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detectable amount of the protonated species is present
under the experimental conditions studied and a
deviation from a simple, first-order dependence on [H ]
is observed.

An acid-independent pathway, ko, has been observed
for all complexes in both groups, with the exception of
the hypophosphite complex. For the monosubstituted
chromium(III) complexes containing nonbasic or
weakly basic ligands, there is a good linear correlation
between AS;™ and the molar entropy of the free ligand.’
The AS,™ values for the fluoro, azido, and cyano com-
plexes all show a positive deviation from this linear
relationship, and for this reason it has been suggested®~’
that the transition state for the acid-independent
pathway for these complexes involves the transfer of a
proton from a coordinated water molecule to the strongly
basic ligand, forming a hydroxochromium(III) ion and
a neutral acid molecule rather than an aquochromium-
(I1I) ion and an anionic leaving group. In addition,
the value of k; for an internal proton-transfer mech-
anism should not depend greatly on the ionic strength
of the medium because the leaving group would be a
neutral molecule and there would be no change of
charge in the transition state. In agreement with this
expectation, the % values shown in Table III for the
monocyano complex in the three different media are
all in good agreement.

For monosubstituted pentaaquochromium(III) com-
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plexes containing the less basic halogen or halogenoid
ligands, i.e., iodide, bromide, chloride, azide, or thio-
cyanate, the rate parameter %, for the acid-independent
pathway decreases with increasing ligand field strength
and a fairly good correlation exists between the AG,™
and AH,™ values for the aquation reactions and the
frequency of the lowest energy d-d absorption band.
(A similar correlation exists over a wide range of ligand
field strengths for the monosubstituted pentaamine-
cobalt(III) complexes.?) In contrast with the trends
observed with the other monosubstituted chromium-
(III) complexes, the free energy of activation for the
acid-independent aquation of the monocyano complex
is surprisingly low, being slightly less than that of the
monobromo comiplex.!? We believe that the intra-
molecular transfer of a proton to the ligand, which
becomes more probable with the increasing basicity of
the ligand, can account for this relatively low activa-
tion energy and that this provides additional support
for the proposal that the acid-independent pathway
involves an intramolecular proton transfer.

Acknowledgment.—We are indebted to Dr. R. Krish-
namurthy, whose research opened up this area of study,
for many helpful discussions and suggestions, and to Mr.
Donn Darsow, who prepared the potassium hexacyano-
chromate(III) used in this work.

(26) C. H. Langford and H., B, Gray, ‘Ligand Substitution Processes,”’
W. A, Benjamin, Inc.,, New York, N. Y., 1065, p 65.
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Rate data for the reaction of Pt{INO;)s2~ with SCN ~ in the presence of various cations and at different ionic strength values
(ranging from 0.1 to 0.01 M) are reported. Reaction occurs in at least three steps, the first one being the substitution of two

NO,~ groups by two thiocyanate ions, The results are discussed in terms of the specific salt effect.

is accelerated specifically by the various cations.

Introduction

It has long been recognized that rate constants for
nucleophilic substitutions of four-coordinated planar
platinum(IT) complexes follow the two-term rate law:
rate = kj[complex] + ki[complex][L] (L = entering
group). Accordingly, the processes represented by
the two terms are thought of as bimolecular attacks
on the substrate by either the solvent (k; path) or the
entering group (k. path). In either case, formation
of a labile five-coordination intermediate (which may
just as well be an activated complex) is postulated.!-?

(1) C. H. Langford and H. B. Gray, ““Ligand Substitution Processes,”
W. A. Benjamin, Inc., New York, N, Y., 1665, Chapter 2.

(2) F. Basolo and R. G. Pearson, ‘“Mechanisms of Inorganic Reactions,”’
John Wiley & Sons, Inc., New York, N. Y., 1958, Chapter 4; see also U.
Belluco, R. Ettorre, F. Basolo, R. G. Pearson, and A. Turco, Inorg. Chem.,
8, 591 (1966).

The nucleophilic attack

This work is concerned with the reaction between
Pt(NO.)4*~ and SCN~ in the presence of Li+, K+,
N(C.H;)s*, and Ba?t, These cations were present
as thiocyanate, tetranitroplatinate(II), and perchlorate
salts, added in order to keep the ionic strength constant
at the desired value. We limited ourselves to the
study of the first stage of the reaction involving sub-
stitution of two NO;™~ groups.

