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The reactions of NiLe?~ and of NiL, where L?~ is iminodiacetate (IDA?~) or N-methyliminodiacetate (MIDA?™), with
excess CIN~ to give Ni(CN )2~ are measured over a wide range of cyanide concentrations. The NiL;?*~ complexes are much
slower to react than the NiL complexes. With the bis complexes the rate-determining steps involve the removal of one L2~
ligand by dissociation or by cyanide attack followed by the rapid conversion of the mono complex to Ni(CN),2~: rate =
(BaNile + EonNiLa[CN~])[NiL:2~]. Although the kq¥il2 values are the same order of magnitude (4.5 X 1073 sec™! for IDA
and 1.5 X 1073 sec™t for MIDA), the k¢nMilz rate constant is much larger for IDA (2.5 X 102 M ~! sec™!) than for MIDA
(6.3 M~! sec™!). The mono complexes rapidly add two cyanides and the observed kinetics are first order in cyanide and
first order in NiL{CN)2~. The fact that only three cyanides are involved in the rate-determining step is confirmed in the
kinetics of the reverse reaction between Ni(CN),2~ and L2~ which is first order in each reactant and inverse first order in
cyanide. The mechanism is

NiL 4+ 2CN- == NiL(CN)22~ (rapid)

k3
NiL(CN)e2~ 4 CN~ === Ni(CN),L¢~

— 3

Ni(CN)L3~ 4 CN~ = Ni(CN)2~ + L2~

(rate-determining)

(rapid)

where for IDA and MIDA, respectively, the stability constants for NiL{CN )2~ are 1.6 X 10! and 2.1 X 10% M =2 the k;
valuesare 5.0 X 104and 5.3 X 10* M/ ~tsec™!, and the reverse rate constantsare 4.7 X 10~7and 1.9 X 1077 sec™%.

Introduction

The reactions of aquonickel ion? and of triethylene-

tetraminenickel(II)® with cyanide to form tetracyano-
nickelate(II) ion are both first order in the nickel com-
plexes and fourth order in total cyanide. These reac-
tions are very fast compared to the reaction of ethylene-
diaminetetraacetatonickelate(II) with cyanide and the
rate-determining step with the EDTA complex in-
volves only three cyanide ions followed by a rapid re-
action with another cyanide to give Ni(CN)2~.¢ A
mixed complex of Ni(EDTA)(CN)3~ forms rapidly®
and the observed kinetics are first order in this complex
and second order in cyanide.

In the present work the reactions of the nickel com-
plexes of iminodiacetate (IDA2~) and of N-methyl-
iminodiacetate (MIDA?2™) with cyanide are studied and
are fast compared to the EDTA complex. Unlike
NiEDTA?~ neither of the bis complexes of the imino-
diacetates, NilL,?*~, shows any evidence of forming a
stable complex with CN—. The bis complexes are not
converted directly to Ni(CN),2~ but must first lose one
ligand and cyanide ion assists this loss. Therefore, the
reactions observed with the bis complex are

deiLg
NiLy?~ ~——> NiL + L2~ (1)
koxNils
NiLy?~ + CN~ ———> NiLCN~ + L2~ (2)

(1) Correspondence to be addressed to this author.

(2) G. B. Kolski and D, W. Margerum, Inorg. Chem., T, 2239 (1968).

(8) G. B. Kolski and D. W. Margerum, sbid., 8, 1125 (1969).

(4) D. W. Margerum, T, J. Bydalek, and J. J. Bishop, J. Amer. Chem. Soc.,
83, 1791 (1961).

(5) D. W. Margerum and L. I. Simandi, ““Proceedings of the 9th Interna-
tional Conference on Coordination Chemistry,”” W. Schneider, Ed., Verlag
Helvetica Chimica Acta, Basel, Switzerland, 1966, p 371,

followed by the more rapid conversion of the mono
complex to Ni(CN),’~. The mono complexes react
very rapidly to give remarkably stable mixed cyanide
complexes which contain two cyanide ions. The re-
sulting NiL(CN),2~ complex reacts with one more CN—
in a rate-determining step similar to the EDTA reac-
tion in that a total of only three cyanides is involved

rapid
NiL + 2CN~ = NiL(CN):*~  K.K, (3)
ks
NiL(CN)?~ 4+ CN- (__Z Ni(CN),L3~ (4)

k.3

rapid
Ni(CN)L®~ + CN= = Ni(CN)2~ + L2~ Ky (5)

Experimental Section

The disodium salt of iminodiacetic acid was obtained as the
practical grade from Eastman Organic Chemicals, and methylimi-
nodiacetic acid was obtained from Aldrich Chemical Co. Both
ligands were recrystallized twice from water-ethanol mixtures.
Approximately 0.01 M solutions of Ni(IDA)?~ and of Ni-
(MIDA),2~ were prepared by adding a slight excess of nickel
perchlorate to a weighed amount of ligand in solution, followed by
precipitation of the excess nickel as the hydroxide (final pH
10-11). The solutions were filtered through a 0.22-u Millipore
filter and adjusted to pH 9 with HCIO, for storage. These solu-
tions were standardized by addition of 0.1 M NaCN and measure-
ment of the absorbance of Ni(CN),2~.

