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Ligand exchange reactions of thallium(lll) cyano complexes, TI(€N) have been systematically studied in
aqueous solution contairgrd M ionic medium{[ClIO4 Jiot = 4 M, [Nat]ot = 1 M, [Li TTiot + [H*]tot = 3 M},

at 25°C, using?%5Tl and13C NMR one-dimensional inversion transfer techniques. Rate constants for all dominating
exchange pathways were determined and compared to the previously studied thallium(lll) halide complexes. Also
in the case of cyanide ligands the ligand exchange is dominated by the rare type of reactions oe@uaing

direct encounter of two complexes (self-exchange reactions), e.g. HEN)(CN),* = TI(CN),* + TI(CN);3

(kaz, kzg) or TI(CN)z" + TI(CN)4s~ = 2TI(CN);3 (ko4, kss). The determined cyanide exchange rate constants between
complexes TI(CN)2~™ and TI(CN)3™, k{ﬂﬁ for the rate-determining step have all similar values, about-100

1000 s, that are 5 orders of magnitude smaller than for the corresponding halide exchange processes. This
indicates the presence of a common rate-determining step for the self-exchange reactions of the cyanide ligand,
proposed to be the breaking of the thermodynamically very stabi€Nl bond. This is in contrast to the TI-

(1l —halide systems, where the breaking of the-DH, bond was proposed to determine the reaction rate. The
second type of cyanide exchange, namely anation, has been found only in two cases TH@NY~ == TI(CN);

(K'23, k'32); and TI(CN% + CN~ == TI(CN)4~ (K'34, k'43). These reactions are very fakty,~ 10° M~1s71, and

are proposed to proceed through an associative interchange mechanism, where the rate-determining step is a
water dissociation mediated by the incoming ligand, i.e. similarly as for the corresponding halide complexes.
The third type of cyanide exchange reactions was possible to study due to the presence of an NMR-active nucleus
(*3C) in the ligand. Only the following ligand substitution reaction was observed: TIBCN) HCN = TI-

(CN)2" + H*CN (K3 picn Kiien o)+ The reason for the dominant role of the self-exchange reactions is the very low
concentration of free CNand the inertness of the HCN species in the ligand exchange reactions. The obtained
dynamic information is discussed and compared to the corresponding data for the thallium(lll) halide complexes.

Thallium(lll) forms very strong complexes with halide second complexransTICN,(OHy)4™, thallium retains the six-
ions1=% Recently, the formation of even stronger complexes coordination; the THCN bond length is almost the same as in
between TI(Il) and cyanide, TIIC\N™, n = 1—4, was the first complex, 2.11 A, and FHO is 2.42 A, that is 0.2 A
established and their stability constants were determingéte longer than in the hydrated thalliumi3ion, TI(OH,)e*". Upon
structure of the halide complexes was studied both in solid stateformation of the third complex, TI(CNJOHy), the coordination
and in solution by means of IRRamar?~11 X-ray diffrac- number decreases to 4 and the symmet@sjswith TI—C 2.15
tion,1213 and 2°5TI NMR spectroscopy. Very recently, a A and THO 2.42 A. The fourth complex is tetrahedral with
detailed multimethod study was published on the structure, the TC bond length equal to 2.19 A.
symmetry, and coordination numbers of TI(lll) chloro, bromo,  The dynamics of aluminum group elements has been scarcely
and cyano complexes in agueous solufibrin the first cyano studied because of the difficulty to monitor the reactions. The
complex TI(Ill) is six-coordinated, TICN(Os*". In the solvent exchange was investigated for aluminum, gallium, and

indium 1517 The mechanism of the solvent exchangeifot
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Table 1. Kinetic Data for TI(lll) Cyano and Halo Complexes

TICN),
cyanide bromid& chloride®

knd/M 1571 I N e S e
Ko1 <3 <4 x 100 4x10° 6 x 10°
ko2 4.1+ 0.3 9x 1 2 x 108 1x 108
k12 <1 <100 6x 10° 4 x 10°
ko3 161+ 9 55x 10? 3 x 10 9 x 107
Kaa 446+ 14 15x 10 8x 10
k24 712+ 200 5x 102
k'12 1x10° 6 x 107
K'23 3.4x 10°2(7.3+£1.4) 11x10° 6x 100 1x 1@

k'aa 45x10°3(16.3+1.5) 15x10° 5x10° 2x1C

Kicnz 0.37+0.03 1 ° 2 -7og[H+](i 0.5 ° °
. # Calculated from _the faie constant values of the reverse reaCtionSFigure 1. Distribution of cyanide-containing species as a function of
(in parentheses), using the equilibrium constants from ref 7. the total acid concentration. [ = 0.15 M, and [CN] = 1.0 M.

species in complex formation kinetics. Lincahal. reported
a lower limit of the pseudo-first-order rate constant on the ClI
exchange of the TIGt complex??

There are only three recent papers dealing in detail with the
ligand exchange of hydrated complexed thallium(lll) ions in
chemical equilibriun?®-25 In these papers, we established high-
field 205T1 NMR spectroscopy as a powerful tool to elucidate
exchange paths using the line shape and$3isand two-
dimensional exchange spectroscopy (2D EX%Y Three types
of exchange paths were identified for thallium(lll) chloride and
bromide complexes. The first path is ligand “self-exchange”
between complexes with no net chemical change, for example

leaving of a water ligand from the first coordination sphere of
TI(l) is the rate-determining step.