Experimental Section
Materials.—The complex Ki[{Pt(NO,)s] was prepared follow-
ing the methods of the literature.!? The corresponding salts of
Li*, Ba’t, and N(CyH;)™ were obtained by ion exchange from
K:{Pt(NO;)s] on a Dowex 50-X8 resin. The solution of Hp-

(3) “Gmelins Handbuch der Amnorganischen Chemie,”” Vol, 68, Verlag
Chemie, G.m.b.H., Berlin, 1942, part C, p 166.
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[Pt[NO;):] formed by the ion-exchange procedure was treated
immediately with a stoichiometric amount of the carbonate of
the desired cation. Purity of all of the complexes was checked
by elemental and spectral analyses. By the same route, the
Li+, Ba?*, and N(CH;),™ thiocyanates were prepared from the
potassium salt. The perchlorates were obtained by neutralizing
perchloric acid with the proper carbonates. All of the salts
were purified by recrystallization from their aqueous solutions.

Reaction Products.—In Figure 1 there are reported changes in
optical density with time showing the three stages of substitution.

The product of the first stage, Pt(SCN ) (NO;)?™, could be
isolated by precipitation with Pt(NH;)?* from the reaction mix-
ture. Precipitation was carried out when the first stage had
occurred just beyond 909, and the second stage had occurred for
less than 59 (roughly the a region in Figure 1), as monitored by
kinetic data (see below). The precipitate was found by analysis
to be [Pt(NHj) [Pt(SCNR(NO;)]. Attempts to obtain the
corresponding potassium salt by direct reaction of stoichiometric
amounts of reagents were unsuccessful, owing to the fact that the
resulting yellow solution turned red-orange upon being concen-
trated (probably because of the presence of thiocyanate-bridged
polymeric complexes). However, we succeeded in preparing
K [Pt(SCN)(NOz )] by cationic exchange on Dowex 50 W-X12
of [Pt{NHj;)][Pt(SCN):(NO,)]. The potassium salt was iso-
lated from the resin-exchange solution by stripping the water off
i1 vacuo at room temperature.

The [Pt(NHj)l [PL(SCN )2(NO3)], precipitated from Ko-
[Pt(SCN)2(NO2)] (or from its original resin-exchange solution),
proved identical with the sample directly isolated from the
reaction mixture, In fact, we found the same lattice plane spac-
ings, as determined by the X-ray powder-pattern Debye method.

X-Ray analysis revealed that a mixture of [Pt(NH;)[Pt-
NO;z):] and [Pt{INH3),] [Pt(SCNR(NO:);] was obtained when
treating with [Pt(NH3)]2t the reaction solution at low SCN-
concentration after the first stage had proceeded for approx-
imately 509,.

The K [Pt(SCN)(NO.)] was examined by ir spectrophotom-
etry, with the mull technique using Nujol and Tripen. Some
of the peaks observed and the corresponding assignments are
reported in Table I.47% Other peaks were observed at 2060,
580, 480, 440, 355, 310, 295, and 290 cm 1.

TaBLE I
VIBRATION FREQUENCIES (cM 1) oF K [Pt(SCN):(NO,).]
Freq, em 1 Assignment Ref
2120 .
2115 } SCN 4
1390
1375 NO; asym + sym str 5
1340 {
840 NO; outt-of-phase + in-phase bend 5,6
830 I 2 P P i
705 vw C-8 str 4,5
630 m NO; wag 6

Kinetics.—The reactions were followed spectrophotometrically
at 300 mpu, at which wavelength the absorption of the starting
complex differed most from that of the first stage product. Mea-
surements were taken with a Beckman DU spectrophotometer
equipped with a thermostated cell compartment. The tem-
perature was 33.3 & 0.05°.

In order to obtain satisfactory reproducibility of absorbance

values in all of the kinetic runs, the initial amount of substrate

() C. Pecile, Inorg. Chem., 8, 210 (1966); 1. Bertini and A, Sabatini, ibid.,
8, 1025 (1966).

(5) J. Chatt, L. A, Duncanson, B. M. Gatehouse, J. Lewis, R. S.
Nyholm, M. L. Tobe, P. F. Todd, and L. M, Venanzi, J. Chem. Soc., 4073
(1959).

