciof the three types of substitutiohs!%20
This implies that substitutions of Cby OH™ at a position
transto a Br~ ion arekineticallyfavored over thos&ransto

a coordinated Cl ion, which in turn, are expected to be
kinetically favored over replacements of by OH™ at a
positiontransto an OH ion. The'®®Pt NMR spectra were
deliberately recorded under dynamic conditions before solu-
tions had reached a steady state, so that the observabl
distribution of species (as well as the relative concentrations
of species) wasime-dependerand determined mainly by
kinetic rather than thermodynamic factors. Hencetthas
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effec£®?*may be invoked for an initial plausible assignment 1

of the 5Pt resonances to species. As will be shown below,
Figure 4.

2 3 4 5
Number of OH" substitutions of CI' trans to Br-
(a) Average'®Pt chemical shifts of [PtGlm—nBrm(OH)n?~

the full chemical shift trend analysis confirms the correct

complexes (blackn = 0; pink, m= 1; red,m = 2; blue,m = 3; greenm

assignment of these species in solution.

In this way, it is possible to observe 52 of the 56
complexes, 33 of which have not been previously characte
ized by'%Pt NMR nor by any other analytical method, with
the exception of the [PtB{OH),]>~ complex?? Figure 4
illustrates the chemical shift trend analysis which confirms predicted to within 0.2% of the observed averaijé€Pt
our assignment of all [Pt€ln-nBrm(OH)]?~ species; aplot,  values. In this way, th&*Pt resonance at 409 ppm (Figure
using the same hierarchical designation as in Scheme 1, of3) can easily be assigned to one of the two possitiedf
the averag®'*®Pt of the [PtCd_n-nBr(OH)]*>~ complexes  trans) 411[PtCLBr(OH)] isomers. In a similar fashion, the
as a function of the number of coordinated hydroxide ions small resonance at 1044 ppm can be assigned to one of the
is shown, whereby each line represents a series of complexeg12isomers, whereas the resonance at 1642 ppm, is attributed

= 4; aquam = 5; yellow, m = 6) plotted as a function of the number of

n hydroxide ions § = 0—6). (b) Chemical shift increments for the
r- substitution of Ct by n hydroxide ions it = 1—6) at a position trans to

Br~ in [PtCls—m-nBrm(OH)n]2~ complexes (blackmn = 0; pink,m= 1; red,

m = 2; blue,m = 3; greenm = 4; aqua,m = 5).

with an identical number of bromide ions (Figure 4).

The excellent R? > 0.9999) second-order correlations
of the remarkable set of slightly curved, but virtually paral-
lel, chemical shift trends to the line observed for the
[PtCls—.Br(OH),]?>~ series of complexes (line fam = 0,
Figure 4a), is strong confirmation that the complexes with
identical ligand stoichiometry are “grouped” correctly. For
example, the [PtGL.Br(OH),?>" species are correlated
through the line fom = 1 (Figure 4a):0*Pt= —273.8+
697.1n — 21.4? from which, using an integral value afin
the range 65, the averag@®Pt for any particular species
with a defined number of C| Br~, and OH ions may be

(19) Basolo, F.; Pearson, R. @rog. Inorg. Chem1962 4, 381-453.

(20) Von Zelewsky, A. The stereochemical course of reactions of metal
complexes. InStereochemistry of coordination compountiteyer,

G., Nakamura, A., Woollins, J. D., Eds.; John Wiley and Sons:
Chichester, U.K., 1996; pp 26231.

(21) (a) Appleton, T. G.; Clark, H. C.; Manzer, L. Eoord. Chem. Re
1973 10(3—4), 335-422. (b) Preetz, W.; Peters, G.; Bublitz, Chem.
Rev. 1996 96 (3), 977-1025.

(22) (a) Al'Ansari, S. V.; Zheligovskaya, N. N.; Chernova, N. Russ. J.
Coord. Chem1995 21 (7), 547-550. (b) Budanova, N. S.; Zheli-
govskaya, N. N.; Spitsyn, V. I.; Glazunov, P. B. Acad. Sci. USSR
1975 No. 12, 2658-2660. (c) Zheligovskaya, N. N.; Al Ansari, S.
V. Koordinats. Khim.1983 9 (7), 962-964.

to a213 species. Finally, the peaks at 2155 and 2177 ppm
are attributable to isomers of thd 4 species, with the signal
at 2680 ppm assigned aboveQa5 (see Figure 1b).