The anation reactions, eq 2, dominate the ligand exchange
for higher complexes and depend on the entering ligand;
therefore, an associatively activated rate-determining step was
proposed. This dependence was not very pronounced, and the
mechanistic conclusion was somewhat unceaiitherefore,
it was thought that similar data for a more divergent ligand could
clarify the situation and a study of the thallium(lll) cyano
complexes was initiated. The cyanide seemed to be a logical
choice because of the following:

(i) It differs significantly from the halides in its bonding

Ky character and basicity. (ii) It forms stable complexes with
TIBr," 4 TIBry==TIBr, + TIBr," (1a) thallium(lll), and the equilibria are knowh. (i) The structure
of the different complexes has been determitfedv) A recent
The second path is also a ligand exchange between twoinvestigation showed that although no line broadening was

complexes but involves net chemical changs. observed, the time scales offered by the spittice relaxation
times, Ty, in both295T] and13C NMR, are suitable for a dynamic
IBr2* | g Br.* study?®
TIBr™" + TIBry T2 2TIBr, (1b) The detailed knowledge of the equilibria and structure of the

TI(CN)(OH2)®" complexes constitutes the basis for a study
and the third one is the anation or complex formation reaction of ligand exchange dynamics in this system and is a necessary
of thallium(lll) complexesge.g. precondition for suggesting reliable reaction mechanisms. The
distribution of cyanide among the different species (Figure 1)
indicates a considerable stability of the complex TI(&N)
(OHy)4*, which exists in a wide region of concentrations even
in very acidic solutions.

Rate constants for all dominating ligand exchange pathways | 2057 NMR spectra of aqueous solutions in natural isotopic
were determined for both halide systems (see Table 1). Thegpyndance, TICNJ™ complexesit = 0—4) give rise to five
first type of reaction (eqs 1a,b) is a very rarely encountered singjet peaksdf. Figure 1 of ref 7) with no measurable line
kind of ligand exchange related to the inner-sphere electron proadening at room temperature. 2#TI NMR spectra of3CN-
transfer as far as the ligand-bridged transition state is gnriched solutions a very stroA3C—205T| spin—spin coupling
concerned®# This exchange pattern dominates at low ligand  gpnears (515 kHz) offering yet another time scale for dynamic
to metal ratios ), and the reason that it is observable at all is gt gies’

the very low free ligand concentration due to the strong complex Recently, 25T| and 13C NMR 2D-EXSY technique was
formation. Taking into account the effect of different ligands applied on al3C-enriched aqueous solution containing the
and the activation parameters, a disspciatively activated imer'species TI(CNy, TI(CN)s~, and HCN2® From the cross peak
change process was suggested to opeirategfter the encounter  ayarn it was concluded that thig relaxation time scale of the
of two complexes and formation of an outer-sphere complex, 2os1| nycleus is suitable for dynamic analysis for the higher

complexes. It was also shown that only such exchange reactions

K
TIBr," + Br~ == TIBr, (2

(21) Funada, R.; Imamura, T.; Fujimoto, Bull. Chem. Soc. JprL979

52, 1535 occur in which a single cyanide ion jumps between the
(22) Lincoln, S. F.; Sandercock, A. C.; Stranks, D ARst. J. Chem1975 exchanging sites. For lower complexes, where the ligand
23) é%g?ﬁ:- Glaser. 3. Am. Chem. S0d989 111 3186. exchange appears to be_ much slower, the carbom;ltBne
(24) Banyai. |- Glaser. JJ. Am. Chem. S0d99Q 112 4703, scale seem.ed to be promising. In the current paper, we present
(25) Batia, G.; Banyai, |.; Glaser, J. Am. Chem. S0d.993 115, 6782. a systematic kinetic study of ligand exchange in the thallium-
(26) Lappin, A. G.Redox Mechanisms in Inorganic Chemistiilis () cyanide system in aqueous solution contagn M ionic
@ *;ga’ggoﬁ_'l\\‘ﬂey"ér:‘);'k_z é?gﬁ?g_pu%zfrf%hem_ 04953 75, 4118, medium. Since most of the investigated solutions were kept
(28) Taube. H.. Myers, HJ. Am. Chem. S0d954 76, 2103. acidic in order to prevent the hydrolysis of TI(lIl), HCN had to

(29) Taube, H.; King, E. LJ. Am. Chem. Sod.954 76, 4053. be considered as one of the possible exchange partners. The
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TICN); was determined by quantitativ®T| NMR. Some details of sample

preparation and analysis were described in the previous paper.
\TI(CN)_/ NMR Measurements. All NMR spectra were recorded at a probe
4 temperature of 25 0.5 °C with a Bruker AM400 spectrometer. The
900
80

magnetic field was unlocked,; field drift was found to be negligible.
Thallium-205 NMR. Spectrometer frequency 230.8 MHz, flip
- 0 angle~x 15° (15us), and the pulse repetition time varied between 0.02
T and 0.5 s depending on the solution composition since the relaxation
rates for the different complexes were different. The chemical shifts

=
A — o s are reported in ppm toward higher frequency with respect to an aqueous
— 1 % solution of TICIQ, extrapolated to infinite dilution.
e - 06 Carbon-13 NMR. Spectrometer frequeney 100.6 Mhz, flip angle
~ 30° (8 us), and the relaxation delay was in the rangel8 s
depending on the relaxation rates of the investigated species. The
chemical shifts are reported in ppm toward higher frequency with
respect to an external water-soluble sodium derivative of TMS.
n @) Inversion Recovery Experiments. A microprogram was written
on an Aspect 3000 computer for application of theldxation delay-
(selective)-variable delay-z/2—aquisition” pulse sequence, with
regulation of the frequency offset exactly on the observed peaks in
order to obtain quantitative spectra. The® 9@/2) pulse length was
determined for solutions with varying acidity. In the casé’®fl NMR
there was no need to apply a selectivgpulse because the applied
pulse was soft enough (16@00 us) and thus affected only the peak
on resonance. IHC NMR, a 40 element DANTE pulse sequence was
applied in order to achieve a selective inversion of the desired gé#ks.
Integrated intensities were determined by using the standard Bruker
software. In the majority of cases the complementary experiments were
also carried out; i.e., both peaks vere inverted resulting in four series
of experimental points (Figure 2a).

