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Kinetic studies of cyanide exchange on [M(CN),J*~ square-planar complexes (M = Pt, Pd, and Ni) were performed
as a function of pH by *C NMR. The [Pt(CN),)*>~ complex has a purely second-order rate law, with CN~ as acting
as the nucleophile, with the following kinetic parameters: (k,"t®N)2% = 11 + 1 s71 mol~! kg, AH,* PN = 25,1 +
1 kJ mol=%, AS,* PN = —142 + 4 J mol~! K71, and AV,* PN = —27 + 2 cm® mol=L. The Pd(ll) metal center
has the same behavior down to pH 6. The kinetic parameters are as follows: (k,P¥N)2% = 82 + 2 s~1 mol~! kg,
AH* PECN = 235 + 1 kJ mol~%, AS,* P4ON = —129 + 5 J mol~! K=, and AV,* P4ON = —22 + 2 cm® mol L. At
low pH, the tetracyanopalladate is protonated (pKg"4*" = 3.0 + 0.3) to form [Pd(CN);HCN]~. The rate law of the
cyanide exchange on the protonated complex is also purely second order, with (k,PdHN)2%8 = (4.5 + 1.3) x 105!
mol~t kg. [Ni(CN)4J2~ is involved in various equilibrium reactions, such as the formation of [Ni(CN)s]>~, [Ni(CN)sHCN] -,
and [Ni(CN)2(HCN),] complexes. Our **C NMR measurements have allowed us to determine that the rate constant
leading to the formation of [Ni(CN)s]*~ is kM4:CN = (2.3 + 0.1) x 10° s™* mol~* kg when the following activation
parameters are used: AH,* NN = 21,6 + 1 kJ mol~, AS,* NN = —51 + 7 J mol~! K71, and AV,* NN = —19
+ 2 cm® mol™L. The rate constant of the back reaction is k_,NCN = 14 x 10 s~%, The rate law pertaining to
[Ni(CN)(HCN),] was found to be second order at pH 3.8, and the value of the rate constant is (k,it42H).CN)2%8 —
(63 + 15) x10% st mol~* kg when AH,* N(42HCN = 473 + 1 kJ mol~?, AS,* N42H.CN = 63 + 3 J mol~* K%, and
AV,F NEHCN = — 6 + 1 cm® mol~L. The cyanide-exchange rate constant on [M(CN)42~ for Pt, Pd, and Ni
increases in a 1:7:200 000 ratio. This trend is modified at low pH, and the palladium becomes 400 times more
reactive than the platinum because of the formation of [Pd(CN)sHCN] . For all cyanide exchanges on tetracyano
complexes (A mechanism) and on their protonated forms (I/l. mechanisms), we have always observed a pure
second-order rate law: first order for the complex and first order for CN~. The nucleophilic attack by HCN or
solvation by H,O is at least nine or six orders of magnitude slower, respectively than is nucleophilic attack by CN~
for Pt(I), Pd(ll), and Ni(ll), respectively.

Introduction a rare example of a mechanistic study (eq 1) that can be

We have investigated the kinetics of oxygen and cyanide performed on the same Pi(l1), Pd(ll), and Ni(ll) complexes.

exchange on the dioxotetracyanometalate complexes of
Os(VI), Re(V), Tc(V), W(IV), and Mo(IV)? We now extend [

NC//II.,, ,.‘\\\\CN —_—

this study to cyanide exchange on the tetracyanometalate + 4 *CN ,
Ne® WeN

complexes [M(CNJJ> (M = Ni, Pd and Pt) that are

thermodynamically stable yet kinetically labile in water. [NC*//:,,,, N

These square-planar tetracyano complexes provide us with NG } + 4 ON
NC* *CN (1)
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by the two-term equatiénkops = ki + ko [ligand]. The atT =298.1 K and = 0.60 mol kg*. If the pH differed by more
second-order rate constaatrefers to a direct attack of the than 0.1 unit between the beginning and the end of an NMR
ligand on the substrate, and the pseudo-first-order ratemeasurement, the data were not accepted.

constantk,, to the attack of the solvent. The value of the NMR Measurements.NMR spectra were recorf:ied with Bruker
term depends only on the nature the solvent. The square-2F%-400 and ARX-400 spectrometers. All solutions used'far
planar complexes have characteristic kinetic behavior involv- measurements contained 2%as the internal lock substance

: . . . . . and 13CH3;0OH as an internal chemical shift reference (49.3 ppm
ing a five-coordinate intermediate or transition state. Early with respect to TMS). Methanol was also used as referencBgor

exchange. stud|é§. with he.avy-metall cyanide complexes homogeneity. The temperature was controlled by a Bruker B-VT
were monitored with counting techniques usifig-labeled 3000 unit and measured by substituting the sample tube for one
radiocyanide. Today, the rate of cyanide exchange is accescontaining a platinum Pt-100 resistor (accuraeyd.5 K) 2 Slow
sible by kinetic NMR methods and by preliminary results isotopic-exchange kinetics were followed after mixing two ther-
of the exchange on Pt(ll) and Pd(ll) for pH 10.3-10.88 mostated solutions at the same pH using a fast injectiort®unit
The rate law was found to be second order, and no Cyanide-manual injection. The mixing time was less than 0.5 s. The number
independent pathway was observed. Under these conditions®f spectra (1550), the number of scans for each spectrum, and

the cyanide exchange for [Ni(CH3~ was found to be too the supplementary delay between two successive spectra were
fast on the NMR time scale to be determined adjusted according to the rate of the exchange reaction.

. Magnetization transfer measurements were performed using the
We have extended th#C NMR study to the cyanide g P g

A “inversion recovery technique” as described in the literattmhis
exchange from pH= 1-12.5 to determine if HCN or D technique can be performed when the longitudinal relaxation rate

can act as nucleophiles. Because of the large numerical range, is less than or equal to the exchange rate. The exchange rate
of the rate constants, kinetic studies were monitored by line- between two sites can be deduced by selectively inverting the signal
broadening using the Kub&Sack formalism as well as  of one and by monitoring the intensity of the signals at both sites
magnetization-transfer and isotopic-labeling techniques. Vari- as a function of the delay between the perturbation and the
able pressure experiments were performed to assign theacquisition pulses. Selective inversion of the bound or free signal
cyanide exchange mechanism to these metal centers. Thavas achieved using the so-called*3—3-1" pulse train The
variation of the pH leads to mechanistic diversity involving return of the magnetization to equilibrium is then governed by both

pentacoordinated species and protonation of the tetracyanoi¢ 1M value of the exchanging species and the exchange rate

complexes betvx_/een the site’s".. _ . .