To assign the geometrical isomers of species correctly, it
turns out that the expected differences in tifaes effect for
the substitutions of Clby OH™ occurring at positionfrans
to Br-, CI~, or OH  (the bold, full, and dashed arrows,
respectively) can be invoked to distinguish these isomers.
This may be illustrated by the observation that immediately
after addition of NaOH solution to the ;AtCk/H,PtBrs
mixture, only thetrans[PtCl,Br(OH)]?~ isomer 4'11 is
visible as a resonance at 409 ppm in the series of
[PtCls-.Br(OH),]?~ species (Figure 5a), while a resonance
of lower intensity at 405 ppmn@t shown in Figure 5a)
becomes visible only several hours after the NaOH addition,
which may be assigned to th&11 species based on
differences in the relativerans effect for the isomers; the
4'11isomer is expected to be formed more rapidly, although
it also disappears at a slower rate (as a result of further
substitution) than thd®11 complex (Scheme 1). This results
in the assignment of the resonances at 409 and 405 ppm to
the 4'11 and 4°11 species, respectively.

Inorganic Chemistry, Vol. 46, No. 18, 2007 7473
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Figure 5. 19Pt NMR spectra of an aged solution with a 2:1 mole ratio gPt€k/H,PtBrs with 3.2 molar equiv of NaOH ([Pt}= 0.38 M) added, recorded
at 3 h intervals to monitor changes in stereoisomer distribution over time: (a) spectrum obtain@dhaiitethe 51°%Pt range of 1950 te-50 ppm. (b) A
detailed view of the spectra over successdvh time intervals showing changes in distribution of stereoisomer of thesB*{OH),]2~, [PtCLBr,(OH),]%-,
and [PtCIBg(OH);]2~ complexes. (Inverted signals are “folded” peaks from the low-field end of the spectrum.)

Figure 5b shows a detailed view ¥fPt spectra acquired  transeffect for substitution of Cl by OH™ in the conversions
over 3 h time intervals to enable the visualization of rela- 4°2°0 — 3M2°¢1 — 212°2¢, After 12 h, a resonance at 793 ppm
tive species distribution changes in time, while obtaining becomes dominant, which is assigned to2f#2° complex
spectra with sufficient signal/noise to observe the complexesbecause this isomer is expected to form more slowly than
present in low concentration. Considering for example the the 212°2¢ isomer ato'**Pt = 796 ppm. Concomitantly, a
[PtCLBr(OH),]?~ species (trend line fan= 1) and applying third isomer peak appears at 787 ppm, which has been
the same reasoning as for the twal isomers above, we identified as2°2!2¢, in agreement with the reaction scheme.
expect the8™12° complex to be kinetically favored over the  Unfortunately resonances ascribable to the other two isomers
312 species, whereas the third stereoisoBer2 will be of [PtCLBry(OH),]?~ (2°2°2t and222%) could not be observed
least readily observable. This is confirmed by Figure 5b, under these dynamic spectral acquisition conditions, which
which clearly shows that during the fir6 h after solution is understandable in terms of the very Idkans effectof
preparation, only one isomer, ti88'12 at 6'9Pt = 1044 OH™ resulting in negligible formation over this time period
ppm, is seen, followed by the later appearance of a resonancef species in which OH ions aretrans to each other.
ato®Pt= 1042 ppm assigned to the ison8& . The3m12 Significantly, the other two isomers 812 [PtCLBr(OH),]>~
isomer could not be seen in these solutions, while both theand 13"2! [PtCIBr3(OH),]?>~, which could also not be
3m1Z and 312 species show only transient existence in observed under any conditions in our solutions, contain two
solution and are in turn converted into the [BE&IOH);]?~ hydroxide iongransto each other, and so, they account for
isomer2°13 at 1642 ppm (Scheme 1 and Figure 5a). Even the “missing” 4 out of 56 possible complexes in our solutions,
more striking is the change in the relative concentrations of although their expected chemical shifts can readily be
the [PtCEBr,(OH),)>~ isomers over a 12 h period. During predicted (vide infra).
the first 6 h, the2'2°2¢ stereoisomer is almost exclusively In this way, virtually all the observable isomers of
present §1%Pt= 796 ppm, Figure 5b) because of the large [PtCls_n-nBrn(OH),]2~ complexes can be easily assigned by
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Table 2. 19t Chemical Shift Increment Trend Correlation Data for the
Substitution of Ct by n OH™ at a Positiortransto Br-, Cl-, or OH~
in [PtCls—m-nBrm(OH)]2~ Complexed