(6) M. Le Postollec, J. P. Mathieu, and H. Poulet, J. Chim. Phys., 60,
1319 (1963).
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Figure 1.—Absorbance changes of a solution of 1.75 X 10-%

M K[Pt{NOy)y] 4+ 0.2 M KSCN at 300 my, against time; tem-
perature 33.3 = 0.05°,

was measured by weighing of 2 X 1072 M/ stock solution. The
substrate and reagent solutions and a 10-ml pipet were separately
thermostated; then the reaction mixture was prepared by quickly
pipetting the nucleophile into the substrate solution. The zero
reaction time was considered to be that corresponding to half
of the reagent solution being added. The reaction mixture was
then transferred into the l-cm quartz cell and the absorbance
measurements were taken after ca. 2 min.

Results

In each run the reference cell contained a blank
solution of nucleophile and added salt at the same
concentration as in the reaction mixture. The com-
plex concentration (1.75 X 10~% M) was so chosen as
to get a sizable change of absorbance in the course of
the reaction. We could not measure values of the
initial and final absorbance (4, and 4., respectively)
since at the outset of the first stage the substitution
reaction was accompanied by a detectable aquation
of the starting material” Moreover, near the end
of the first stage, spectral changes began to be affected
by the subsequent stage. The 4, and 4, values were
therefore calculated by an indirect method. The
absorbance of the reaction mixture, prior to the third
stage, is given by

A = €aCs + e8Cr + ecCc ey

where ¢ is the molar extinction coefficient, C is the
molar concentration, and the A, B, and C subscripts
refer to the substrate and the products of the first
and second stage in that given order. These con-
centrations can be expressed by means of the well-
known equations for consecutive first-order reactions,®

{7) Such aquation was evidenced by the spectral changes observed in a
1.75 X 1073 M solution of K:[Pt(NOs)4] in the presence of perchlorates. The
absorbance changed with the time until a constant equilibrium situation was
established, regardless of the perchlorate concentration. At any rate, such
a spectral change was rather small so that we can assume that the extent of
aquation is rather moderate.

(8) A. A. Frost and R. G. Pearson, “Kinetics and Mechanism,” 2nd ed,
John Wiley & Sons, Inc., New York, N. Y., 1953, p 166,
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as a function of the rate constants of first and second
stages, k" and k,’. The entering group concentration
was in excess throughout. Owing to the fact that
under the experimental conditions %’ turned out to be
much smaller than k’, a sufficiently long time can be
chosen as to make e=** ~ 0 and et ~ 1 — k4.
Under these conditions, the absorbance becomes a
linear function of time

A = Aextr + St (2)
where
by’ k'
Aextr =da [eBkl, — kz, - eCkl, _ kz’] (3)
k'R’
S = a(ec - en)m (4)
and ¢ = initial complex concentration.
For a short time we have
1 Aextr - AO
M =-ln —— 5
! tnAextr_f_St_A ()

whereby ki’ and 4, may be obtained. It is not feasible
to obtain from eq 3 the theoretical value of 4. for
the case in which the second stage rate is negligible
(viz., aep), since ec and k' cannot be obtained directly
and separately. However, if the customary equation
4 = 4o — (Ao — Ao)e ™' may be assumed to
hold for up to 709, of reaction, by plotting 4 values
vs. e~®'t 4, and 4., can be determined.

The linear plot of absorbance vs. time for the second
stage is shown in Figure 2.

The same figure shows the fitting of eq 5, together
with the reliability of the calculated 4, and 4. values.
These last values, estimated for several runs, vary
within rather narrow ranges and their average values
were used to calculate the concentration of the initial
and final complexes, even for runs at much lower con-
centrations of the entering group. A similar pro-
cedure was employed for a much simpler case by Kree-
voy, et al.?