’ High-pressure high-resolution NMR spectra were monitored with
a home-built narrow bore probe (5 mm NMR tuBg&)Tetra-
chloroethylene (above 298 K) and Fluobrene (below 298 K) were
used as pressurization liquids. By pumping a thermostated liquid
(synthetic oil above 298 K and ethanol below 298 K) through the

Experimental Section

Materials and Solutions. Ky[Pt(CN)]-3H,0, K [Pd(CN)]-
3H,0, and K[Ni(CN)4]-H,O (Aldrich) and K3CN (Cambridge

isotope laboratory, 99% enriched) were of the highest quality high-pressure vessel, the temperature was stabilizetl @2 K.
available (p.a.) and were used without further purification. Aqueous The experiments were performed between 273.1 and 353.1 K.

solutions of about 0.1 mol kg of each complex with variable

Programs. Line widths of NMR signals were obtained by fitting

concentrations of KCN were freshly prepared before each experi- Lorentzian functions to the experimental spectra usingNMe

ment. The ionic strength of each solution was fixed to Gt68.10
mol kgt by adding KNQ or KCRS0;. The pH was adjusted by
adding concentrated HNr CRSO;H and KOH.

pH Measurements.pH values were determined by the poten-
tiometric technique using a titroprocessor (Titrino 716 from
Metrohm) for the addition of titrant and for mV readings. A

combined glass/reference electrode with a symmetrical electrode

chain (Radiometer Analytical S. A., pHC2406L) and a Metrohm
713 pH meter were calibrated from titrations of HCI with NaOH

(3) (a) Roodt, A.; Leipoldt, J. G.; Helm, L.; Merbach, A. Borg. Chem
1992 31,2864. (b) Roodt, A.; Leipoldt, J. G.; Helm, L.; Merbach, A.
E. Inorg. Chem 1994 33, 140. (c) Roodt, A.; Leipoldt, J. G.; Helm,
L.; Abou-Hamdan, A.; Merbach, A. Hnorg. Chem.1995 34, 560.

(d) Abou-Hamdan, A.; Roodt, A.; Merbach, A. Blorg. Chem 1998
37, 1278. (e) Roodt, A.; Abou-Hamdan, A.; Engelbrecht, H. P;
Merbach, A. E.Adv. Inorg. Chem200Q 49, 59.

(4) Sharpe, A. GThe Chemistry of Cyano Complexes of the Transition
Metals Academic Press: New York, 1976.

(5) (a) Lincoln, S. F.; Merbach, A. EAdv. Inorg. Cheny Sykes, A. G.;
Academic Press: 1995, 1; (b) Tobe, M. L.; Burgessindrganic
Reaction Mechanismd.ongman Group: Harlow, U.K., 1999. (c)
Basolo, F.; Pearson, R. ®lechanism of Inorganic Reaction&nd
ed; Wiley & Sons: New York, 1965. (d) Cross, R.Adv. Inorg.
Chem 1989 34, 219.

(6) Adamson, A. W.; Welker, J. P.; Volpe, M. Am. Chem. Sod95Q
73, 4030.

(7) Long, F. A.J. Am. Chem. Sod951], 78, 537.

(8) Pesek, J. J.; Mason, W. Rorg. Chem.1983 22, 2958.
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RICMA 2.7 progranifor Matlab® The adjustable parameters are

the resonance frequency, intensity, line width, baseline, and phasing.

Complete line-shape analysis based on the KuBack formalism
using modified Bloch equations was also performed viNdil-
RICMAZ2.7 to extract rate constants from experimental spectra. Data
analysis was carried out with the nonlinear least-squares fitting
programScientisf’” The reported errors correspond to. 1

Results

Cyanide Exchange on [M(CN)]?" as a Function of pH.
Cyanide exchange on Pt(Il), Pd(ll), and Ni(ll) was studied

(9) Ammann, C.; Meier, P.; Merbach, A. . Magn. Resonl1982 46,
319.

(10) Bernhard, P.; Helm, L.; Ludi, A.; Merbach, A. E. Am. Chem. Soc
1985 107, 312.

(11) (a) Dahlquist, F. W.; Longmuir, K. J.; Du Vernet, R. B. Magn.
Reson 1975 17, 406. (b) Alger, J. R.; Prestegord, J. Bl Magn.
Reson1977 27, 137. (c) Led, J. J.; Gesmar, Bl Magn. Resorll982
49, 444,

(12) Hore, P. JJ. Magn. Reson1983 55, 283.

(13) (a) Led, J. J.; Gesmar, H.J.Magn. Resaorl982 49, 444. (b) Mann,
B. E Annu. Rep. NMR Spectrost982 12, 263.

(14) (a) Cusaneli, A.; Nicula-dadci, L.; Frey, U.; Merbach, A.lRorg.
Chem 1997, 36, 2211. (b) Frey, U.; Helm, L.; Merbach, A. E.; Roulet,
R. Advanced Applications of NMR to Organometallic Chemistry
Wiley & Sons: New York, 1996.

(15) Helm, L.; Borel, AANMRICMA 2.7 University of Lausanne: 2000.

(16) Matlab, version 5.3.1; Mathworks Inc.: 1999.
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Figure 1. 13C NMR spectra measured as a function of pH at 298.1 K

(D20/H,0 = 2%) for solutions containing 0.1 mol kg of K2[M(CN)4]
and 0.4 mol kg* K13CN. (a) M = Pt(ll). (b) M = Pd(Il). (c) M = Ni(II).

at T = 298.1 K as a function of pH usingC NMR for
solutions containing 0.1 mol kg of complexes and 0.4 mol
kg™t of free cyanide (KCN). The pH profiles are shown in
Figure 1. The signal of the Pt(ll) complex is composed of a
central line (125.0 ppm) with two satellite lines that are due
to cyanide that is bound to thé€%Pt isotope with spirt/,
(Mcpr = 1030 Hz). The satellite integral represents 33.8%

of the total integrated signal, and the central line, 66.2%.

The®*C NMR spectrum of the solution containing[Kli-
(CN)4] and KCN is shown in Figure 1c. At low pH, the HCN
(112.4 ppm) and [Ni(CNJ?~ (135.5 ppm) signals are broad
because of cyanide exchange. These lines broaden when the
pH increases, and the signals coalesce at pH 8. The single
signal at pH 8 sharpens, and its resonance frequency moves
downfield because of the deprotonation of the ligand. Below
pH 4, it is not possible to monitor the spectrum because of
decomposition and precipitation of the substrate.

Proton Exchange on HCN.The kinetics of the proton
exchange on HCN have been reporté®iFor clarity, the
three proposed reaction pathways are shown (eg¥).2

HCN,H

K - +
HCN + Hzom CN™ + H;0 2
_ kHONH _
HCN + OH W CN +H,0 3)
kQHCN,H
HCN+ CN™ HCN+ CN™ (4)

By combining the rate constarkg!cNH, k;HCNH andk,HCENH

of the three pathways, the overall rate law for the proton
exchange on HCNk,,d'“NH, was determined as a function
of pH (eq 5). This determination led to the following
parameters at 298.1 KkfCNH)29%8 = 1134 17 s1, AHyF =

38 £+ 2 kJ mol! kg, AS* = —80 £ 6 J mof! kg K1,
(kfHENH)298 = (285 4+ 0.7) x 1 s mol?t kg, and
(k"HCNH)298 = (0.6 & 0.2) x 10 s mol kg.

ko HCN,H _
bs -

— d[HCNJ/[HCN] dt =
kOHCN,H + leCN,H[OH—] + szCN,H[CN—] (5)

Determination of pK,"N. Because of the fast proton
exchange on the NMR time scale, the variation of the
resonance frequency of the coalesced signal of HCN/CN
as a function of pH can be used to determine the dissociation
constant of HCNK,HCN,

HCN +
Ky L M

=2 — ) 6
KaHCN+[H+] CN [H+]+KaHCN en  (6)

obs

The resonance frequency and the line shape of the complexedrhis NMR titration was performed for solutions containing
ligand are not affected by exchange with free cyanide over cN- and HCN, with and witho@{Pt(CN)]2-and [Pd(CN)]?".
the entire pH domain. At low pH, the free ligand is The fitted values fodcy anddncy, the resonance frequencies

protonated (Ka"°N = 9.5). The spectrum of HCN shows a
doublet (112.4 ppm) with a coupling constant-dfy, = 272

of the CN™ and HCN forms, are 165.& 0.2 and 112.4+
0.2 ppm, respectively, withpH°N = 9.5+ 0.2. The results

Hz. With increasing pH, the two doublet signals broaden were the same for all three solutions, within experimental
and coalesce (at pH 7) because of the decreasing lifetime ofgrror.