ligand trans to OH

complex Br Cl- OH~
[PtCls—n(OH)n] 2~ 695.8—40..n  665.9— 38.h
n=1-5, n=2-5,
R2=0.9949 R2 = 0.9955
[PtCls—nBr(OH),]2~  722.1—40.2h 719.5—40.In 686.6— 37.In
n=1-5, n=1-4, n=2-5,
R2=0.9967 R2=0.9972 R2=0.9982
[PtCl4—nBry(OH) ]2~ 745.5—39.&h 742.0—40.n 715.1—- 37.&n
n=1-4, n=1-3, n=2-4,
R2=0.9978 R2=0.9990 R2 = 0.9996
[PtCla—nBrs(OH),J2~ 770.7—40.&h 765.0— 41.0n  744.0— 40.0n
n=1-3, n=1-2 n=2-3
R2=0.9994
[PtCl—nBrg(OH)J2~  793.0—41.0n 743 686
n=1-2 n=1 n=1
[PtCl—nBrs(OH) 2~ 773.0
n=1

Moreover, because all detectaBf&Pt NMR resonances in
our spectra could be satisfactorily assigned to the complexes
listed in Table 1, we conclude that polynuclear species either
do not exist under the conditions in our solutions or that
they may be present at a level well below the limits of
detection of high-field?®Pt NMR spectroscopy in our
relatively dilute solutions.

Finally, an interesting, if at first unexpected, phenomenon
pertaining to the strongly alkaline solutions examined here
was the observation that upon storage of these solutions
directly in the NMR tubes without specific precautions,
the 1°5Pt resonances attributed to the hydroxyl-substituted
Pt(1V) complexes slowly disappeared from the spectra, after
later re-examination of the these solutions. In'iet NMR
spectra recorded during the first few hours after NaOH
addition to pH~12—13, there is a rapid and significant
increase in the relative concentration of [RtGl.nBr(OH),J>~

aThese may be used to predict chemical shifts for any desired ternary SP€Ci€s with highen, following the relatively rapid OH

complex in these solutions.

substitution of halide ions from the coordination sphere of
Pt(IV). However, if these solutions are re-examined 24 h

a similar trend analysis approach as verified above for the after NaOH addition, the halide complexes [RtGBr ]2~

[Pt(Cls—n(OH)y]>~ and [PtBe-_,(OH),]>~ (n = 0—6) series
of complexes shown in Figure 2. Almost perfectly linear
trend lines R? > 0.995), correlating families of complex

again begin to dominate tH&Pt NMR spectrum, suggesting
that halide anation reactions (by halide ions displaced by
OH ions initially) take place. (The concomitant color change

Pt(IV) species, are obtained in all cases, which strongly from deep orange/red to light orange/brown back to orange/

supports the correctness of the respeciiéPt assignments.
Figure 4b shows a plot of th&(6%Pt) values for the
substitution of Ct by OH™ at a positiontransto Br—. In
excellent agreement with the incremental shift principle
shown to hold for the single halide [P§%,(OH),]>~ com-
plexes described above, substitution of @y OH™ at a
positiontrans to a Br ion causes a\(6'%Pt) consistently
~25—30 ppm larger than substitution of Cby OH™ at a
positiontrans to an OH ion. Substitutiontransto a CI-

ion also consistently results in, albeit slightly smaller, shift
increments of 29 ppm, as compared to substitutitmans

to a Br ion.

Similar plots (not shown) ofA(6%*°%Pt) values for the
substitution of Ct by OH™ at a positiortransto CI~ or OH~
produce lines with equally good linear correlations. In
summary, the linear correlations for all th%Pt chemical
shift data for each family of complexes are listed in Table
2. These trends may be used to predict 18t chemical
shifts of the four complex isomers which could not be
directly observed in our solutions, nameBfi12 at 6'%pPt
= 1019 ppm2°2¢2' at 6Pt = 767 ppm 2122t at )1°Pt=
768 ppm, and.3"2! at 61°*Pt= 503 ppm. This demonstrates
the utility of this approach in assignirtfPt chemical shifts
for such complexes. The full list containing all the assigned
[PtCls—m-nBrm(OH),]?~ complexes (including only 4 pre-
dicted shifts) is given in Table 1.