In order to ascertain the presence of specific salt
effects (and of nonelectrostatic ones, if any), we were
forced to use as low ionic strengths as possible, thus
avoiding the great excess of entering group usually
employed in reactions of this type. Actually a com-
plex:entering group molar ratio equal to 1 was used
in some runs. In this case the kinetic equation is

_d(e — =)

T (b1 + ko(b + 2x)](a — x)  (6)

where o and b are the initial concentrations of sub-
strate complex and reagent, respectively. By in-
tegrating we obtain
In - = In ¢ —
(ki/ky) + b — 2% (ki/ks) + b
by + k(b — 20))t (7)

(9) M. M. Kreevoy, P. J. Steinwand, and W. V. Kayser, J. Am. Chem.
Soc., 88, 124 (1966).
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Figure 2.~—Reaction rate of K,[Pt(NO;) (1.756 X 1073 M)
and KSCN (0.05 M) in the presence of KClO, at 33.3°. Dots:
absorbance at 300 mu against time; time scale, 0-200 min; ordi-
nate, scale to the left. Circles: log (dextr + St — A4) against
time; time scale, 0-20 min; ordinate, scale to the right. Squares:
absorbance against e™¢; ordinate, scale to the left.

thatis, vy = a — k't

A double least-squares treatment was used to cal-
culate %, and %, from the optical densities of various
mixtures, at the same ionic strength and at different
nucleophile concentrations, measured as a function of
time. The values of ¢ and b being known, it was
assumed that ¢ — x was proportional to 4., — 4.
We minimized the expression Z(y — o — k't)?, usinga
first approximation value for the ratio ki/k,. First-
approximation values of 2’ = & + k(b — 2a) were
obtained for the different b’s, and we assumed that
relative errors on the negative and positive direction
were equally probable. Then we minimized the ex-
pression

ki ks

2.0 — P(b — 2a)]?

and we obtained values of & and k,. The whole
procedure was repeated until the values of & and k;
remained constant, and we controlled the final values
of k. and k. to be independent of the initially chosen
value for their ratio. Usually 10 iterations were
sufficient. The computer IBM 7090 of CNUCE of
the University of Pisa was used to carry out these
calculations. Depending on the various concentrations
of the entering group, kinetic runs were followed to an
extent ranging from 30 to 709, since at low values
of such concentrations deviations from linearity be-
came important. In such cases, an equilibrium was
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TaBLE II
VALUES OF £’ (8EC™1) OBSERVED AND CALCULATED FOR THE EXAMINED REACTIONS

————— = 0,015 u = 0,025 = 0.055 4 = 0,105
— 104%" — 104k ————— — 104" —_ — (1] L —
104% Obsd Caled 104 Obsd Caled 104 Obsd Caled 104 Obsd Caled

(a) Lithium Salts
25 0.97 0.97 25 0.88 0.91 25 0.94 0.92 25 0.72 0.72
35 1.20 1.24 50 1.84 1.73 50 1.92 1.98 50 1.91 1.90
50 1.72 1.63 100 3.67 3.38 100 3.98 4.09 100 4,14 4.25
75 2.27 2.30 200 6.15 6.68 250 11.49 10.43 200 8.75 8.96
100 2.93 2.96 500 20.25 21.00 500 23.52 23.08
- 1000 47.82 64.61
(b) Potassium Salts
25 0.77 0.77 25 0.70 0.70 25 0.69 0.69 17.5 0.24 0.24
50 1.42 1.43 50 1.46 1.50 50 1.75 1.71 25 0.61 0.62
75 2.10 2.09 100 3.17 3.09 100 3.57 3.75 50 1.92 1.87
100 2.76 2.76 200 6.23 6.28 200 8.00 7.83 100 4.40 4.38
500 20.31 20.08 150 6.99 6.88
200 9.06 9.39
350 16.95 16.91
(¢) Tetraethylammonium Salts
25 0.80 0.80 25 0.61 0.61 25 0.61 0.61 25 0.40 0.40
50 1.66 1.66 50 1.62 1.57 50 1.63 1.65 30 1.49 1.48
75 2.55 2.52 100 3.41 3.47 100 3.80 3.73 100 3.65 3.64
100 3.35 3.38 200 7.25 7.29 200 7.99 7.90 200 7.71 7.97
500 20.04 20.40 500 21.49 20.95
(d) Barium Salts®
22.8 0.91 0.89 22.8 0.73 0.72 22.8 0.73 0.72 22.8 0.60 0.61
33.3 1.26 1.36 26.64 0.90 0.92 45.6 2.11 2.16 45.6 2,47 2.39
45.6 2.10 1.92 45.6 1.90 1.89 91.2 5.07 5.02 91.2 6.04 5.94
66.6 2.83 2.88 68.4 3.10 3.04 182.4 10.85 10.76 182.4 12.58 13.06
91.2 4.14 4.20