16

100 1

integrated intensity
=)

0 1 2 3
log (time/ms) +0.3

_ . o ) Results and Calculations
Figure 2. (a) Top: Typical magnetization transfer experiment¥nl

NMR. The left side (1) shows the inversion of the TI(GNignal (while Data Treatment. A typical inversion-transfer experiment
observing the TI(CN)and TI(CN),~ signals), and the right side (2)

. . ; for a two-site exchange case is shown in Figure 2a. The
shows the inversion of the TI(CIN) signal. The numbers represent . . . .
the delay in milliseconds between the selectivepulse and the  calculations were made on the basis of the explicit equation
“reading” z/2-pulse. (b) Bottom: lllustration of the result of parameter Suggested by Led and Gesndamhich can be written as
fitting using eq 3. Curves 1 belong to TI(CN)while curves 2 belong
to TI(CN)a. M = C expAit) +M*” 3)

whereM is the column matrix of magnetizatio@, is a square
study was performed using tR&T| and13C NMR 1D inversion matrix, and exp¢At) is the column matrix of constants. The
transfer technique. The one-dimensional technique was appliedconstants are combinations of eight parameters written below,
because in the case of a few signals 2D-experiments would bewhile t is the delay time between the selective inversion pulse
more time-consuming and the results would probably be less and the nonselective, reading pulsé Supporting Information).
precise®®3! The obtained dynamic information is discussed and ~ When the complementary experiments were run, the four
compared to the corresponding data for the thallium(lll) halide curves were handled together as shown in Figure 2b. In most

complexes. of the experiments the following eight parameters were refined
using a homemade program based on the Gahssvton—
Experimental Section Marquardt algorithm: pseudo-first-order rate constakisind

ks, longitudinal relaxation rate$;a andR;g, and the equilib-

Preparation and Analysis of Solutions. A ~1.4 M aqueous stock  fium and the initial magnetizations at both exchanging sites,
solution of TI(CIQ)z in 3.8 M HCIO, was prepared by anodic oxidation ~ Ma®, Ma%, Mg®, andMgP. (Ideally, |M;®| = |M;°, but the used
of TICIO,4 solution®23® The samples were prepared from the appropriate way of calculation eliminates the effect of a nonperfect selective
volume of the diluted stock solution, the solutiorfsidV HCIO4, 4 M inversion.) When one of the relaxation rates was available from
LiClO4, and 4 M NaClQ, and a weighted amount of solid NaCN. In - jndependent experiments, it was kept constant in order to obtain
order to keep the activity coefflc_lents of the reacting species constant, lower standard deviations for the rate constants.
memtlﬁt:r'egesr[cgf]ora;f}g?fﬁe”&ae?gu:iaezfgsaﬂ d;”%&':‘i&ag;t q In two cases we faced a situation when one or more species

’ ° ot P 9 in the solution had much shorter relaxation times than the other.

solution composition. | ied Ei h he si | with f
The acid content and the thallium content of the stock solution were t carried two consequences. First, when the signal with fast

determined as described elsewh®relhe composition of the samples ~ '€laxation rate was inverted, no magnetization transfer was

observed because the longitudinal magnetization of the inverted
(30) Szabo, Z.; Glaser, Magn. Reson. Chenl995 33, 20. signal relaxed before being transferred by chemical exchange
(31) Led, J. J.; Gesmar, H. Magn. Resonl982 49, 444, to the other sites. In this case a determination of the pseudo-

(32) Glaser, J. Ph.D. Thesis, The Royal Institute of Technology (KTH), first-order rate constants was not possible. Secondly, when the
Stockholm, Sweden, 1981.

(33) Biedermann, GArk. Kemi1953 5, 441. signal was inverted which had an appropriately long relaxation
(34) Biedermann, G.; Glaser, Bcta Chem. Scand.986 A4Q, 331.
(35) Noyes, A. A,; Pitzer, K. S.; Dunn, C. 0. Am. Chem. S0d.935 57, (36) Freeman, RChem. Re. 1991, 91, 1397.

1223. (37) Morris, G. A. F. RJ. Magn. Reson1978 29, 433.
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time compared to the exchange rate, no magnetization transfer 250 °
could be observed on the other signals either. This can be
explaned in the following way. Consider a simple model of 200 2
three site exchange between the sites A, B, and C:
K 2 Qiso 1!
o
R R R =100 D .
If we put negative magnetization on peak B, the magnetization 3
from site B has three possible paths to leak away from the 50 .
system: (1)Re, (2) kea followed by Ra, and (3)kac followed 7
by Rc. Thus, it will apparently relax with the following rate: 0 ; ‘ J ‘
dM 0 0.2 0.4 0.6 0.8 1
2 molar fraction
=—(Ry+ + M,=—-R 5
dt (Re + kaa Koo M; Me ®) Figure 3. Dependence ok35° (1) andk3:® (2) on the thallium molar

o , __fraction of the TI(CN)~ complex f4) and ofk35° (3) andk3:® (4) on
Therefore, the rate-determining step for leaking of magnetization the molar fraction of the TI(CN)complex 0s). [Tl = 0.15 M,

on sites A and C is the chemical exchange. If we determine [CN-]x = 1 M, and [H]« varies as shown in Figure 1. The solid
the apparent relaxation rate for site B at different solution lines are the calculated curves from the best fit using egs 9, 13, and
compositions, the values k§a andkgsc can be determined from 17, 18.
the concentration dependence using nonlinear least-squares
analysis. IfRa and Rc are much larger thakag and kcg,
respectively, no transfer of negative magnetization can be 100
observed.