Nickel perchlorate, Ni(ClO,);-6HsO, was prepared from re-
agent grade NiCO; and HCIO; and was recrystallized twice from
water. Sodium cyanide solutions were standardized by the
argentimetric method just prior to use. Standard Ni(CN)2~
solutions used in the reverse rate studies were prepared by
stoichiometric addition. Ionic strength was adjusted with
NaClO, (twice recrystallized) to 0.10 M except for the reverse
reaction with IDA which was 0.33 M. The pH of all reactions
was maintained at 10.8 == 0.2 using dilute NaOH.

Solutions containing only the 1:1 complexes of Ni(IDA) and of
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Ni(MIDA) cannot exist at pH 11 because of the disproportiona-
tion reaction

ONiL + 20H" > NiLa?" + Ni(OH):(s) (6)

however dilute solutions can be prepared which contain mixtures
of Nili and Nil,?~ without any Ni(OH); precipitate. In the
reaction of these mixtures with CN~ the NiL complex is con-
verted to Ni(CN )2~ much faster than the NiL,2~ complex and
its kinetics was determined in this way.

The forward reaction rates were followed on a Durrum-Gibson
stopped-flow apparatus with a 2.0-cm observation cell (Kel-F) by
monitoring the formation of Ni(CN)2~ at 267 mu (e 1.16 X
104 M~ em17t), A Tektronix Model 564 storage oscilloscope
equipped with a Polaroid camera was used to record the data.
Oscilloscope time scans as fast as 20 msec/cm were used. A least-
squares first-order program for the IBM 7094 computer was used
to calculate the observed forward rate constants from the per
cent transmittance~time data taken from the stopped-flow pic-

tures.. The reactions were first order because CIN ™ was in excess
Ni(CN)s
_[_1%_} = Eovea[NiLnlr o7

and [NiL,]r includes any rapidly formed mixed cyanide com-
plexes.

Reverse rates for the IDA and MIDA systems were followed
with Cary Model 14 and Model 16 spectrophotometers, respec-
tively, by monitoring the disappearance of Ni{(CN )~ at 267 and
285 mu (¢4.63 X 103 M/ ~t em ™) using 10-cm cells.

Results
Kinetics of CN— Reaction with NiL,>~-—Reactions
first order in NiL,2~ concentration are observed when
cyanide is in excess in accord with eq 7. The values for
the observed first-order rate constants depend on the
concentration of cyanide (Tables I and II), but as Fig-

TaBLE [

CYANIDE DEPENDENCE ON THE OBSERVED FORWARD
RaATE CoxsTANTS—Ni(IDA )2~ SYSTEM®

[CN -1t/
[CN~]T, M 4{Ni]T b kobsd,® sec™t
1.00 X 107 2 (7.1 =0.2) X 1073
1.78 X 107 4 (1,06 &= 0.02) X 102
3.16 X 10— 7 (1,00 = 0.09) X 102
5.62 X 107 13 (1.7 =0.3) X 1072
1.00 X 107# 23 (2.2 £0.4) X 1072
1.11 X 107 28 (2.5 £0.2) X 1072
1.11 X 10—+ 8 (2.4 2£0.3) X 107
5.50 X 107 41 (9 = 1) X 10™?
1.11 X 103 82 (2.2 £0.5) X 107t
1.66 X 1073 123 (4.4 =0.4) X 1071
2.22 X 1073 164 (6.6 =0.4) X 107!
2.22 X 1078 10 (4.3 =0.3) X 107!
1.11 X 1072 49 3.3 0.3
2.22 X 1072 97 83=*x0.7
3.33 X 1072 146 (1.3 =0.1) X 10
4.44 X 1072 195 (1.5 £0.2) X 10
e [Nil,27]; = 5.9 X 1077-4.7 X 1073 A, 25°, pH 10.8 = 0.2, i
0.10. ? [Ni]r = [NiL] + [NiL:?~]. ¢ Average of three to six
runs.

ure 1 shows, this dependence is first order in cyanide
at higher concentrations and approaches zero order in
cyanide at lower concentrations. The high molar ah-
sorptivity of Ni(CN),2~ permitted an accurate deter-
mination of rate constants even at extremely low con-
centrations. With both IDA and MIDA the value for
konsa can be expressed by

kovsa (for NiLs) = RkaNilz 4 kexNilz [CN ] (8)
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TABLE IL

CvyANIDE DEPENDENCE ON THE OBSERVED FORWARD
RATE CoNsTANTS—Ni{MIDA),2~ SYSTEM?