H* on HCN. From pH 8 to 9.5, the coalesced signal broadens Cyanide Exchange on [Pt(CN})]?". The tetracyanoplati-

and moves toward the CNrequency (165.1 ppm), and then
the line narrows at basic pH when Chbredominates.

In Figure 1b, thé*C NMR spectra show a pH-independent
resonance frequency of the palladium complex [Pd¢EN)

nate(ll) complex is very stable in aqueous solution (and even
at low pH with excess ligand), with an overall stability
constant of log3, = 402° The cyanide-exchange rate law

was determined at 298.1 K using pH adjustments to monitor

(131.2 ppm). Its line width is affected by cyanide exchange CN- variation. The exchange rate constants were determined

only for pH > 9, with a small amount of line broadening.

The free ligand shows the same behavior with pH as does(18) Bednar, R. A.; Jenks, W. B. Am. Chem. Sod.985 107, 7117.

the platinum complex; however, the free-ligand line width
is slightly affected by the cyanide exchange at basic pH.

(19) Banyai, |.; Blixt, J.; Glaser, J.; Toth, Acta Chem. Scand 992 46,

142.

(20) Grinberg, A. A.; Gelman, M. IDokl. Akad. Naukl96Q 133 1081.
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Figure 2. (a) Evolution of high-pressuréC NMR spectra after selective
inversion of the complex signal (125.0 ppm) as a function of the delay
between the perturbation and the acquisition pulsd3 at160 MPa and

pH = 11.5. (b) Least-squares fit of the integra = 0.101 mol kg?,

Cen = 0.413 mol kg?, I = 0.69 mol kg?, D,O/H,0 = 2%, andT =
298.1 K.

using the magnetization transfer technique from pH 11.7 to
9.7. The system includes six sites (one for CTNwo

for HCN because of spinspin coupling, and three for
[Pt(CN)]?") and two exchange processes (for proton ex-
change on HCN and for cyanide exchange on [Pt(@EN).
Because of the fast exchange between HCN and,Ghe
signal of the free ligand can be attributed to one unique site.
The platinum system is therefore reduced in a two-site
complex. Inversion was performed on the three lines of the
complex (Figure 2). For each of the spectra collected during

the magnetization transfer experiments, Lorentzian functions

were fitted to the signals of the free ligand and to the central
line as a function of. The contribution of the satellite lines
to the integral of the central line and the ratio of all the signal
line widths were taken into account. The equations given
by Led and Gesmét were fitted to the experimental
integralg! using an iterative nonlinear least-squares routine.
Nine parameters were adjusted: the final and the initial
integrals of the free (f) (CNVHCN) and bound (b) ligands,
their spin-lattice relaxation rates T{; and 1T, the

populations of the two sites, and the exchange rate constant.

Below pH 8, magnetization transfer cannot be used; however
at pH < 6, the reaction exchange rate is slow enough to be
determined using isotopic labeling experiments. The ex-

(21) Frey, U.; Elmroth, S.; Moullet, B.; Elding, L.; Merbach, A. Borg.
Chem.1991, 30, 5033.
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Figure 3. (a) Evolution of13C NMR spectrum after a rapid mixing of

H13CN with [Pt(CN)Y]2~ at pH= 6.0 and 298.1 K. The signal intensity of
the complex increases while that of HCN decreases as a function of time.
Cpt = 0.100 mol kg?, Ccn = 0.262 mol kg?, | = 0.56 mol kg?. (b)
Time evolution of the!3C populations of HCN and [Pt(Chf.

change reactions were followed by rapidly mixing &EN
solution with a complex solution at the same temperature
(298.1 K) and pH using a fast injection unit. We paid special
attention to the long relaxation timd,) of bound CN.
Experimentall; values as a function of pH for [Pt(CN}~,
HCN/CN-, and mixtures of [Pt(CN}?>~ and HCN/CN are
from 15 to 22 s. In the presence of cyanide and water
containing dissolved & [Pt(CN)]>~ had a shorter*C
relaxation timeT; than that measured by Pesek et?dRy
monitoring the increase in the intensity of the complex signal
and the decrease in the intensity of the free-ligand signal,
the kinetics constants were determined with the modified
McKay equation (eq 73324 A typical example of thé3CN~
signal increase observed with time is given in Figure 3.
X(®) =X, + (%~ X.) expChops “ WL X)) (7)
X(t) represent the mole fraction of coordinaté€N as a
function of time, andk andx., are the limiting conditions
att = 0 and for the exchange equilibrium, respectively.
Lorentzian functions were fitted to both NMR signals with
NMRICMA to determine the values of the integrals as a
function of time.kopd N, X, and Xy were determined by
fitting the 13C NMR data to eq 7. Isotopic exchange
measurements were performed at pH 6.0, 3.6, 2.6, and 1.1

'(Figure 4).

(22) Pesek, J. J.; Mason Rorg. Chem.1979 18, 924.

(23) McKay, H.J. Am. Chem. S0d.943 65, 702.

(24) Lincoln, S. F.; Merbach, A. EAdv. Inorg. Chem. Sykes A. G., Ed.;
Acad. Press: San Diego. 1995.
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Figure 4. (a) Variation of the’3C NMR line width of the [Pt(CNj?~

signal with pH at 298.1 K. (b) Variation of the concentration-normalized
(Ccn = 0.4 mol kg'1) exchange rate constakit,d'°N with pH for cyanide
exchange on [Pt(CN)?~. Cpt= 0.100 mol kg, | = 0.69 mol kg%, D,O/
H20 = 2%, andT = 298.1 K.

Analysis of the pH dependence (eq 8) indicates a purely
second-order rate law (Figure 4) witkT-CM2% = 11 £+ 1
s 1 mol™* kg.

—d[PYCN)* ]

PtLCN _ —
dt [Pt(CN),*"]

bs k,“N[CNT] =

K_HCN
My e (8
2 CN KaHCN+[H+] 8)

whereCcy is the analytical concentration of the free cyanide.

ibility coefficient of activationAf* = —(10 £ 2) x 1072
cm® mol™* MPa .