(i) Determination of the Rate Equations by Means of%ST|
NMR. (a) Exchange between TI(CNYOHy) and TI(CN)4™.
Considering the equilibrium parameters, a series of solutions

120

o]
(=)

k(obs)/(1/s)
3

could be prepared in which only the third and fourth complexes 40

were present with varying relative population. This was 20

achieved by changing the acid concentration and keeping the

other concentrations constant. Successful inversion transfer 0

experiments were carried out; the relaxation rates and pseudo- 0 0.05 0.1 0.15
first-order rate constants were determined as described above; [T1]

cf. Figure 2. The pseudo-first-order rate constants are showngjgyre 4. Dependence ok%® (1), k22° (2) (ps = 0.65) andk3® (3),

as gfunctlon of the molar fractions of the exchanging complexes k2 (4) (ps = 0.56) on the total concentration of thallium. The solid

in Figure 3. lines are calculated from the best fit using eqs 9, 13, and 17, 18 and all
It can be seen thajs® is linearly dependent on the molar ~ experimental data points (see text).

fraction of the third complexps, and hence also qm, sinceps . ) )
= (1 — ps). Two exchange paths which can transfer magnetiza-  linéar dependence @a. The following short deduction leads

tion from TI(CN),~ to TI(CN); are potentially observable in  to the equation which describes the dependendéfon ps:

205T| NMR spectra:
rate= k';,[TI(CN),J[CN"] +

k’43 — —
TI(CN),” 5= TICN); + CN (6) 23 [TI(CN),J[TI(CN), ] (10)
k4 I’ate _ 1, 0bs__ i —
TI(CN),” + TI(CN); ~==TI(CN),” + TICN), (7) Ny Kag = K'g[CN'] + 2k [Tl Py (11)
For reactions 6 and 7, the rate equation would be [CN~] can now be expressed by introductionkaf the stepwise
_ _ stability constant of TI(CNy~, as follows:
rate= k',{TI(CN), ] + 2k,4TI(CN), JITICN)2] (8)
o . . [TI(CN), ] P4
Multiplication by 2 in the second term of eq 8 is necessary K,= — = — (12)
because in eq 7 both directions must be consideredkar [TCN)SJ[CN] (1 — py[CN]
kss. Hence,
Therefore k3% is
A8 o s b 2K [T s =
— ™43 T R43 43| tot M3 T '
[TICN), ] ’ L L P 13)
' _ 34 K (1 _ ) 34 tot M4
K'43 1 2Ky Tl] 1o(1 — Ps) (9) 4 Pa

When the total thallium concentration is constant, this expression  The plot of k3;° »s p is shown as curve 2 in Figure 3.

shows a linear dependence K on ps, as represented by ~ Furthermore, eqs 9 and 13 show a linear dependendg;df

curve 1 in Figure 3. andk32on [Tl), if psis constant. These equations are plotted
According to the principle of microscopic reversibility, the as curves 1 and 2, respectively, in Figure 4.

opposite reaction paths, andly the opposite ones, should also A nonlinear parameter fitting procedure was applied using

exist. However, the rate of the opposite reaction does not give eqs 9 and 13 on 19 measured points (each point originates from
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four kinetic curves) from the experiments at different total rate constant is about-% s™1. On the other hand, the long
thallium concentrations with variable ratio between the third relaxation time of the TI(Ob)e*>" complex,T1 = 1.2 S Ruq=
and fourth complexes. In order to improve the fitting, only two  0.83 s1), could provide a time scale for studying of exchange
parameters were refined resultingdn = ki3 = 446+ 14 M1 reactions involving lower complexes. Thus, the relaxation rate
s landk'sz = k'ss/Ks = 16.34+ 1.5 M1 571, from whichk’ss of the aqua complex was now measured in the presence of the
= 4.48 x 10° M~1 s7! because&K, = 2.75 x 10°.7 The solid TI(CN)2+ and TI(CN)}" complexes and evaluated according to
lines in Figures 3 and 4 represent the results of parameter fittingeq 5. TheR}, value showed a linear dependencepgifmolar
of all experimental data. fraction of the second complex), which may be attributed to
(b) Exchange between TI(CNYOH2)4™ and TI(CN)3(OH>). the following exchange reaction:
The next series of solutions were prepared by increasing the
acidity but not changing the other concentrations; the dominant
species were the second and third complexés{gure 1). A
much less pronounced inversion transfer was observed in this
case indicating a slower exchange process. Curves 3 and 4 inThe slope oR* vs pis 0.494 0.02 s'%, from whichkoz = 4.1
Figures 3 and 4 show the dependence of the pseudo-first-ordert 0.3 M~! s7! while the interceptRaq = 0.861, is in excellent
rate constants opz and [Tl The following exchange reac-  agreement with the determined relaxation rate in the absence
tions were considered in order to describe these changes:  of cyanide ligands.
205T| NMR did not provide any additional way to obtain rate
constants for the other possible exchange reactions. From these
data, one can calculate an upper limit for the rate constant of
) exchange for the reaction type 1 between the aqua complex and
+ - first cyano complex. We assume that the pseudo-first-order rate
TICN)," + TICN), 'S 2TI(CN)s (15) constant of this exchange may not be larger than 10R.gf
) that is 0.08 st at the highest used concentration of TI(EN)
+ = + (about 0.03 M in these experiments). From thig, = 0.08/
TIEN),™ + THCN)s T2 THEN),™ + THCN); - (16) 0.03= 2.6 M1 s!is a possible upper limit.
(i) Determination of Rate Equations by Means of13C
In the same way as above (egs 8 and 9 and1H), the NMR. 13C NMR spin-lattice relaxation times in the studied
following equations were constructed in order to describe the system are much longer than those?#TI NMR. This has