@ The ionic strength is higher by 0.002,

probably being established. In Table II we report
the calculated and observed values of 2’ for the various
conditions, and in Tables IIT and IV we report the
values of k; and k; and their errors, calculated from
the equations

= k’
k1 (n—2)[n2.b* — (22)%]

E, = ‘/ (Xdit)n
(n~2)n3b* ~ (50)*]

E, ( Z(E)Z@a — b)?

where # is the number of kinetic runs carried out with
different values of & at each ionic strength and d; is
the difference between the k' values (calculated as
above from absorbance data) and those obtained from
the final values of &, and ks. For each ionic strength
and each cation, a number of b values from 4 up to 7
have been used. The greatest number of b values was
employed for the K+ data on which the calculation of
Ao and 4. is based. Results concerning %k, are re-
ported in Figure 3 also, following Guggenheim and
Prue’s method,'® where log &»,0" defined as

(10) E. A. Guggenheim and J. E. Prue, “Physicochemical Calculations,”’
North-Holland Publishing Co., Amsterdam, 1958, p 466,

Vi

10g k‘z,o’ — log kg _— ZAZAZBW;

is plotted vs. the ionic strength, u.

TaABLE III
VALUES OF 10%; (SEC™!) FOR THE REACTION
Pt(NOz)i?~ 4+ 28CN~ —~ Pt(NO,);(SCN )2~ -+ 2NO;~
IN WATER AT 33.3°

Tonic
strength Lit K* (CoH)sN * Bat ¢
0.105 1.19+0.02 1.12+0.01 0.8 +=0.01 1.56=+0.03
0.055 1.35+0.05 1.10£0.02 1.02:+:0.01 1.49+0.02
0.025 1.24 40,08 1,02+0,02 0.99+0.02 1.34+0.01
0.015 1.24 40,02 1.03 0,004 1.14 +=0.008 1.44 ==0.07

2 The ionic strength is higher by 0.002.

TABLE IV
VALUES OF 108%; (M~ sEC™!) FOR THE REACTION
Pt(NOz)42- + 28CN~ — Pt(NOz)z(SCN)zZ_ + 2NO,~
IN WATER AT 33.3°

Tonic

strength Li+* K+ (CoHs)sN + Ba?2* ¢

0.105 4.72 =0.08 5,03 =0.04 4.34+008 7.79+=0.31
0.055 4.22 =0.19 4,07 +=0.04 4.18 =0.04 6.20 = 0.08
0.025 3.30 4= 0.31 3.19 = 0.04 3.80 =0.04 5.10 =0.08
0.015 2.65 - 0.11 2.65 £ 0.01 3.45 =0.04 4.57 = 0.04

@ The ionic strength is higher by 0.002.

Discussion

The fact that the product of the first step is Pt(SCN)g-
(NO.),%~ is consistent with the mechanism
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kO [l
Pt(NO)~ + SCN- ——3 Pt(SCN)(NOs)?~ + NO;~
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Figure 3.—Plot of log k;,¢’ against the ionic strength, u.

The ir spectrum suggests that the product is cis-
thiocyanate, Pt(SCN)(NOy),2~.4~% It is remarkable,
however, that the peak at 705 cm~? is single and very
weak.

Most of the nucleophilic substitution reactions of
four-coordinated platinum(II) complexes are con-
cerned with neutral complexes of the types cis- and
trans-PtL,X,.'* Such reactions display practically
no dependence on u, whereas a dependence is found
for the reactions of cationic platinum(II) complexes
with negatively charged entering groups. For in-
stance, Chan!? and Martin'? independently found the
occurrence of a salt effect in the reactions of Pt(dien)X+
(dien = diethylenetriamine; X = Cl or Br) with Cl-,
Br—, and I~ as entering groups.

However, no data are reported in the literature
concerning the influence of different cations on rates
of reactions between anionic platinum(II) complexes
and negative entering groups. Therefore, it is worth-
while to examine the salt effect on the basis of the
classical Brgnsted-Debye theory,® as can be ac-
complished by considering the Guggenheim-Prue
plot reported in Figure 3. It is evident, at first sight,
that such an approach can account for only a minor
portion of the salt effect, even at very low concentra-
tion. In fact, points corresponding to the various
cations should place themselves on straight lines con-
verging into a common intercept at infinite dilution.
This is not generally the case, except rather approxi-
mately for K+ and Li*. On the other hand, the
arrangement of the experimental points on smooth
curves clearly shows the accuracy of the measurements.
The limited validity of the Brgnsted-Debye theory has
been confirmed for many reactions between anions,4=%7

(11) U. Belluco, Coord. Chem. Rev., 1, 111 (1966).