AV, +

k,PVON= (kPPN exp(— R; P+ 2%"—1132) (10)

Cyanide Exchange on [Pd(CNj]?~. The tetracyano-
palladate(ll) is also very stable in agueous solution. Its overall
formation constant as determined by Fasman et al. i$log
= 51.7?> The rate law of the cyanide exchange on [Pd({N)
was determined at p 11.4.23C NMR spectra of 0.05 mol
kg~! [Pd(CN)]?" solutions containing variable KCN con-
centrations (0.0530.427 mol kg?) at fixed ionic strength
(I = 0.6 & 0.1 mol kg') were measured at 298.1 K. The
resonance frequencies of the complexed (131.2 ppm) and
the free (165.1 ppm) cyanide did not change, whereas their
line widths broaden with increasing free-cyanide concentra-
tion. The inverse of the mean lifetime of cyanide on
[PA(CN)]?, 1/7°4 = kP4 were extracted from the NMR
spectra by line-shape analysis using the kuBack formal-
ism with the following 4x 4 exchange matri,.

site H*CN HCN N [PA(CN)J*

ey 0 P 0

0 _pHeY N 0

o (PHZ'V/PGN)' e
(P /PCN) 12
- P /PC‘V) P

= (PHCN PNy HON - (pHCN 7 pCN) HON an

g LB

0 0

D, is composed of the three sites for the ligandCi,
HPCN, and CN) and one site for the complex [Pd(CH,

A variable-temperature study of the exchange rate constantWith the corresponding populatioRS“"/2, PH"/2, PN, and

ko N, was performed by*C NMR magnetization transfer
from 271.1to 317.1 K at pkH= 11.5 on a solution containing
0.096 mol kg?! of the Pt complex and 0.392 mol kfof

PCNb, The resonance frequencies ofE&N, H*CN, CN~, and
[PA(CN)]?>~ were fixed to 11441, 11169, 16 638, and
13 200 Hz, respectively, on a 400 MHz NMR spectrometer.

the free cyanide. Higher temperatures cannot be used becausEh€ inverse of the mean lifetime of cyanide at the HCN site,

of cyanide decomposition. Fitting eq 9 to the data led to the
following activation parametersfk,"tcN2%8 = 11 4+ 1 s*
mol~t kg, AH,* PtCN= 25 1+ 0.4 kJ mot?, andAS,* PtCN
1424+ 2 J molt K™%,

KT p[AS; AH;]
AR T RT

S

Variable-pressure experiments 8ic NMR magnetization

Pt,CN __ —
kPN = =

1 —
298.1

AH,*
7|

k"N, was fixed at values calculated from activated param-
eters given previously. The inverse of the mean lifetime of
cyanide at the [Pd(CNJ~ site, kP9 was determined as a
function of the free-cyanide concentration by fitting the
experimental spectr&P? is defined for the exchange of a
particular cyanide on the metal center Pd(ll). The observed
kinetic rate constant of cyanide exchange on Pdghd-cN

(eq 12), is given bykPd (kopddCN = kPY). The analysis of
[CN~] dependence shows a negligible first-orlge-cNterm,
and a purely second-order rate law was fitted to the
experimental data, leading PN = 78 £ 2 s mol~*

transfer were performed as a function of pressure at pH 11.5 9

on a solution containing 0.101 mol kyof the Pt complex
and 0.413 mol kg' of the free cyanide. Equation 10 was

fitted (Figure 2) to the exchange rate constant obtained as a
function of pressure, leading to the rate constant at zero

pressure;Pt Ny = 10.2+ 0.3 s mol* kg, the activation
volumeAV,* PteN= —27 4 2 cr® mol™, and the compress-

—d[Pd(CN)Z]
dt [PA(CN)YZ]

Pd,CN_

b kYNCNTT (12)

(25) Fasman, A. B.; Kutyukov, G. C.; Sokolskii, D. ¥h. Neorg. Khim.
1965 10, 1338.
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[Pd(CNXHCN]~ with pH. (b) Evolution of the complex line width, T4,
as a function of pHCpg = 0.095 mol kg! andCcn = 0.374 mol kgt. (c)
Variation of the concentration-normalize€dy = 0.4 mol kg?l) rate
constank opb’dCNwith pH for cyanide exchange on [Pd(CA®-, with the
contribution of both pathways.—(— —) PP%&P4CNCN-] and (- —)
PPdH,PAHCNCN-]. Cpq = 0.095 mol kg?, | = 0.66 mol kg%, and O/

H20 = 2%.

A variable-temperature study (287%328.9 K) of the
exchange reaction was performed on a solution containing

0.1 mol kg* of the Pd complex and 0.472 mol Kgof the

free cyanide at pH= 11.4 by extracting the rate constants
from the line-shape analysis of tR&€ NMR spectra. Higher
temperatures could not be used without decomposition of
the cyanide. The exchange rate constant at 298.1 K,
(kP4CN29%8 = 88 + 3 s1 mol~! kg, and the activation

parameterd\H,* P4CN= 23 54+ 1.1 kJ mof! andAS;* P4.CN

= —141.94 4.0 J mof! K~ were obtained with an Eyring

fit to the data.

A variable-pressure study at pH 11.4 and 323.1 K was
performed on a 0.1 mol kg [Pd(CN)]?~ solution containing

0.371 mol kg? of the free ligand. The variation d&PdCN
with pressure was calculated from the observed rate constant iha observed rate constakgsP N between pH 11.7 and

kobddCN which was determined using the Kub8ack

formalism O, matrix). The activation volumaV,* = —22
+ 2 cn® mol~! and the zero-pressure rate constagitdNo

= 197+ 15 st mol~* kg were determined by fitting eq 11

Monlien et al.

Scheme 1. Cyanide Exchange on Pd(Il) Center

kde‘CN
[PACN),]> +4*CN- ===, [PA(*CN),J> +4CN-

£

Seonr| | e
s ] P
b i Jo,PAHCN

[PACNY,HCN] +4*CN- === [Pd(*CN),H*CN]- +4CN-
8.11t0 6.5. Selective inversions were performed on the signal
of the free or the bound ligand. Below pH 6, the exchange
rate is slow compared to the longitudinal relaxation rate, and
Kobs’@CN could not be determined using magnetization
transfer. At pH=< 6.7, the exchange rate was determined
using isotopic labeling experiments. The isotopic labeling
experiment was performed at pH 6.7 (the highest value)

to overlap with the domain where magnetization transfer
techniques were applied. The value of rate constant does not
vary with the modification of the technique. Twelve experi-
ments were performed from pH 6.7 to 0.8 (Figure 5).

All observed rate constants are represented as a function
of pH in Figure 5. In basic solution (pk 10), kopbd@Nis
pH-independent. For pH 10, kopd4CN decreases with pH
because of the decrease in the concentration of Gpbn
protonation. The rates reach a second plateau between pH 6
and 3 and decrease again for pH3. Pd(ll) behavior is
different than that of Pt(ll). This difference can be explained
by the formation of a protonated complex whose influence
on the observed rate constant can be deduced from Scheme
1.