Tﬁwfmcm;%%zmcm“ (19)

k’Z
ﬂ@m;+cwﬁfﬂ@m3 (14)

dependence of the pseudo-first-order rate constantsop, allowed one to investigate slower exchange processes using
and [Tl}o using the relatiomps = 1 — p2 — ps. magnetization transfer between the cyanide ligands ofXBe
K s enrichﬁd complexes. | (CNOHZ and T
obs _ n — Exchange Reactions Involving TI(CN)(OR)s** and TI-
23 Ksp, FRad Tliod = P2 = Po) + 2ol Tl P (CN)2(OH2)4™. In order to investigate the self-exchange
17 reaction between the first and second complex, samples were
K’ BB prepared for whicH3C NMR spectra showed only signals of
k35 = — 2 4 b, AT o D5 + 2K Tl P, (18) these two species. Even if small amounts of{Tl were
K 24 5 tot M3 32l ! 1 tot M2 . N ; .
3 3 unavoidable, it did not disturb the conclusions. The coupled

doublet of TI(CN}(OH,)4" in the 13C NMR spectrum was

A measurable amount of the fourth complex was present only inverted by means of two side bands of a DANTE pulse
in three samples but always less than 10% of the total thallium sequence, but it was found that it relaxed with the time constant
concentration. In these three cases the pseudo-first-order ratdR ~ 0.5 s1 (T; ~ 2 s), independently of the composition of
constants were calculated on the basis of a three-site exchangéhe samples. Taking into account that in case of a 10%
model using the previously determined rate constants for the contribution the transfer of magnetization should have been
third and fourth complexes as fixed parameters. Again, the detected, an upper limit of 0.05%was estimated for the first-
connections between the rate constants were extracted from therder rate constant of the exchange reaction type 1 between the

microscopic reversibilityi.e. ks = Koa(8482/33%), K'23 = k'3K3 first and the second complex. In this solution the concentration

andkoz = ksp. These three rate constants were calculatégh of first complex was 0.05 M; thus, the upper limit ko = ko;

=73+14M1st(k33=3.43x 1M 151 K3=47x is~1 M~1s1 The highest value df 1, could not be estimated

1087), kog =712+ 200 M1 s andkys = 161+ 9 M~1sL, because of the very low concentration CN

The constanky, is determined by only a few points; thus, its Since T; of the 13C nucleus in HCN could be determined

calculated standard deviation has limited statistical significance. from independent experiments and was found to be considerably
(c) Exchange between Lower Complexes(< 2). In order longer (T, = 16.3 s), it could allow an estimation &ficn 1,

to investigate the dynamics of lower complexes it was necessarythat is the transfer of CNfrom HCN to TI(CNf*". Unfortu-

to decrease the ligand-to-metal ratio; otherwise, no dominancenately, samples containing the complexes TIgi3H and TICN-

of the monocyano complex or aqua complex could be achieved (OH,)s2" in the presence of HCN, in concentrations measurable
(cf. Figure 1). However, at low ligand-to-metal ratios no by 3C NMR, could not be prepared because of the high stability
inversion transfer was observed at room temperature. After theof TI(CN),". Consequently, no data could be recorded and no
18C° pulse, the signals of TI(CNR} and TI(CNY" relaxed reliable limits fork'o; andk'1» could be determined in this way.
independently with their own relaxation rates. Apparently, their  In the case of the second complex, solutions could be prepared
relaxation times, 30 ms.¢. relaxation rate constant 30 s containing exlusively HCN and TI(CN) in a wide variety of
and 20 ms (509", respectively, are too short compared to the concentration of the second complex. In Figure 5, a series of
rate of the exchange reaction at room temperature. Hence,'®3C-NMR inversion transfer experiments from the HCN doublet
supposing that a 10% change in the magnetization throughto the TI(CN}" doublet are shown. A 300 Hz broad “selective”
chemical exchange would be detectable in the presence of thepulse train was constructed by which the HCN doublet could
longitudinal relaxation, the upper limit of the pseudo-first-order be inverted with at least 80% efficiency. Although these
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TICN) } From this, we conclude that in the reaction path (20), also the
following parallel exchange path seems to be operative:

HCN
l H TI(*CN)," + CN™ & Lo,

=TICN)," +*CN™  (23)

If Since the total concentration of cyanide is equakten =
I 5 [CN ] + K [HT[CN~], whereK, = [HCN]/[H*][CN~] = 1.29
e 4 100 M,38:3% the equilibrium concentration of CNcan be
N R v w3 calculated as [CN] = cuen/Kp[H '], becauseé[H*] > 1, and
e Ir 2 [HCN] ~ cuen. Thus, the total rate of cyanide exchange for
T 1 the TI(CN)* complex can be obtained by considering egs 20
- 0 and 23:

rate= 2Kk, ey ATI(CN), TTHCN] + 2kCNf,2[TI(CN)2*1[CI(\12 3

Figure 5. 13C NMR inversion transfer between HCN and TI(GN)

in the case when the inversion transfer had a visible effect on the signa

of TI(CN),". The variable delay time in seconds between the selective

z-pulse and the “reading/t/2-pulse is shown. rate — |Obs
Cen HCN,2 =

|After substitution of [CN] and [HCN],

kjj ] [TI(CN),"] (25)

kHCN,Z

) . . p
experiments do not concern ligand exchange between the various

thallium sites and are principally outside the scope of this work, we get an equation which has the same form as eq 22, since
we considered them necessary for the discussion of the[TI(CN),*] is constant in the studied solutions. Using this
mechanism of the anation reactions (see Discussion). Dependequationken-2 = k'1Kp /2[TI(CN),] = 0.046x 1.29 x 10192
ing on the concentrations, a transfer of the inverted magnetiza- x 0.05= 6(+0.5) x 10° M~1s71, while kycn 2 = 0.374:0.03)
tion was or was not observed but in all cases the apparentspin M~! s™%. Note, thatkyc,, is used for the total exchange
lattice relaxation time of HCN was shorter than in the absence process (i.e. both for the reaction of TI(GN)with HCN and
of TI(I). When measurable inversion transfer was found, with CN™) and kqcn2 When only the exchange path with
eq 3 was used for calculating the pseudo-first-order rate con- contribution of HCN is considered.
stantsk“’cs,\, 2 andk‘z’bjc,\, When the effect appeared only in the The kinetic data obtained for the cyano complexes, together
relaxation tlmeTl of HCN, then eq 5 was used to calculate with the corresponding data obtained previously for the halide
kﬂbcs,\, 5 and k2HCN was calculated using the microscopic complexes, are summarized in Table 1. Calculation of rate
reversibility from the known composition of the solution. constants of the rate-determining steps is model-dependent and
kakg:sNZ showed a linear dependence on the TI(€Ngoncen- it is dealt with in the Discussion section.
tration (intercept= 0) and was not dependent on the HCN
equilibrium concentration. kngSCN gave the opposite depen-
dence from which the following exchange path could be Ligand Exchange between Complexes.Similarly to the
identified: thallium(lll) halide complexed32*also in the case of cyanide
. ligands the ligand exchange is dominated by reactions occurring
* _ﬁN. * via a direct encounter of two complexes. (egs 7, 15, 16, and
TiC CN) +HCN Tl(CN)2 +HCN - (20) 19). In the following, we will call this reaction typkgand
self-exchangdetween complexes, in analogy to electron self-