[CN -]t/

N-lr, M 4[NilT? kobsd,® sec™l
3.16)(10"5 3 (1.7 £0.1) X 1078
1.00 X 10— 9 (2.1 £0.2) X 107
3.16 X 107 29 (3.2 4+0.2) X 1073
5.36 X 1074 49 (3.9 £0.2) X 1073
1.00 X 1073 91 6.1 £0.2) X 1073
1.07 X 1073 98 (6.6 =20.1) X 103
1.61 X 1073 47 9.4 +0.2) X103
2.14 X 1073 195 (1.30.1) X 102
2.14 X 1073 11 (1.24 &= 0.08) X 1072
3.16 X 1073 286 (1.94 £ 0.03) X 102
3.16 X 1073 7 (1.95 = 0.02) X 102
5.00 X 107? 11 (2.95 =£0.04) X 102
1.00 X 1072 23 (5.46 = 0.08) X 1072
1.07 X 1072 55 (6.7 £0.1) X 1072
1.78 X 1072 41 (9.87 =0.02) X 102
2.14 X 10™? 110 (1.14 &= 0.05) X 10-*
3.22 X 1072 166 (1.7=£0.1) X 107!
4.29 X 1072 221 (2.2 £0.2) X 1071

e [\1Lz "1t = 2.4 X 1076-1.1 X 107* M, 25°, pH 108 = 0.2, u
0.10. ® [Ni]r = [NiL] 4+ [NiLy27]. ¢ Average of three to five

runs.

N IDAY”

log [CN‘],r

Figure 1.—Cyanide dependence on the observed forward rate
constants for the Ni(IDA)*~ and Ni(MIDA)?~ systems.
(Solid line calculated from experimentally measured rate con-
stants.)

with kBgNilz equal to 4.5 X 107% sec™ (IDA) and 1.5 X
10~% sec™! (MIDA) and kcx¥l2 equal to 2.5 X 10 M/~
sec! (IDA) and 5.3 M~! sec™! (MIDA). This cor-
responds to the mechanism given in eq 1 and 2 where
NiL or NiLCN™ react rapidly with additional CN~—
to give Ni(CN)2~.

No evidence could be found for an NiL:(CN)?~ com-
plex similar to the Ni(EDTA)(CN)3~ complex which
has a stability constant of 4 X 10® M —! and was readily
detected kinetically and spectrophotometrically.*® If
a NiL,(CN)?*~ complex exists for either IDA or MIDA,
it must have a stability constant less than 10 /%
The fact that the mixed cyanide complex exists with
nickel~-EDTA but not with NiLy?~ is in accord with the
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TaBLE IT1

L1cAND DEPENDENCE ON THE OBSERVED FORWARD RATE
ConNsTANTS AT 25°, pH 10.9 = 0.1, AND & 0.10

[L2-]/[NiLs2~]; kobsd, sec™!
Ni(IDA )2~ System®
[NiL]z* = 1.11 X 1078 M
[CN=]r = 178 X 1078 M
0 (10.6 = 0.2) X 103
1.7 (9.7 £0.2) X 103
8.6 (9.0 =0.8) X 10—®
[CN-]r = 3.16 X 1075 M
0 (1.09 &= 0.09) X 102
1.7 (1.25 == 0.03) X 102
8.6 (1.24 = 0.08) X 1072
Ni(MIDA )2~ System®
[NiLp2~]; = 5.71 X 1078 M
[CN~]r = 500 X 1073 M
0 (2.78 £ 0.05) X 1072
35 (2.83 = 0.07) X 102
61 (2.84 = 0.03) X 102
123 (2.77 = 0.09) X 102
[CN~]r = 1.00 X 102 M
0 (6.6 =0.1) X 102
35 (5.6 £0.1) X 102
61 (5.6 =0.1) X 1072
123 (6.6 £0.1) X 102

@ Average of three runs followed at 267 mp. ? [NilL]r =
[NiL] 4+ [Nil;2~]. ¢ Average of three runs followed at 285 my.