The rate law (eq 13) is thus composed by two terms:
k.P4CN the second-order rate constant of cyanide exchange
on [Pd(CN)]?", andk,P9H.CN the second-order rate constant
of cyanide exchange on the protonated complex [Pd¢CN)
(HCN)]~. KP9#H and KHCN are the proton dissociation
constants of [Pd(CNJHCN)]~ and HCN, respectively.

kObsPd,CN: PP%ZPd,CN [CN*] + PPdI'kZPdH,CN [CN*] —
HCN

K
Pd, Pd,CN Pd PdH,C a
(PPN 4 PP, %—K N ] Cen (13)
a

de — Kan(4,Hy(Kan(4,H) + [H+]) and deH — [H+]/(Kan(4,H)
+ [H*]) are the populations of [Pd(CN}~ and [Pd(CN}-
(HCN)]~, respectively (Figure 5a). Equation 13 was fitted

0.8, leading to the proton dissociation constigti®*H =
3.0 £ 0.3 and to the second-order rate constaeitécN =
67 &+ 13 st mol™! kg andk,PHCN= (454 1.3) x 1B s?
mol~! kg (Figure 5). The contributions of both pathways are

to the variable-pressure data. The value of the compressibility g, 51 in Figure 5¢. Thét,P4CN values were normalized
coefficient of activationAS* = — (8 &= 1) x 102 cm?® mol~*

MPa?, is noteworthy.

A variable-pH study gave us another opportunity to study

how the rate law changes with CNoncentration. Thé*C

with respect to concentratioBicy = 0.4 mol kgt, leading
to Kops@Nvalues as a function of pH.

Cyanide Exchange on [Ni(CN)]?". The ionic strength
was fixed with potassium triflate to avoid complex formation

NMR spectra in Figure 1b were used to extract the observed,yith the nitrate?® Two 3C NMR signals are obtained if
rate constants,,£4CN using the Kube-Sack formalism with KNO; is added to a solution of [Ni(CMJ~. The overall

the D, matrix in the basic domain (pH 11_779.1). Below formation constant of [Ni(CNJ>~ (yellow) in aqueous
pH 9, the rate constant was too small to induce detectablegg tion has been determined by YVisible and IR
line-broadening in the signal of the coordinated CNhus,
magnetization transfer experiments were performed from pH (26) Beck, M.; Bjerrum, JActa Chem. Scand 962 16, 2050.
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Cyanide Exchange on [M(CNJ?~

spectroscopy and leads to a I8g= 30.3+ 0.127 At high
CN~ concentration, a pentacoordinated [Ni(GNR) (red)
species is formed, and the formation constidgtis small
(K, ~ 0.15 mol 1) and depends slightly on the ionic
strength®

B Ni4) CN

[Ni(CN),J2 + CN~ [Ni(CN)*~

4 NI@.CN

Ks = [Ni(CN)s> J/[Ni(CN) /" ][CN] (14)

The [Ni(CN)]?~ ion is very stable in water (nickel bis-
(dimethyl)glyoximate, for instance, is soluble in aqueous
cyanide solution). However, it is rapidly dissociated at pH
< 4, with the formation of Ni(CNy and finally N¢*.29-31
This process is reversible by adding KOH and raising the
pH to 4. Before and during the dissociation process,
[Ni(CN)4]?~ can be protonated. Margerum and Kotgkiave

measured the following three successive proton dissociation

constants: KN4 = 5.4 for [Ni(CN);(HCN)]~, pKNi4:2H)
= 4.5 for [Ni(CN)(HCN);], and KN43H) = 2.6 for
[Ni(CN)(HCN)3] .

The cyanide exchange on [Ni(CNJ~ at very high pH is
known to be fast on the NMR time scale, and previously
only the limif (>5 x 10 s 'mol kg™?%) of the exchange rate

constant was given. The cyanide exchange induces line

broadening over the entire pH domain (Figure 1c); therefore,
the intermolecular-exchange rate constant can be extracte
from line-shape analysis using the Kub8ack formalism
from pH 10.3 to 3.8. At pH> 7, the exchange matrix must
be modified relative to the palladium system to take into
account the pentacoordinated species. The protonation o
[Ni(CN)4]% can be neglected under these basic condition.
The new exchange matrifo; is given in eq 15. It is
composed of five sites: two for HCN, one for CNone for

the tetracyano complex, Ni(4), and one for the pentacyano-
nickelate(ll), Ni(5), site.

sites H'CN HPCN N Ni(4) Ni(5)

population
RN 0 B 0 0 PNy

0 -k 12 0 0 PN

v
DJ = PH( PH(‘N - PFV k’H(» PM(M
- £ ke e 0 = 1 PN (15)
2P 2P P e 4P

4p

0 0 0 g PR P

nic Nt

0 0 P oy b Pvm o 5phitd) o P

4pM P o

The value of the rate constalt'®N is the same as that in
the palladiunD, matrix. The rate constakfM® is the inverse

(27) Freund, H.; Schneider, C. B. Am. Chem. Sod 959 81, 4780.

(28) (a) Penneman, R. A.; Bain, R.; Gilbert, G.; Jones, L. H.; Nyholm, R.
S.; Reddy, K. NJ. Am. Chem. S0d963 85, 6. (b) Van Geet, A. L.;
Hume, D. N.Inorg. Chem1964 4, 523. (c) Pierrard, J. C.; Hugel, R.
Rev. Chim. Miner 1971, 8, 831. (d) McCullough, R. L.; Jones, H. L;
Penneman, R. AJ. Inorg. Nucl. Chem196Q 13, 286.

(29) Kolski, G. B.; Margerum, D. WInorg. Chem 1968 7, 2239.

(30) Persson, HActa Chem. Scand. 2974 28, 885.

(31) Persson, H.; Ekstno, C. G.Acta Chem. ScandSer. A1976 30, 31.

Scheme 2. Cyanide Exchange on Ni(ll) Center
kzNi(4)'CN
[NICN)J*  + 4*CN- —* [Ni(*CN),]> + 4 CN-
z
S +m” H -H*
X
k Ni(4,H),CN
[N(CN); HCN]” + 4*CN- <—— [Ni(*CN),(H*CN)] + 4 CN-
T
< Ni(4.2H),CN
k .
[NICN), (HCN))] 4 4=CN- o=  [NICCN)(H*CN),] + 4 CN-

of the mean lifetime of cyanide at the [Ni(CN§ site.
According to this matrix, cyanide exchange takes place only
via the formation of the pentacoordinated species. The
resonance frequencies of €N, H*CN, CN-, and [Ni(CN)]?
were fixed at 11441, 11169, 16 638, and 13645 Hz,
respectively, on a 400 MHz spectrometer. The populations
were calculated as functions of the nickel concentratizag,

the total cyanide concentratio@: (Ciot = Ccon + 4Chi),

the formation constant of [Ni(CN)*~, Ks (eq 15), the
dissociation constant of HCNK,"CN, and the pH.

To be able to use matriks, the resonance frequency of
[Ni(CN)s]®~ was first determined. Six solutions were pre-
pared at pH 11.4 with 0.05 mol kg of [Ni(CN)4]?>~ and
variable amounts of KCN (0.060.52 mol kg?). The 13C
NMR spectra of these solutions showed a coalesced singlet
hat shifted downfield as the cyanide concentration increased.

he resonance frequency of [Ni(C}f~ can be deduced
from the variation in the shift of the coalesced signal by
fitting eq 16 as a function o€ to the3C data.dcy (165.1

1ppm), Oniay (135.6 ppm), anddnis) are the resonance

frequencies of cyanide in CN[Ni(CN)4)?~, and [Ni(CN)]®",
respectively.