It should be noted that we find no evidence in é%Pt

red is consistent with the dynamic nature of these solutions.)
This might at first appear to be rather surprising because
the addition of a large molar excess of either NaBr or NaCl
to a fresh aqueous solution of authentic,[R4OH)s] does

not result in the formation of any detectable quantities of
[PtXs-n(OH),]>~ complexes when monitored B§Pt NMR
over a period of several weeks. Similar “irreversibility” of
OH~-substitution reactions has also been observed for the
Pt(1l) complexes [PtGL,(OH).]>~ complexes? implying a
relatively high thermodynamic stability, as well as kinetic
inertness to substitution of Pt(Il/IV)-hydroxo complexes. In
our solutions, we find that this phenomenon is essentially
pH dependent. Thus, after the addition of concentrated NaOH
to solutions of [PtG-.Bryn]>~ complexes, the pH of the
initially strongly alkaline (pH~12—13) solution declines to

pH ~7—8 upon storage over a 24 h time period without
specific exclusion of air. This suggests that atmospherig CO
is absorbed by the strongly alkaline solutions containing the
[PtCls—m-nBrm(OH),]?>~ species through the ethylvinylacetate
stopper of the NMR tube, resulting in the regeneration of
[PtCls—nBrm]>~ complexes in the final almost pH neutral
solutions. Presumably as the pH of the solution declines as
a result of carbonic acid absorption/formation, protonation
of the kinetically inert hydroxyl substituted [P#C}Br(OH),]2~
complexes results in the formation of the corresponding much
more-labile aquated complexes, which then react with the
relative excess of halide ions present in solution, resulting

NMR spectra for any polynuclear hydroxo-bridged species in the [PtCh-nBrJ>~ complexes becoming predominant in

such as dimeric and trimeric Pt species with four-membered

Pt(OH)Pt rings (hydroxo-bridged complexes) that have been (23) (a) Agnew, N. H.: Appleton, T. G.; Hall, J. Rust. J. Chem1982

reported in literaturé?® In any event, these polynuclear
complexes have in general markedly differé#tPt values

compared to their corresponding mononuclear species.

35(5), 881-894. (b) Boreham, C. J.; Broomhead, J. A.; Fairlie, D. P.
Aust. J. Chem1981, 34 (3), 659-664.

(24) Wu, L.; Schwederski, B. E.; Margerum, D. Whorg. Chem.199Q
29 (18), 3578-3584.
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neutral solutions again. This emphasizes the dynamic natureunambiguous assignment of all stereocisomers of this series
of the speciation study carried out here. Although this of complexes. Thé\(61°Pt) for substitutions of Clby OH~
interesting observation requires more detailed investigation, at a positiortransto Br~ is consistently slightly larger than
support for this hypothesis is obtained when thoroughly at a positiontransto CI~ and significantly larger (by 25
argon-degassed solutions were used instead and by perfor30 ppm) than at a positiotrans to OH™. The observed
mance of the NaOH additions in a Schlenk tube under argon.relative peak intensities of the stereoisomers, under dynamic
Solutions protected from exposure to atmospheric gases andonditions, are largely determined by the differences in the
kept under Ar in the NMR tube remained at their initial high transeffect of the ligand for which &ranssubstitution takes
pH, and the distribution of [Ptgl,Br(OH).]?>~ species place in the coordination sphere of the Pt(IV) complex. As

remains stable for several weeks. a result of the smalrans effect leading to the formation of
, species where hydroxide ions are at a positiransto each
Concluding Remarks other, only four stereoisomer8M12, 262¢2¢, 21212t and

DynamicPt NMR experiments carried out together with  13™2") could not be observed under any of our conditions.
the corresponding internally consistent chemical shift trend However, their'®Pt chemical shifts can be predicted with
analysis is a powerful method for the rapid assignment of reasonable certainty from the lineA(6!%Pt) trend lines
nearly all of the 56 [PtGlLm-nBrm(OH)q]?>~ complexesif, n obtained for related observable species in a particular series
= 0-6), including where possible, their respective geo- of complexes.
metrical isomers. In this manner, 33 new species have been
identified and characterized by théf®Pt chemical shifts.
The chemical shift trend analysis is based on the fact that
the averag@!®%Pt of [PtCh-_m-nBrn(OH),]?~ species displays
excellentsecond-ordercorrelations when plotted as a func-
tion of the number of hydroxide ions for families of
complexes. The remarkablipear relationships between the
chemical shift increment#(6'%Pt), induced by substitution
of CI~ ions by n OH™ ions allows for the virtually IC700804T
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