observations® 7 that one carboxylate group is free in the
EDTA complex, Ni(EDTA)(H,0)?~, while this would
not be so with NiL,?~,

As seen in Table III, there is no significant effect
caused by variation of the free L2~ concentration as
would be required if the kinetic step involved a dissocia-
tion of an L%~ ligand prior to the first-order CN~ reac-
tion. Therefore, CN— must react directly with Nil,2—,
Accordingly, the same rate constant for kex™il2 should
hold with equal or excess concentrations of NiL,?—
rather than excess CN~. The reaction was measured
with Ni(MIDA),?~ in excess and was followed by its
disappearance at 610 my as well as by the appearance of
Ni(CN)s*~ at 285 and 310 mu. The results are given
in Table IV. There are no reaction intermediates of
appreciable concentration and the rate of disappearance
of Ni(MIDA),?~ is the same within experimental error
as the rate of appearance of Ni{(CN),2~.

At low concentrations of CN~ the aqueous dissocia-
tion of Nil.*~ contributes to the rate, and, as will be
shown in the next section, once NiL forms, it reacts very
rapidly to give Ni(CN)*~. The direct CN~ reaction
with Ni(MIDA).*~ is much slower than with Ni-
(IDA):?~ while the kg values are closer together. As
a result the reaction of Ni(MIDA),2~ is nearly zero
order in [CN—] below 10—* M cyanide,

Kinetics of CN— Reaction with NiL.—The reaction
of the mono complex also was studied at pH 10.8 in
order to avoid possible contributions of HCN to the
reaction rate which is known to be important in the
reactions of the aquonickel, nickel-trien, and nickel-

(8) D. W. Margerum, J. Phys. Chem., 68, 336 (1959).
(7) G.S.Smithand J. L. Hoard, J. Amer. Chem. Soc., 81, 556 (1959).
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TABLE IV

ForwARD RATE CONSTANTS UNDER ExcEss Ni(MIDA )2~
ConprTions AT 25°, pH 10.9 % 0.1, anND & 0.10

[NiL2~]; = 1.407 X 1072 M, » 310 my
[CN-]T, M [CN-]1/[NiLe2-]i  konNilee a7 -1 gec—:
1.00 X 102 0.71 5.8+0.1
5.00 X 103 0.36 6.54+0.1
3.16 X 10~ 0.22 6.8+0.2
Av 6.4=%+0.5
[NiL]rt = 1.09 X 10~* M, » 285 mu
1.78 X 102 164 5.46 &= 0.01
1.00 X 1072 92 5.34 = 0.04
5.00 X 1073 44 5.63 &= 0.04
3.16 X 10~ 28 5.69 = 0.07
Av 5.6=x0.1
[NiLy?~}; = 1.407 X 1072 M, X 610 my
1.78 X 102 1.21 5.7+£0.1
1.00 X 1072 0.71 6.1£0.1
5.00 X 1073 0.36 6.4+£0.2
3.16 X 1073 0.22 6.4+0.2
Av 6.2=£0.3

@ Average of four runs; corrected for kgNil:, b [NiL]y =

[NIL] + [NiLg?~].

EDTA complexes.?®% This necessitated working with
a mixture of NiL and NiL,?>~ but the reaction of NiL,2—
is much slower and corrections are made for its contri-
butions. With excess cyanide ion the observed kinetics
were first order in the 1:1 complex as given in Table V.

TABLE V
CvyaNIDE DEPENDENCE ON THE OBSERVED FORWARD RATE
ConsTaNTs AT 25°, pH 10.8 &= 0.2, anp g 0.10
[CN~)T, M [CN-]T/4[NiL};
NiIDA System
[NiL]; = (5.0-8.4) X 1077 M, [NiL,); = (5.7-6.1) X 1077 M

kobsd,* sec™1

1.00 X 10-% 5 B.7x0.1) X 1071
1.78 X 107 8 (7 +£1) X 107!
3.16 X 107 16 1.4b

NiMIDA System
[NIiL]; = (4.1-5.0) X 1077 M, [NiL,]; = (2.3-2.4) X 1078 M
3.18 X 1073 16 (8 = 1) X 101
1.00 X 10—+ 61 4.6 0.3
3.16 X 104 193 16.0 £ 0.7

@ Average of three to fiveruns. ? Single determination.

Figure 2 shows that the observed cyanide dependence
also is first order; the values for the rate constants
which are first order in total NiL and first order in CN~
are 5.0 X 10* M~ sec™! for IDA and 5.3 X 10* M !
sec™! for MIDA.