Discussion

From linear plots OfkﬂchN,z vs [TICN)2*] and kS%ey vs exchange reactiorf. For such reactions Scheme 1 can be
[HCN], the second order rate constants at 1.4 M acid concentra-written (here exemplified by reacticks).
tion arekfcy, = 1.7 £ 0.16 andk} ;o = 0.76 + 0.14 M1 Scheme 1 differs from the usual picture of ligand exchange
s L. Since one molecule of TI(CH) contains 2 CN ligands, processes because the “incoming ligand” is also a complex. It
we obtain shows a reaction in which each of the consecutive steps could
be rate-determining; certainly, this is a simplification of a
rate— OIHCNT _ — K JHCNIITICN) ;7] = concerted mechanism in which the exchange constitutes a
dt continuum moving from one outer-sphere complex to another.
1 d[TI(CN),"] The first step, the formation of the outer-sphere complex, is

R r— k;YHCNZ[TI(CN)ZJr][HCN] (21) assumed to be diffusion-controlled and is considered as a pre-
2 L equilibrium. The value of the equilibrium consta#t,s, may

be estimated by the Fuoss equatioi? considering only
electrostatic interactions between the species encountered. For
the reaction paths characterized By andkss, Kos= 0.3 M1

(one of the exchange partners is neutral), wKije= 1.3 (+,—)

gnd 5x 1078 (3+,+) for ko4 andkgy, respectively.

From the equality of the rate in both directions, it follows that
Kiicnz = 2K3 ey in agreement with the experimental finding.
We have also found out th CN , decreases with increasing
acid concentrationcf. Figure S7 in Supporting Information);
consequently, the same is true for the second-order rate constant
Kfcn 2 andks ey The following equation could be fitted to

(38) Banyai, I.; Blixt, J.; Glaser, J.; Tih, I. Acta Chem. Scand.992 46,

the experimental data of Figure S7: 138
(39) Ibid., p 142.
b T I
kgCSN ,= k + k /[H ] (22) (40) Marcus, R. AAnn. Re. Phys. Chem1964 15, 155.

(41) Robinson, R. A.; Stokes, R. HElectrolyte Solution 2nd ed.;
) Butterworth: London, 1959; pp 39431.
with k'> = 0.0374+ 0.003 s! andk’y = 0.046+ 0.004 M s, (42) Fuoss, R. MJ. Am. Chem. S0d.958 80, 5059.
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Scheme 1 Scheme 2

_ —3~1 c _ —5.—1 K,
knco =2 x 10™"s kZ;=34x107s (H,0), TICN),' o = [[H0), TICN); H0),CNT

+ =S

ko =16x1073s71 ke =4x103"!

k)t =1.2x 103M 1 —1 kc =925 % 103 -1 —1 (Hro)s
B =21x107%71 kL, =3x107%7! AR N .
B i e ° (N), k, .
NCt
K

(H,0),

k| HO<— T «— X

€N,

kon
. (HO), ' O
knz:o + ¢ | Jast I
Nneo e—" Neo Tl ket |kt HO + CN, Tl stow T — N+ 3HO
kco _{,_ CC
), (€N,
ke
& much faster.) The calculatdo[ﬁﬁ values for cyano complexes
- (Table 1) are at least 3 orders of magnitude smaller; therefore,
i on this mechanism is less probable in this case. Rather, the

apparent uniformity of thd{rdS values for the cyano complexes
indicates that the rearrangement of the intermediate, that is the
rupture of a TI-C bond, is the rate-determining stepr( Scheme
1). Infact, a flip-over of a bridging cyanide has been reported
to be measurably slow for [Mi(CN)(COx(dppm}] at —
°C,*45which would make an estimate of10* flips/s at+25
°C. Comparing these results with those for the halide com-
plexes, we can conclude that the rupture of aXlbond (where
X = CI~ or Br) is fast and the rupture of a ¥O bond
(coordinated water) is slower, while the-IC bond is very inert.
Recently, the THCN bond dissociation was found to be slower
then 3 stin the TI(edta)CN~ complex#® this is in accordance
with our conclusion although the large chemical difference
between the presently studied complexes and Tl(edtaXCN)
is apparent. Therefore, we state that the above order of
reactivity is in accordance with the high stability of the TI(III)
cyano complexésand with the fact that the FICN bond is
The next step is a formation of an intermediate/transition state. different in naturé”. The Ti-C bonds are-0.3 A shorter than

The equilibrium constant i&; = k/k_;. The gain from the  the THX bonrc(ijs in the halide complexés.

introduction of this second equilibrium constant is simply that ~_1he only ky, 5 value which may differ from the others is
we take into account the chemical nature of the reactants. Forkis. The same situation occurs for the chioro and bromo
example, in the case of a bidentate ligand a bridge evidently complexes (see Table 1). Possibly, the highly symmetrical
provides higher stability than a simple electrostatic interaction, transition state complex can be an explanation, in the same way
or if several potentially bridge-forming ligands are present, then as the Th¢* complexes show an exceptional thermodynérhic

the probability of a proper orientation is largé€r® Unfortu- and structuraf stability. _ . .
nately, there is no formula to calculate this constant. In the Anation Reactions. The anation reactions, characterized by
following discussion, we assume thét = 1. K'mn, could follow two alternative reaction pathsf; Scheme 2.