Oops= Py + 4PN @S + 5PN (16)

obs
The populations were calculated as functionsCef, Cy;,
Ks, and pH.Ks was fixed to the value found by Hugel, 0.168
=+ 0.003 mot* kg.2® A Lorentzian function was fitted to
each spectrum, and the analysis of the dependence of the
resonance frequency on the concentratin of Géd to the
adjusted resonance frequency dfis = 230 £ 26 for
[Ni(CH)s]*".

pH Variation on [Ni(CN) 4]?>~. The rate of the cyanide
exchange on [Ni(CNJ?>~ was determined as a function of
pH. At basic pH,Ds is used because of the formation of the
pentacoordinated species. However, at low pH, the penta-
coordinated complex can be neglected, but the protonated
complexes must be taken into account. The cyanide exchange
can take place via the three pathways given in Scheme 2:

Surprisingly, the protonation does not affect the chemical
shift of the'3C NMR complexed-cyanide signal. Therefore,
the three complexes have the same [Ni(¢N) signal in
13C NMR. For this reasonD, was used for pH< 8. The
four sites correspond to 4N, H’CN, CN-, and Ni(4)o,
the tetracoordinated complexes of Ni(ll) with or without
protonation. The observed rate constant of the cyanide
exchange at low pH is equal g™ in D,. This observed
rate constant can be expressed as a function of the free-
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Figure 6. (a) Variation of the populationsN®) of [Ni(CN)s]3~, PNi(4) of
[Ni(CN)4]2~, PNitH) of [Ni(CN)sHCN] -, and PYi4.2H) of [Ni(CN)2(HCN),]
with pH. (b) Evolution of the complex line width, T/, as a function of
pH. Cni = 0.092 mol kg ! andCcy = 0.384 mol kg. (c) Variation of the
concentration-normalizectn = 0.4 mol kg™1) rate constank'opd"»CN with
pH for cyanide exchange on [Ni(CW¥~, with the contribution of three
pathways: (i) BE@KNE@.CNCN] = PNGK_NI@.CN (ji) PNI@HINIEH.CNCN-]
for kNi4H).CN = 10 x 10° s~ mol~1 kg, and (jii) PNi(4.2H)k Ni(4.2H).CNCN-].
Cni = 0.092 mol kgt, | = 0.60 mol kg?, and DO/H,O = 2%.

cyanide concentration (eq 17).

kObSNi,CN _ (PNi(4,2H)k2Ni(4,2H),CN+ PNi(4,H)k2Ni(4,H),CN +
[CNT] 17
pNi4.2H) | pNi4.H) | pNi4) )

PNi(4)k2Ni(4),CN)

Monlien et al.

pathway can be suppressed without significantly affecting
the values of the other two rate constants (Figure 6¢ and d).

Concentration Dependence.At pH = 7.5, cyanide
exchange takes place predominately (more than 98%) via
the [Ni(CN)Y]?>~ complex. The cyanide exchange kinetics
were determined as a function of the concentration of free
cyanide to verify the rate law. At this pH, the presence of
the protonated complexes could be neglected, but that of the
protonated ligand could not (Figure 6a). Five solutions of
K2[Ni(CN)4] (0.1 mol kg*) with variable KCN concentra-
tions (0.059-0.952 mol kg?') were analyzed by*C NMR
at 298.1 K. Using the KubeSack formalism and,, the
Kobsi@CN values were extracted. They are linearly propor-
tional to the concentration of the free-CNgand (without
the intercept) and lead to the second-order rate constant
KNIACN = (2 54 0.5) x 10° s* mol~1 kg. At pH = 3.8, the
cyanide exchange>(85%) mainly occurs via the [Ni(CN)
(HCN),] species. Thus, the purely second-order rate law was
also verified by measuring the rate constant as a function of
the free-cyanide concentratio®'C NMR spectra of five
solutions containing 0.05 mol kg of K[Ni(CN)4 and
0.066-0.528 mol kg* of KCN were obtained at 298.1 K,
and rate constants were extracted from line-shape analysis
using D,. The iteration volume led to the valug\i2H).CN
= (67 & 4) x 10° s mol~* kg with a negligible first-order
term. This value confirms that the value kf\i*2H).CN =
(50 & 18) x 10° s'* mol™! kg that was obtained with the
pH-variation method is correct.

Temperature DependenceA variable-temperature study
of kopd'"®N was performed at pH= 7.5 (and 272.£323.1
K, mainly for [Ni(CN)4)?") and pH= 3.8 (and 274.6:329.8
K, mainly for [Ni(CN)2(HCN),]) on solutions containing
0.100 mol kg* of K,5[Ni(CN)4] and 0.385+ 0.005 mol kg?
of KCN. Equation 9 was fitted to the valueslglN(*)-CN that
were obtained at pH 7.5, leading to the following param-
eters: kN@CN)298 = (2 3+ 0.1) x 10° s mol~1 kg, AH,*
Ni@)CN = 21.6 & 2 kJ mol! kg, andAS* N4CN = —51 4
7 J mol! kg K~1. For the experiment at pH 3.8, we obtained
the following parameters for the cyanide exchange on [Ni-
(CNY(HCN),]: (kNit4.2H).CNY298 = (63 + 15) x 10° s~ mol™
kg, AH,® Ni4a2.CN = 47 3 + 1.0 kJ mot? kg, and AS*
Ni@.2H)CN = 63 + 3 J mol! kg K™,

Pressure DependenceVariable-pressurg®C NMR spec-
tra were acquired at pH 8.0 andT = 297.5 K for a solution
containing 0.102 mol kg of [Ni(CN)4]?~ and 0.382 mol
kg~! of KCN. The rate constantigpdCN were obtained

13C NMR spectra were measured as a function of pH at 298.1 usingD.. These values give an the activation volume\vt*

K for a solution containing 0.093 mol kg of [Ni(CN)4]%>~
and 0.384 mol kg'. Equation 17 was fitted to the values of
kobV-CN obtained withD3 for pH = 10.3-7 and withD, for
pH = 8-3 (Figure 6). The iteration routine led to the
following values: kN:CN = (2.7 4 0.4) x 10° st mol™*
kg, kN4H.CN < 10 x 10° s~ mol™t kg, andkNi42H).CN =
(50 £ 18) x 10° s* mol™* kg. The populations were
expressed as functions 6, Cni, Ks, pKa"N, pH, pKMi4H),
and KNN42H) Literature values of IgN*H and g Ni4:2H)
were used. We gave an upper limiting valuekgti:H).CN-
because in the fitting procedure the [Ni(GEHCN)]~

1724 Inorganic Chemistry, Vol. 41, No. 7, 2002

Ni(4)CN = —19 4 2 cn® mol™%, with a negligible compress-
ibility coefficient of activation. Variable-pressutéC NMR
experiments were also performed at $-8.5 andT = 298.1