The experimental conditions require low concentra-
tions of NiL, and therefore direct evidence of any mixed
cyanide complexes is not available. However, ex-
perience with other nickel~aminocarboxylate complexes
and with nickel-trien gives every reason to expect such
complexes. The reverse kinetics show that a mixed
complex of NiL(CN),*~ must form very rapidly and
completely and that it is attacked by CN~ to give the
second-order reactions found.

Kinetics of the Reverse Reactions.—The Ni(CN),2~
complex is very stable (log 8: = 30.5%) compared to the
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Figure 2.—Cyanide dependence on the observed forward rate
constants for the NiIDA and NiMIDA systems. (Solid line
calculated from experimentally measured rate constants.)

NiL. and NiL*~ complexes (for IDAS® log K; = 8.26,
log B, = 14.61 at 30°, £ 0.10; for MIDA?%log K; = 8.73,
log Bs = 15.95at 20°, 1 0.10). Nevertheless, using very
dilute Ni(CN),2~ solutions and moderately high con-
centrations of free L, it is possible to measure the re-
verse reaction. The rate of disappearance of Ni-
(CN)4*~ under these conditions is not a simple kinetic
expression although it is obvious from the experiments
that the rate depends on Ni(CN),*~and on L~ and that
it is suppressed by CN~. An excellent fit to the data is
obtained by assuming the rate dependence

—d[Ni(CN)27] _ R [Ni(CN)2~][L2-] ©)
ds T, ICNT

The integrated rate expression in terms of the ab-
sorbance of Ni(CN),*~ is given in eq 10 where 4; is the
initial absorbance, A is the absorbance at any time, € is
the molar absorptivity (at 267 or 285 muy), / is the cell
path (10 cm), and k'opsa = k:[L2~].  Values for k/qpsa at

(i = 4) + At (/4D = = Shs (0)

different [L2—| concentrations and for k., are given in
Table VI. The reactions are not fast and were followed
for 30-959%, completion in time intervals of 10-15 min.
The k. values are 4.7 X 1077 sec™! for IDA and 1.9 X
10=7 for MIDA.

Extrapolation of the absorbance to zero time indicates
that an intermediate exists in equilibrium with Ni-
(CN).*~ prior to the rate-determining step. The in-
termediate absorbance is small and it is believed to be
caused by small concentrations of Ni(CN);L3~, The
proposed reaction mechanism is given in the reverse
reactions in eq 4 and 3.

The large excess of L?~ used in the reverse reactions
rapidly converts any NiL to NiL.?>~ and at equilibrium
eq 11 should hold. The absorbance at equilibrium,

Ni(CN)y2~ + 2L~ 2 NiLy?~ + 4CN- (11)

(8) S. Chaberek and A. E. Martell, J. Awmer, Chem. Soc., 74,5052 (1952).

(9) G. Schwarzenbach, G. Anderegg, W. Schneider, and H. Senn, Helv,
Chim, Acta, 38, 1147 (1955).
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TaBLE VI

RaTE CONSTANTS FOR THE REACTIONS OF
IDA axp MIDA wrtH Ni(CN )2~

[Ni(CN}s2-]; = 4.72 X 10-¢ M, [NI(CN)s2~]; = 9.50 X 10~ M,
25°, pH 10.9 = 0.1, » 0.33 25°, pH 10.7 = 0.1, » 0.10

108%/obad, 107k, 10108/ ghed, 107&;,
M sec™1 sec™! M sec™! sec L
5.46% 4.96 18.3¢ 1.75
4.94¢ 4.49 12.84 1.23
5.53¢ 5.03 14 .84 1.42
2,520 4.58 4.39° 2.10
2. 59 4.71 3.70° 1.77
2,210 4.02 4.25¢ 2.03
1.29¢ 4.69 2.39/ 2.28
1.31¢ 4.76 2. 45/ 2.34
1.34¢ 4.88 2,26/ 2.16

Av 4.7+£0.3 Av 1.9+0.4

« [IDA27] = 1.10 X 107 M. b [IDA®-] = 530 X 10-% M.

“[IDA®"] = 275 X 1072 M. ¢ [MIDA?"] = 1.04 X 1072 AL

°[MIDA?2"] = 2.09 X 1073 3. / [MIDA2"] = 1.04 X 1073 4.

A., can be used to calculate the 8, value for NiL,2~
according to eq 12 which holds when L2~ is in large
excess (B, refers to the Ni(CN),2~ constant). The
L 256(4; — Aw g
64141400 [LZ—} 2
results are log 8; = 14.9 = 0.3 for IDA (25°, ¢ (0.33) and
log 82 = 16.1 = 0.1 for MIDA (25°, 1 0.10) which are in
excellent agreement with the corresponding literature
values®® of 14.61 (30°, « 0.10) and 15.95 (20°, u 0.10).
Therefore, the assumption that any other species must
be present in very small concentrations in the reverse
reaction is justified.