If we suppose that one of the first-order steps following the The left side of Scheme 2 represents the dissociative interchange
equilibria characterized bi,s andK; is rate-determining, then ~ Mechanism in which the rate-determining step is the leaving of
the rate constant for this step can be calculatel'®s= kn/ a coordinated water molecule. The right side shows an
(Koks). The obtained values are given in Table 1, together with associatively activated anation reaction. For anation reactions
the values determined earlier for the thallium(lll) halide ONly two rate constants'zs andk’ss could be determined.
complexe€324 In the case of the halide complexes the reported ~ AS Shown in Table 1, for these reaction paths the second-
data are in accordance with aptype mechanism; that is, the order rate constemtsmn are almost identical mdependently of
rate-determining step is the leaving of a coordinated water the type of the ligands (except férs. for the chloride case)
molecule from the ion pairkg in Scheme 1). If the rate-  ©ven if these are as different as cyanide and halide§ @ble
determining step is the TI-O bond rupture, its rate can be 1 and ref 24). For all the TIX™" complexes (X= Cl, Br,
expected to be similar for the halide and for the cyano

(44) Deeming, A. J.; Donovan-Mtunzi, 8. Chem. Soc., Dalton Trans.

complexes. (In fact, the HOH, distances in the cyano 1985 1609.

complexes (2.42 A) are significantly longer than the corre- (45) Aspinall, H. C.; Deeming, A. J.: Donovan-Mtunzi, $.Chem. Soc.,
sponding distances in the halo complexes (2287 A)4 Dalton Trans.1983 2669.

hence, the TI-O bond breaking in TI(CNPH,)x* " could be ~ (40) Blt, J.; Glaser, J.; Solymosi, P.To 1. Inorg. Chem 1992 31,

(47) Akesson, R.; Persson, |.; SandstidM.; Wahlgren, Ulnorg. Chem.
(43) SzaboZ.; Glaser, J.; Grenthe, Inorg. Chem.1996 35, 2036. 1994 33, 3715.
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CN), the rates determined for this reaction type are close to the Scheme 3

diffusion-controlled limit?* Suppose that the formation of the (H,0), TICN),* + HON
outer-sphere complex is diffusion-controlled; that is, the rate

constant is 19-101° M~1 s71.48 The rate of diffusion for the

studied reactions is %{ : ‘\\ffx

. (CN),

ratdy’ = k[ TICCN)3 J[CN ] o ™ en
iff + - | (H0);— Tl\//

ratg = ky[TICN),'TCN ] (26)  |mmon—m 0
C,N - ﬁ H/ N

Thus, the second-order rate constants can directly be compare
to the diffusion rate constant. The constahiy = 4.5 x 108

M~1 s71 may be considered lower thdgg, butk',s = 3.4 x “K'p
10° M~1s71is probably diffusion-controlled. The latter is also H krds

valid for the corresponding thallium bromide anation reactions

CN

(k'34 = 1.5 x 10° k'p3 = 5.6 x 10*° M~1 s71), but not the . (I 2

chloride casel'ss = 4.7 x 108, k'3 = 1.3 x 10° M1 s71)24 HON -+ (H0), TICN), e B0y—m ¢ HO'
We can now compare the calculated® values of anation Sen

for the different ligands. The values are very high for all three

ligands (CF', Br~, CN") and differ by not more than 2 orders  The rate constaritys is about 550 st for the corresponding
of magnitude. The cyanide ligand behaves quite differently jigand self-exchange reaction and is expected to be ap-
from the halides in the self-exchange reactiarfs§cheme 1), proximately the same also in the present case. The rate constant

but this difference is not pronounced in the anation reactions. of the ratedetermining step can be calculated fréan- - as
As shown in the left side of Scheme 2, the dissociative reaction follows. The experimenta”y determined rate Constkéﬁr 2

path would include a dissociation of a water molecule fromthe — yrds< . SinceKos = 1.3 M, thusk's = 4 x 10° s~! which
thallium complex. The expected rate constant for this dissocia- js not compatible with the value of 550 sobtained from the
tion is~10’ s71, as previously determined for the corresponding ligand self-exchange reactions.
chloro and bromo complexé$Hence, since the rate constants, " These considerations stimulated us to propose an alternative
k', determined for all anation reactions are significantly larger mechanism in which HCN is involved instead of CNtill
than this value (see Table 1), the dissociative interchange keeping in mind the acid dependence represented by eq 22. First,
mechanism can be excluded. two types of outer-sphere complexes may be formed with HCN,
For the associatively activated mechanism the water moleculeshown as H-bridge bonded intermediates in Scheme 3. The
in the transition state complex (right side of Scheme 2) should rearrangement of these species is complicated: many steps may
be labilized by the increased coordination number of the thallium occur, and practlca"y no |nf0rmat|0n |S ava”able The dlffer_
atom. We could expect that this labilizing effect will vary for  ence between the two intermediates is in the position of HCN.
the different ligands. But such a variation would certainly be  Assume that the approaching HCN molecule orients itself
much less characteristic for a specific ligand than is theXll toward a coordinated water and gives a proton to it. This can
bond breaking in the self-exchange reactions. The situation ispe treated as an equilibrium characterized by the protonation
somewhat confusing because the diffusion may also be the ratexonstank',, resulting in a fast leaving of hydroxonium ion and
determining step for some of the anation reactionslégfor formation of TI(CN). Then the dissociation of another CN
the bromo complexes (see above). Inthe case of Tl(edta)(OH  |igand, supposed to be the rate-determining step, completes the
complex, anation reactions by bromide, chloride, thiocyanate, exchange reaction. It leads to the same rate equation as the
and cyanide were recently studi€d. The determined rate  second term of eq 25. The experimental rate constant is then
constants of the rate determining steps were found te b@® equal token- 2 = k9KgK'; that is,K', = 550 x 1.3/6 x 10°
s1, although the limiting values were estimated to fall in the ~ 10-7 M. This value is compatible with the perception that
range between 2@&ind 16°s™". This shows that the labilizing  the protonated thallium complex is much more acidic than HCN.
effect of different ligands does not differ much. . If, on the other hand, HCN attacks a coordinated cyanide
Ligand Substitution Reactions. In the case of cyanide (jeft side of Scheme 3), then another Chigand is pushed out
complexes (in contrast to the chloro and the bromo complexes)from the coordination sphere of thallium and the proton
the availability of the second NMR active nucleus, namég, exchange takes place within the transition state. This path does
allowed detection of ligand substitution reactions without net ot give an [H] dependence and may therefore correspond to
chemical exchange.e. eqs 20 and 23. For the complex Tl-  the first term of eq 25.
(CN):*, we have determined two possible parallel exchange  some cyanide exchange reactions where HCN was found to
paths kicn 2 andken- 2 (€9 24). The second-order rate constant pe the more active species have been repoeegl,for the
for the exchange with CN ken-2= 6 x 1° M™ts™h isvery  ivalent and the trivalent iron complexes [Fe(GIOH,)]2 3 4
close to 16° (diffusion limit). The possible mechanismis very and for the dimeric species [KEN)1o(Hz0)16~.5° In other