K on a solution of 0.1 mol kg* of K5[Ni(CN)4] and 0.393
mol kg ! of KCN. An activation volume ofAV,* Ni4.2H).CN
= —6 4+ 1 cn?® mol! kg was calculated for the cyanide
exchange on [Ni(CNJHCN),] at acidic pH

Discussion

[M(CN) 4>~ Complexes.The chemical shift data for the
square-planar [M(CN)?~ (Table 1) show a definitive trend



Cyanide Exchange on [M(CNJ?~

Table 1. 13C NMR Chemical Shifts, logs, Stability Constants, and
Fcn and Fyc Force Constants of the [M(CD)~ Square-Planar
Complexes

Fen (Mdynes/A)  Fuc (mdynes/A)

16.96
17.20
17.44
17.4%

18.7©
17.48

d (ppm)  logfa
165.1
1355
131.2
125.0
112.4
104.2

CN-
[Ni(CN)4)2~
[Pd(CNY2-
[P{CN)2-
HCN

[AU(CN)4]~

2.28
2.32
2.78

32
51.%
40

89

aReference 270 Reference 25° Reference 209 Reference 36¢ Ref-
erence 33f Reference 349 Reference 35.

2.99

to higher field as the progression from Ni(ll) to Pd(ll) to
Pt(ll) is made. The resonance frequency of the Au(lll)
complex lies at 104.2 ppm, which is below that of HCN and

10 T T T f T

Ni(ll)

5 2
Au(lll)
Pd(ID)

PH(in

-10 T 1 T T T T

can be attributed to the higher charge of the metal center. A
substantial shift to higher field was already observed for the 0 4
13C resonance frequencies of isoelectronic cyano complexes L .
as the metal oxidation state is increadedinother important ~ 19ure 7. variation ofkaps" tion [M(CN)J™ in water at 298.1 K where
M = Au(lll), Pt(ll), Pd(ll), and Ni(ll). Ccn = 0.4 mol kgt andCy = 0.1

factor affecting the chemical shift is the geometry of the mol kg *.
cyano complex, which explains the high chemical shift value
(2304 26 ppm) of the pentacyanonickelate(ll) complex. In
these complexes, the donation of the anionic CNlikely
dominates ther-backbonding; therefore, the variation of the
chemical shift (from the shielding of théC nucleus) also
reflects the variation of the-bond strength: AuC > Pt—C
> Pd—C > Ni—C. The trend in the chemical shifts of the
square-planar complexes is clearly observed for theQV
force constant83° but is hardly observed for the-N force
constants. These conclusions are consistent with the variatio
in log 3.6

It is well-known that [Ni(CN)]?~ (pKN4H) = 5.4) can
be protonated in acidic medium to form [Ni(CMCN]~ and
further-protonated speciésOur kinetic results confirm this
behavior and allow us, for the first time, to determine the

PR (=.3.'0 +0.2) of the pallladium analogugs kinet- [Ni(CN)s]®~ as well as the backward rate constdap{it)CN
cally. Surprisingly, for the palladium system, which under- _ 14 x 10° 5°3). The overall CN exchange rate decreases

goes slow intermolecular cyanide exchange at low pH, no down to pH 6, where the protonated complexes are formed.
variation of the chemical shift was observed with changes The reactivity of these complexes is higher because of

in pH, W|thf|n experlmentalt_errocrj. TP:ls re?ult |tr_nplles that | protonation (Table 2). The rate law for [Ni(CXHCN),]
resonance frequency variations due to protonation are small, - <t 114 to be second order at pH 3.8.

Interestingly, thé3C NMR line width of the bound cyanide For all cyanide exchanges on tetracyano complexes and

decrease of "4 orders of magnitude as the pH decreases to
6. At low pH, the tetracyanopalladateKFd“H = 3.0 &+

0.3) is protonated to [Pd(CBRHICN]~. Because of a much
faster cyanide exchange on [Pd(GNEN]™ (k"9 CN& 55
ko"4CN the contribution of [Pd(CNHCN]~ to the overall
exchange becomes detectable around pH 6.5 and is predomi-
nant at pH< 5.5. The rate law of the cyanide exchange on
the protonated complex is also purely second order. The
Ni(CN)4% is involved in various equilibrium reactions
formation of a pentacoordinated and of protonated com-
plexes). At high pH, [Ni(CNjJ2~ and [Ni(CN)]®~ are in
equilibrium, as previously shown by UWisible spectros-
copy?”280ur*C NMR measurements have allowed to verify
this behavior and to determine the rate constlt{-CcN =
(2.3+0.1) x 10° s mol* kg) leading to the formation of

at pH 3.5 increases slightly (from 1 to 10 Hz), in agreement

with the KP4 Hvalue determined from this work. A similar
broadening is observed at pH 1.5 for th€ (from 2 to 7
Hz) and***Pt NMR signals (from 4 to 7 Hz) of the platinum

complex. These observations are in line with the expected

trend in KM@H values: Ni> Pd > Pt.
Cyanide Exchange as a Function of pHThe [Pt(CN)]?~
complex has a purely second-order rate law, withr @isting

on their mono- and diprotonated forms, we have always
observed a pure second-order rate law: first order for the
complex and first order for CN However, this rate law does
not apply to square-planar complexes. For example, the
chloride exchange on [Ptg% takes place only via a
reversible agueous solvation proc&gfirst-order rate law),

but two pathways (first and second order) were observed
for the chloride exchange on [Augt.%®8 We set the

as a nucleophile. Therefore, the observed exchange ratggiowing upper limits to the first-order terms of the cyanide
decreases "9 orders of magnitude the pH decreases (F'gur%xchange (from Figure 7)>107° s1 for P(ll), 105 s

7). The Pd(Il) metal center exhibits similar behavior, with a

(32) Pesek, J. J.; Mason, W. Rorg. Chem1979 18, 924 and references
therein.

(33) Jones, L. Hinorg. Chem 1963 2, 777.

(34) Kubas, G. J.; Jones, Inorg. Chem.1974 13, 2816.

(35) Jones, L. H.; Smith, J. Ml. Chem. Phys1964 41, 2507.

(36) Remick, A. EJ. Am. Chem. S0d.947, 69, 94.

for Pd(ll), and 10 s! for Ni(ll). These limits imply that
nucleophilic attack by HCN or solvation by,8 for Pt(ll),
Pd(ll), and Ni(ll) is at least 9, 6, and 6 orders of magnitude

(37) Grantham, L. F.; Elleman, T. S.; Martin, D, $. Am. Chem. Soc
1955 77, 2965.
(38) Rich, R.; Taube, HJ. Phys. Chem1954 58, 1.
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Table 2. Activation Parameters of the Cyanide Exchange on the
[M(CN)4]""/HCN/CN~ System in an Aqueous Medium at 298.1 K

kZM,X

(st molt AH*(kJ  AS(JI mor!t AV¥(cm?
metal kg)? mol?) K-1) mol?)
Ni(ll)b  kN@CN  (23+£0.1)x 106 21.6£2  —51+7 —1942

kNE@HCN <10 x 106
kN@2HCN (634 15) x 10 47.3+1  +63+3 —6+1
Pd(Il)e kPd.CN 82+ 2d 235419 —129+5¢ —2242
kPIHON (454 1.3)x 10°
Pt(In)e koPtCN 114+ 9 251+ 19 —142+49 -—27+2
Au(lllyef kAuCN 6240+ 85 40.0+ 1 —38+3 +2+1
kAu.Cl 0.56+ 0.03 65.1+ 1 —31+3 —-14+2

aThe rate constants reported are for the exchange of a particular
coordinated X. The rate constant for an unspecified ¥ therefore four
times greater than the rate constant for the coordinated a0d the
corresponding\Sf value is 11.5 € R In 4) times greater thanS' for the
coordinated X. P The rate law is given in equation 19The rate law is
given in equation 134 The kinetic parameters obtained previously for pH
= 10.3 and 10.8 are for Pd (P§;P4.CN= 124(25) st mol~! kg; AH* =
17(24) kJ mot?1, andAS" = —147(137) J mol’K 1 from references 8 and
42. € kopML = kML [L]. fReference 2.

slower, respectively, than nucleophilic attack by Chor
Pt(Il), Pd(Il) and Ni(ll), respectively.