(12)

Discussion

A combination of the reverse reaction and the forward
reaction of NiL gives the reaction mechanism in eq 3-5
where &, = K 7'k~; and kopsa for the forward reaction
is &3 [CN~]. The mass action law requires the observed
reactant in the forward reaction to be NiL(CN),?~ in
order to account for all four cyanides. For this to be
the case the stability constants for NiL(CN)y?>~ must
be very large; otherwise at the low cyanide concentra-
tions used NiL could not have been completely con-
verted to NiL(CN)z?~. The equilibrium constants and
the ratio of the rate constants give eq 13, where iis the
Ky~ sp,

kK i
constant for Ni(CN)2~ and KK, is for NiL(CN).*~.
The KK, value for Ni(IDA)(CN)y2~ is 1.6 X 101 /2
and for Ni(MIDA)(CN),2~itis2.1 X 10¥ M ~2  These
values meet the requirement of essentially complete
conversion of any NiL to NiL{CN),2~ in the forward
reaction. The KK, values are the same order of mag-
nitude as the maximum possible value estimated? for
Ni(CN)o(H,0),, where K K, has to be less than 3 X
1011 M~2 A negative tridentate ligand normally
would greatly reduce the ability of nickel to add nega-
tive ligands but this is not the case here and it suggests
that there is a change in the nature of the bonding.
The presence of IDA?~ or MIDA?~ around nickel may
place the mixed complex in a more stable configuration

KKy = (13)
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Figure 3.—Proposed mechanism for the reaction of nickel
iminodiacetate complexes with cyanide ion.

with greater tetragonal distortion than is the case for
octahedral complexes. A tendency for the mixed com-
plex to be of a square-planar nature could explain both
the large KK, stability constants and the relatively
large value for k; (=konN1%“M2) for MIDA which is
10,000 times greater than the value of konNil2.  Square-
planar substitution reactions of Ni(CN),2~ with a strong
nucleophile such as en or even trien are very fast com-
pared to octahedral substitution reactions of strong
nucleophiles coordinated to nickel.

The entire reaction mechanism is pictured in Figure
3 where, for the sake of clarity, possible structures are
shown. The actual structures are not known for the
reaction intermediates or even for Ni(IDA).?*~ where a
trams (facial) configuration is assumed. This structure
has been assigned to the bis-MIDA complexes of Co-
(II1),* Ru(III),!! and Cr(III)!? and is the predominant
species for the bis-IDA complexes of Co(III) and Ru-
(II1) but not for Cr(III). With Pd(II) the trans isomer
predominates in both cases.®

The series of steps diagrammed in Figure 3 agree with
the suggested mechanism in which square-planar sub-
stitutions permit rapid reactions between structure III
and Ni(CN),®~ and where structure II may react in a
similar mauner.
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TaBLE VII

RATE aND EQUILIBRIUM CONSTANTS FOR THE
NIcKEL IMINODIACETATE SYSTEMS AT 25°

Constant IDA MIDA
konNile M~lsec™! (2.5£0.7) X 102 5.3£0.2
ks, M "lsec™? (6.0£0.2) X 10* (6.8 40.1) X 10+
K Koks, M ~3sec™! 8.13 X 10w 1.12 X 10%
aNils, sec ! (4.540.5) X 10 (1.5==0.1) X 103
EBLNiL A —lgec—le 1.0 X 104 2.6 X 104
Kyi7'k_3, sec™t (4.7£0.3) X107 (1.9%x0.4) X 1077
K K, M™? 1.6 X 101t 2.1 X 101
Log KniL 8.26 (30°) 8.73 (20°)¢
Log @, NiLs 14.61 (30°) 15.95 (20°)¢

e Calculated from kgNil: and K,Nil:, b Reference 8 ¢ Refer-

ence 9.

IDA complex in all cases with one important exception.
In the CN~ attack on NiL;*~ the N-methyl group slows
the reaction by a factor of 47 while the k4 values are
slower by a factor of only 3. The methyl group some-
how hinders the cyanide substitution of the tridentate
ligand in a manner different from the H,O substitution
reaction.