similar to that outlined in Scheme 2 (I‘Ight S|de), but all StepS Cases’e_g_for the cyano Complexes of gold(')' the CNon
which follow the diffusion Kos = kait/k-gir) may have higher  \yas reactivé?!

rate than the diffusion. However, this is a reaction without a  Figure 6 shows the relative contribution of the different
net stoichiometrical change; therefore, the terminating step is parallel exchange paths. It can be seen that the ligand self-

the dissociation of one Cyan|de The latter Step is denoted aSexchange between cyano Complexes’ a|th0ugh slower than that
“slow” because the results for the ligand self-exchange reactionsf the halide complexes, is dominant for all ligand to metal

(Scheme 1) showed that the rupture of the-Tlbond is slow.

(49) James, A. D.; Murray, R. 8. Chem. Soc., Dalton Tran£975 1530.
(48) Robinson, B. H. IrProton Transfer Reactiongaldin, E., Gold, V., (50) James, A. D.; Murray, R. 8. Chem. Soc., Dalton Trans976 1182.
Eds.; Chapman and Hall: London, 1975; p 133. (51) Dickson, P. N.; Wehrli, A.; Geier, Gnorg. Chem.1988 27, 2921.
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100 anation reactions, which were also observed in the cyanide
system, the rate-determining step is probably a water dissociation
807 diated by the incoming ligand iative interch
3 mediated by the incoming ligand, an associative interchange
g 60 mechanism, i.e. similarly to the halide systems. In the case of
3 TI(III) bromide complexes the anation is probably diffusion-
§ 40 controlled. The choice of the cyanide ligand appeared not to
] 50 be optimal in order to clarify the mechanistic details of the
anation reactions, because of the special feature of cyanide
0 t ; . — ; ligand,i.e. the formation of the stable and relatively inert HCN.
1 2 3 4 5 6 On the other hand, the presence of a second NMR-active nucleus
ligand to metal ratio (i.e. 13C) in the studied complexes opened a new possibility,

namely the study of the ligand substitution processes according
to eqgs 20 and 23.

In the light of present results, we can conclude that the
multinuclear NMR technique is a powerful tool for investigating
TI(CN)4 not only conformational motion or simple equilibria but also
the dynamics of complicated chemical systems with several
parallel exchange pathways. In the case of the thallium(lll)
cyanide system in agueous solution, it was possible to use a
combination of two NMR-active nuclei, one in the center of
the complexes?f5Tl) and one in the ligand entity*YC). The
two NMR technigues complement each other: They not only
Figure 6. (a) Top: Percentage contribution of different parallel cyanide provide different P',eces Of, Informa.tlon on the reaction pathways
exchange paths, calculated &g wmy) x 100, to the total exchange ~ Put are also sensitive to different time scales due to the different
rate SWmn). (M,nrefer to the indices of the rate constantswm, = relaxation timesT,) of these nuclei. For the metal ions of main
S{Knd TICN) m[TI(CN) o] + K'md TI(ICN)[CN7] + K'muen[TI(CN) - group Il of the periodic table, multinuclear NMR spectroscopy
[HCN]J}. T = 25 °C. The contribution of the exchange processes s exceptionally useful for investigation of fast reaction kinetics
determined on the time scale € NMR (eqs 20 and 23) is less than in solution because other analytical techniques, the com-

1%. [Tl]t = 0.15 M, and [H] = 0.3 M. For the equilibrium distribution -
of all species in these solutions, see (b) (bottom). monly_used spectrophotometry, are less suitable than for the
transition metal complexes.

0,3 1

0,2 -
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time scales. Supporting Information Available: Text describing data treatment

for inversion-transfer experiments for a two-site exchange case, selected

thallium and cyanide distribution diagrams for the studied solutions,
Our picture of the ligand exchange reactions of thallium(lll) and diagrams showing dependence of the relaxation rate36fofl

complexes in aqueous solution has now been extended. In thethe molar fraction of TI(CNy", dependence of the pseudo-first-order

Cyar“de case, for the ||gand Se'f_exchange reactlmg( rate constants of the reaction between TI(Q“Natnéj HCN on the

reactions 7, 15, and 16) breaking of the-TIN bond appears appropriatg total concentrations_, an_d depen'der?dx(%,@j’2 on the acid

to be the rate-determining step, in contrast to the situation found concentration (5 pages). Ordering information is given on any current

previously for the thallium(lll) halide complexes where breaking masthead page.

of the TOH, bond determines the reaction raté* For the IC970366L

Conclusions