(12) C. S. Chan, J. Chem. Soc., 4, 1000 (1966).

(13) D. S, Martin and E. L. Bahn, Inorg. Chem., 6, 1653 (1967).

(14) A.R.Olsonand T. R. Simonson, J. Chem. Phys., 1T, 348, 1167 (1949).

(15) R. M. Healy and M. L. Kilpatrick, J. Am. Chem. Soc., 77, 5258
(1955).
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even at low ionic strengths, as for the reactions of
the Fe(CN)¢?~-Fe(CNjq*~ isotopic exchange.'®

The operation of salt effect on the %, term also con-
firms the failure of the classical theory® to account for
the experimental observations. Thus, it is conven-
ient to examine the salt effects on &, and k; separately,
at low (u = 0.01) and high (u = 0.1) concentrations.
As for the k; term under the last mentioned conditions,
the salt effect decreases in the order Ba?+ > K+ > Li*+ >
N(C,H;)4*. This behavior is common to reactions be-
tween anions displaying nonelectrostatic salt effects, 20
in which case the influence of cations must be of outer-
sphere type.®t That is, the cation affects the reagents
through its solvation sphere. That nonelectrostatic
effects are operative is not surprising, despite the sizable
dimensions of the reagents, owing to the close proximity
of the reaction center to the site at which the attack by
the entering groups occurs.?® Moreover, the possibil-
ity exists of the cation interacting with the filled, non-
bonding, originally 5d,. orbital of the platinum. In
this way, formation of the five-coordinate activated
complex is facilitated by an accelerated bond-making
process. In fact, owing to the resulting decreased d-
electron density on the central metal, repulsion between
the entering nucleophile SCN~ and the filled 5d,. or-
bital will be reduced, whereas interaction with the
empty, originally 6p, metal orbital will be enhanced.
Such a feature of the d® transition metal ions is known
to favor an electrophilic attack proceeding via oxidative
addition. This occurs through interaction between the
electrophile and the central metal. Such mechanisms
have recently been proposed for the isotopic exchange
reactions of trans-Pt(P(CoH;)s):HCl and D+ 2 and for
the cleavage by acids of the metal-carbon bond in plat-
inum(II) complexes.?? In these reactions, however, the
inner-sphere interaction of the small H* ion with the
complex may be particularly favored.

The above interpretation of the salt influence on the
ks term is confirmed by the salt effect on the %, term, at
high concentrations. The entering H,O (k; path) may
be considered, in fact, as behaving roughly as an anion
(through its high electronic demnsity on the attacking
oxygen—dipole end), so that the various cations can still
affect the attack much in the same way as they do for
the k; term. The sole exception is observed for Li+
which is more effective than K+. This is not sur-
prising since the role of the cation in the attack of the

(16) J. W, Gryder, J. Chem. Phys., 87, 718 (1962).

(17) B. Perlmutter-Hayman and G. Stein, ibid., 40, 848 (1964).

(18) R. J. Campion, C. F. Deck, P. King, Jr., and A, C. Wahl, Inorg.
Chem., 6, 672 (1967).

(19) A. Indelli, V. Bartocci, E. Ferranti, and M. G. Lucarelli, J. Chem.
Phys., 44, 2069 (1966); A. Indelli and P. L. Bonora, J. Am. Chem. Soc., 88,
924 (1966).

(20) (a) J. C. Sheppard and A. C. Wahl, ibid., 79, 1020 (1957); (b) A.
Indelli and E. S. Amis, bid., 82, 332 (1960); (c) M, Bobtelsky, B, Perlmutter-
Hayman, and G. Stein, Bull, Res. Council Israel, A, 9, 195 (1960); (d) C. W.
Davies, Progr. Reaction Kinetics, 1, 161 (1961); (e) M. Shporer, G. Ron, A.
Loewenstein, and G, Navon, Inorg. Chem., 4, 361 (1965); (f) P. G. Rasmussen
and C. H. Brubaker, ibid., 8, 977 (1964); (g) B. Perlmutter-Hayman and
Y. Weissmann, J. Phys, Chem., T1, 1409 (1967); (h) M. R. Kershaw and
J. E. Prue, Trans. Faraday Soc., 68, 1198 (1967).