The steps presented in Figure 3 show how a reaction
mechanism could proceed with three cyanides in the
rate-determining step but it does not indicate why four
cyanides are used with aquonickel ion and nickel-trien
and only three in this case. Seven other aminocar-
boxylate complexes of nickel have the same dependence
on three cyanide ions!* and this dependence also is found
for CoOEDTA?~ and CoCyDTA?~.!%:18  Therefore, this
is not an isolated phenomenon. Several reasons for the
different behavior in regard to the number of cyanides
needed in the rate-determining step can be suggested.
First, charge repulsion between intermediates such as
NiL(CN);3*~ and another CN— may prevent the fourth
cyanide from being effective. Second, the presence of a
strong nitrogen donor group can assist in converting
nickel to a square-planar configuration. Therefore,
the amine group in IDA and MIDA may serve in place
of a fourth cyanide in the critical kinetic step. This
would account for the behavior compared to aquonickel
but not for polyamines., However, third, the behavior
of trien and en with Ni(CN),?~ suggests that chelation

TaBLE VIII
FORMATION AND Di1ssOCIATION RATE CONSTANTS FOR NICKEL(11) COMPLEXES AT 25°

L ELNI kgNiL
NH; 4.0 X 10%¢= 4.045.8°
gly~ 1.5 X 104 ¢ 2.4 X 1072e
IDAZ™ 4.5 X 10¢/ 2.8 X 10747
NTA3- 4.8 X 108 kv 3.5 X 10°8#1

¢ D. B. Rorabacher, Inorg. Chem., 5, 1891 (1966); 1 0.10.
« 0.25.
Chem., 7, 836 (1968); u 0.20.

ibid., 3,667 (1964); u1.25.

Table VII summarizes the equilibrium and rate con-
stants. The MIDA complex acts very much like the

(10) D. W. Cooke, Inorg. Chem., &, 1141 (19686).

(11) B. B. Smith and D. T. Sawyer, ¢bid., T, 922 (1968).
(12) J. A. Weyh and R. E. Hamm, ibid., T, 2431 (1968).
(13) B. B. Smith and D. T. Sawver, 1bid., 7, 1526 (1968).

¢G. G. Hammes and J. L. Steinfeld, J. Amer. Chem. Soc., 84, 4639 (1962); u 0.15.
A. H. Constant, Inorg. Chem., 4, 833 (1965); u 1.25 (kLNi); u 0.10 (kgNiL).
¢ N. Tanaka and M. Kimura, Bull. Chem. Soc. Jap., 40,2100 (1967); u1.25.

E NiL £qNiLs ExNiL
2.6 X 101 «d 3.3 X 10? 2.6 X 104ed
6.0 X 104° 0.95° 1.4 X 10¢®
1.0 X 10%¢ 4.5 X 1073%¢ 2.5 X 108 %
4.6 X 10%°?

PD.W. Margerum and H. M. Rosen, J. Amer. Chem. Soc., 89, 1088 (1967);
¢ G. A. Melson and R. G. Wilkins, J. Chem. Soc., 4208 (1962); u 0.20.

¢ S. Marks, H. W. Dodgen, and J P. Hunt, Inorg.
/T.J. Bydalek and

¢ This work; x 0.10. *T.J. Bydalek and M. L. Blomster,

of two amine nitrogens may help to keep four cyanides
present around nickel in the rate-determining step.
This has been discussed previously.?

(14) L. C. Coombs, D. W. Margerum, and P. C. Nigam, submitted for
publication.

(15) 8. Nakamura, Ph.D. Thesis, The University of Chicago, 1964.

(18) J. P. Jones and D. W. Margerum, Inorg. Chem., 8, 1486 (1969).
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Table VIII compares the formation and dissociation
rate constants of ammonia and some aminocarboxylates
with nickel(IT). A second glycine coordinates faster
than the first but a second IDA is slower to coordinate
than the first.
tion accounts in part for this behavior but there also is a
difference in lability of some of the coordinated water.

The difference in electrostatic attrac-

B. SCHIEFELBEIN AND N. A. DAUGHERTY

Thus, the ammonia substitution for water is faster with
NiNH;(H;0);2* than it is for Ni(gly)}(H.0),* than it is
for NiIDA(H;0)s*. The increased value of k¢~ com-
pared to 24NL may also be largely an electrostatic effect.
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In perchlorate solutions Sn(II) and V(V) react to produce Sn(IV) and V{IV).
(W]/dt = k' [Sn{ID][V(V)I? + k' [Sn(IIDI[V(V)) where k' = kx [H*] and ks’ = ks + Ea[H ] or kgef H ]
AH* = 6.0 + 0.2 keal/mol, AS* = 39.2 &= 0.8 cal/mol deg, AH* = 3.9 =
Some plausible mechanisms for the reaction are considered.

tion parameters associated with &y and kg are:
0.3 keal/mol, AS* = —29.5 % 1.1 cal/mol deg.