We have recently reported the rate law and the pH
variation of the cyanide exchange on Au(lll) square-planar
complex in watef. The observed cyanide-exchange rate
constant on [AU(CN] ~, kopCN, is also presented in Figure
7. The Au(lll) and Pt(Il) complexes are not kinetically
affected by the protonation of the complex, whereas Pd(ll)
and Ni(ll) show an important change at low pH because of

Monlien et al.
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Figure 8. Effect of pressure oRT In(k/ky) for the cyanide exchange (a)
on [M(CN)4"™ where M= Au(lll), Pt(ll), Pd(Il), and Ni(ll), Cy = 0.10+
0.05 mol kg?, Ccn = 0.404+ 0.5 mol kg%, andl = 0.6 4 0.1 mol kg™~
For Au(lll) and Pt(ll), pH= 11.5,T = 298.1 K. For Pd(ll), pH= 11.4 and
T = 323.1 K. For Ni(ll), pH= 10.4 andT = 279.9 K and (b) on [Ni-
(CN)(HCN);]. Cy = 0.10+ 0.05 mol kg, Ccn = 0.40+ 0.5 mol kg2,

| = 0.6+ 0.1 mol kg%, pH = 3.5, andT = 298.1 K.

same order of magnitude as the value obtained for the
isonitrile ligand and confirms the much higher selectivity of

the faster cyanide exchange on the protonated species. Thene pi(I1) center with respect to the Pd(1l) center. The divalent
increase of the rate at low pH can be attributed to the more complexes [Ni(CNjJ2-, [Pd(CN)]2-, and [Pt(CN)]>~ have
positive charge of the protonated complex and to a weaker gpproximately the same activation enthalpy; however, the

M—CN bond. No kinetic effect of the protonation of
[Pt(CN)]% is observed, probably because of a lowég*H
value, as discussed above.

Kinetic Parameters. All the activation parameters, rate

constants, and rate laws are listed in Table 2. The cyanide-

exchange rate constant on [M(CN) increases in a 1:7:
200 000 ratio for Pt/Pd/Ni (Figure 7). This trend is modified
at low pH; the palladium becomes 400 times more reactive
than the platinum because of the formation of [PA(EION] .

The high reactivity of [Ni(CN)]?>~ is explained by the

difference in reactivity among these three complexes is
reflected in the entropy term. The negative valuesA&

are indicative of an associative activation mode. The most
negative values are observed for platinum and palladium,
implying the formation of a fully pentacoordinated species
at the transition state. The much less negative value for
Ni(ll) indicates that the coordination of the transition-state
species is intermediate between tetra- and pentacoordination,
as confirmed by the true thermodynamic equilibrium between
[Ni(CN)4]?~ and [Ni(CN)]3".

stability of the pentacoordinate intermediate that becomes  \/5riaple Pressure. The activation volumes are clearly

stable for nickel. [Ni(CN3]®~ has been isolated with both
regular square-pyramidal and distorted trigonal-bipyramidal
geometries present in the same cry&tdihe high reactivity

of Au(lll) with respect to the isoelectronic Pt(ll) is explained
by the higher oxidation state. The relative reactivity of
palladium with respect to platinum depends strongly on the
nature of the ligand involved in ligand exchange on their
homoleptic complexes. The values kfdYkPtt for H,0,
Me,S, and MeNC are 1.4 10°, 1.39 x 10% and 1.7,
respectively’o—44 kP4Yk,Ptt = 7 for CN~ exchange is of the

(39) (a) Raymond, K. N.; Corfield, P. W. R.; Ibers, J. korg. Chem
1968 7, 1362. (b) Jurnak, F. A.; Raymond, K. Norg. Chem1974
13, 2387.

(40) Helm, L.; Elding, L. I.; Merbach, A. Hnorg. Chem 1985 24, 1719.

(41) Helm, L.; Elding, L. I.; Merbach, A. EHelv. Chim. Actal984 67,
1453.

(42) Frey, U.; Elmroth, S.; Moullet, B.; Elding, L.; Merbach, A. Borg.
Chem.1991, 30, 5033.
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negative and show the same trend as do the entropies (Table
2, Figure 8). Using the same argument as above and taking
into account the fact that the pentacoordinated species is
observed for nickel, we conclude that this species participates
in a limiting A exchange pathway. We observed that the
magnitude of the activation volume for cyanide exchange
on Pd(ll) is always smaller than that for the corresponding
exchange on Pt(I)? Furthermore, the\\* values for CN
exchange on [Pt(CM)F~ (=27 cn? mol™t) and [Pd(CN)|?>~

(=22 cn® mol™Y) are the most negative ever observed for
homoleptic square-planar ligand-exchange reactions. For
example, the followingA\V* values were reported for Pt(I1)
and Pd(Il), respectively, in M8 and in HO: —22 and—9.4

(43) Olsson, A.; Kofod, Plnorg. Chem.1992 31, 183.
(44) Hallinan, N.; Besayan, V.; Forster, M.; Elbaze, G.; Ducommun, Y.;
Merbach, A. E.Inorg. Chem 1991, 30, 1112.
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cm® mol~t (Me,S) and—4.6 and—2.2 cn? mol™* (H,0). or transition states as well as protonated complexes. The
Therefore, we attribute our results to a limiting A mechanism, reactivities of these species are strongly pH-dependent,
even though an intermediate could not be formally detected. covering 15 orders of magnitude in reaction rates. The
The AV* value for cyanide exchange on [Ni(CAHCN),] nucleophilic attack by HCN is at least—® orders of

is much less negative than that for the deprotonated speciesmagnitude slower than is the nucleophilic attack by G
but the value for the entropy of cyanide exchange on [M(CN),]%".

[Ni(CN)2(HCN),] is less positive than that for the deproto-
nated species. These results are indicative of a tyipe Acknowledgment. We thank the Swiss National Science
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between 3d, 4d, and 5d transition-metal complexes. Surpris_material is available free of charge via the Internet at http://
ingly, the behavior of these metal square-planar centers lead®!S-26S-019-
to mechanistic diversity involving pentacoordinated species IC010917E

Inorganic Chemistry, Vol. 41, No. 7, 2002 1727