(21) C. D. Falk and J. Halpern, J. Am. Chem. Soc., 87, 3523 (1965).

(22) U. Belluco, M, Giustiniani, and M, Graziani, tbid., 89, 6494 (1967).
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H,0 molecule is presumably of the inner-sphere type.
The same effectiveness order Li* > K has been ob-
served in almost all of those reactions between anions in
which the nucleophilic reagent is OH—.**

The salt effect at low p values appears much more
complicated and is far from understood. A comparison
can be made with analogous situations, although in a
less pronounced fashion, already observed for other
ionic reactions, In particular, the more effective ac-
celeration of the tetralkylammonium cation compared
with that of K+ at low concentrations on both %, and
k2*® resembles the accelerating influence of Ry;N* ions

(23) This, inter alia, proves that the effect is not apparent and does not
stem from the method employed to calculate k1 and k.

Inorganic Chemistry

in the reactions of BrCH,COO~ with S;032~ 1924 gnd
of 104~ with I—.% In all likelihood, the observed
behavior of RN ions results from a delicate balance
of accelerating and retarding factors.
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1,10-Phenanthroline reacts slowly and quantitatively with K,PtCly to give Pt(phen)Cl,.

Like 1most substitution reactions

of platinum(II), this one proceeds by a direct path and also by a path that involves intermediate incorporation of a molecule
of solvent. The respective rate constants at 45° in water are 3.74 X 10~3% M~tsec™! (AH¥T = 11.8 kcal/mol, AST = —24
eu/mol) and 11.5 X 10=3 M~ sec™! (AHF = 17.3 kcal/mol, AST = —16 eu/mol) at an ionic strength of 10.3 X 102,
Both paths are first order in phenanthroline and first order in platinum(II) concentrations. The reaction rate is sensitive
to ionic strength and to the basicity of the phenanthroline but insensitive to pH in the range of 2.7-4.9. The slowness of

the reaction and the unusual second-order solvent path appear to be the result of the inflexibility of the phenanthroline.
The ratio of the rate of its reaction with K:PtCl, to the rates of the more flexible ligands bipyridyl and ethylenediamine is
1:3:100, which is not explicable in terms of changes in nucleophilicity. The reactions of phenanthroline with cis- and
trans-Pt(NH;),Cly are much slower than with PtCli®~, and its reaction with Pt(C,H,)Cly~ is very much faster. The results
are discussed in terms of a mechanism that is strongly dependent on dissociation of the platinum(II) complex.

Introduction

When Pt"X, reacts with a flexible bidentate ligand,
the first X group is substituted by one end of the ligand
in a slow, rate-determining step. The other end of
the ligand then displaces a second X group in a faster
step.l'? Both steps have the same mechanism as the
substitution by a unidentate ligand: the interchange
of a single coordinated group by another. The greater
speed of the second step is merely the result of a sort
of statistical advantage (anchimeric assistance) it has
over the first. This stepwise process is probably im-
possible for 1,10-phenanthroline. The inflexibility
of the molecule and the closeness of its donor nitrogens
would seem to preclude its coordination though a sin-
gle nitrogen.® Unidentate phenanthrolines have been
postulated as intermediates to explain the acid de-
pendence of some dissociation reactions.#=® These de-
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pendences are often peculiar,®~” and an alternative
interpretation hasbeen given,not involvinga unidentate
intermediate.8~° The consequences of the closeness
of the phenanthroline nitrogens can be seen in the
structure of Zn(phen)Cl,.'! The N-Zn-N angle is
only 80°, although the bond length is normal, whereas
that in Zn(NH;).Cl'2 is 108°. It was anticipated
that these properties of the phenanthroline might
cause its substitution reactions with metals of slight
lability to exhibit some peculiarities, such as abnormal
slowness. The kinetics of phenanthroline-metal dis-
sociations have been examined for a number of metal
ions. ¢~ A few association reactions have also been
studied, all using fairly labile metal ions.!®** The
association mechanism that has emerged involves the
formation of an outer-sphere aggregate of phenanthro-
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