Introduction

Because the oxidation of Sn(II) may involve either a
single, two-electron step or successive one-electron
steps, the oxidation of Sn(II) is of mec¢hanistic interest.
In order to prevent the formation of colloidal stannic
oxide, hydrochloric and sulfuric acids have been used?—*
as solvents in previous studies. The use of these
complexing solvents makes difficult unambiguous inter-
pretation of the results. The problem of complex
formation can be avoided by the use of perchlorate
solutions. We have found® that the formation of
stannic oxide is slow compared to the rate of oxidation
of Sn(II) and that rate studies can be carried out in
perchloric acid.

In hydrochloric acid the reaction between excess
Sn(II) and V(V) produces both V(III) and V{IV) and
the rate is reported’” to be too fast to measure by con-
ventional techniques. In contrast, the reaction in
perchloric acid is slow and V(IV) is the only vanadium
product.

Experimental Section

Materials.-—Tin(II) perchlorate was prepared by the reaction
of excess tin metal with copper(Il) perchlotate dissolved in per-
chloric acid under conditions which allowed the isolation and
recrystallization of the Sn(Il) compound. In a typical prepara-

(1) To whom correspondence should be addressed.

(2) (a) C. H. Brubaker and A. J. Court, J. Amer. Chem. Soc., T8, 5530
(1956); (b) R. A. Robinson and N. H. Law, Trans. Fareday Soc., 31, 899
{1935).

(3) F. R. Dukeand R. C. Pinkerton, J. Amer. Chem. Soc., T3, 3045 (1951).

(4) D. Banerjea and M. S. Mohan, J. Indian Chem. Soc., 40, 188 (1963).

(5) E. A. M. Wetton and W. C. E. Higginson, J. Chem. Soc., 5890 (1963).

(6) N. A. Daugherty and B. Schiefelbein, J. Amer. Chem, Soc., 91, 4328
(1969).

(7) D.J. Drye, W. C. E. Higginson, and P. Knowles, J. Chem. Soc., 1137
{1962).

The rate of the reaction is given by: —d[V-

The activa-

tion 12 g of tin was allowed to react overnight with ca. 14 g ot
the hydrated copper salt dissolved in 82 ml of 9 A HCIO,.
The reaction mixture was then filtered through a glass frit and 50
ml of concentrated HCIO, was added to the filtrate. Cooling
the acid solution in an ice-salt bath yielded ca. 8 g of crystalline
product. The crystals were recrystallized from 25 ml of warm,
65°, concentrated HClO,. Apparently the reaction conditions
are critical. Shortly after combining the reactants, in a prepara-
tion in which the quantities of reactants were doubled, the reac-
tion mixture began to evolve fumes and became sufficiently hot to
char the laboratory bench. All preparations of tin(II) per-
chlorate should be carried out with adequate safety precautions.

Stock solutions of tin(IT) perchlorate were prepared by dis-
solving the solid in concentrated HCIO, and diluting to an appro-
priate volume with water. All operations involving Su(11l) were
carried out in an argon atmosphcre.

Vanadium(V) perchlorate solutions were prepared by dis-
solving vanadium pentoxide in perchloric acid. The oxide was
prepared by ignition of ammonium metavanadate at 400°.

Potassium trioxalatocobalt(II1I) was prepared according to pub-
lished® methods.

Lithium and sodium perchlorates were prepared by neutralizing
the metal carbonate with perchloric acid. The salt was recrystal-
lized twice from water.

Analyses.—The Sn(II) content of the tin(II) perchlorate solu-
tions was determined by treating an aliquot of the solution with a
known excess of cerium(IV) sulfate and back-titration of the
excess Ce(IV) with Fe(Il) after the Sn(Il)-Ce(IV) reaction was
complete. The acid concentration of the Sn(II) solutions was
calculated from a knowledge of the Sn(II) concentration and the
total perchlorate concentration determined by passage of an
aliquot through a cation-exchange resin and titration of the hydro-
gen jon in the eluent.

Vanadium(V) was determined by titration with Fe(II) in 6 M
sulfuric acid.! The acid concentration of the vanadium(V)
solutions was taken as the difference between the amount of acid
initially added and the amount consumed by the reaction of
vanadium pentoxide and perchloric acid.

(8) J. C. Bailar, Jr., and E. M, Jones, Inorg. Syn., 1, 37 (1939).
{9) N. A, Daugherty and T. W. Newton, J. Phys. Chem., 8T, 1000 (1963).



