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tion of these values is scarcely possible. However, the
values are consistent with the suggestions that AH¥ for
the rhodium system may include a significant contribu-
tion from energy terms of a type common to substitu-
tion at the metal center, such as rhodium-oxygen bond
stretching, and that the difference in the AS™ values
for the two reactions could in part be a reflection of a
lower charged transition state for rhodium, with con-
sequent greater freedom for solvent, and in part an
indication for chromium of rather specific geometric
requirements for the transition state. If it were not
for the relatively large positive value of AST for the
Rh(Cy0,);*——Ce(IV) system, this reaction would pro-
ceed many orders of magnitude more slowly than the
corresponding Cr(Cy04);°~ reaction.

It is relevant to inquire if the components
M(CyOy4)3%, produced on electron transfer to the Ce-
(IV), are most appropriately described as complexes in
which M remains in oxidation state +3 (z.e., d® or d®
complexes, each containing a coordinated oxalate
radical ion) or complexes where M is in the oxidation
state +4 (1.e., d? or d® complexes). These distinctions
are chemically meaningful, although, for the transient
species under comnsideration, not easily made.’® De-

(36) It is recognized that in some cases the oxidation state of a central
atom in a complex may be difficult to specify in other than an arbitrary way.
This situation arises especially where electrons may be considered to be
delocalized over a large part of the complex. For most isolable complexes of
chromium and rhodium there is little ambiguity in the oxidation state of the
metal, but the situation ig less clear for highly reactive intermediates, such
as Cr(C:04)32™, ete. In certain cases direct distinctions between extreme
possibilities are, at least in'principle, feasible. Thus the number of unpaired
electron spins for Cr(C:0¢)3*~ would depend on whether it is a complex of
Cr(IV) or of Cr(I1I) associated with an oxalate radical ion.
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tailed consideration of electrode potentials for Cr-
(IV)-Cr(III) and Rh(IV)-Rh(III) couples,® ¢ while
not leading to unambiguous conclusions, suggests that
the one-electron oxidations of the Cr®+ and Rh®*+ metal
centers are unlikely to be particularly favorable from a
thermodynamic standpoint. Free oxalate is efficiently
oxidized in sulfuric acid by both Ce(IV) and Mn(III),
however, and it seems to us more likely that the initial
one-electron oxidations of Cr(Cy04);3~ and Rh(Cz04):%~
will involve oxidation of a coordinated oxalate to a
radical ion. Undoubtedly coordination to the chro-
mium and rhodium centers would polarize the oxalate
electrons and make it more difficult, in both a ther-
modynamic and a kinetic sense, for an external oxidant
to be effective. For identical coordination such polar-
ization should be greater in the case of rhodium where
metal-ligand bonds are likely to have more covalent
character. The difference in polarization would cer-
tainly be greater still if bridging oxalate is chelated to
the rhodium and coordinated to the chromium by only
a single oxygen. Also, for an electron transfer from an
oxalate, as for transfer from an inert metal center, some
prior metal-oxygen bond adjustment may be required
which would involve larger energy requirements in the
case of the rhodium. In view of these likely contribu-
tions the observed order of reactivity Cr(C;O4)3*~ >
Rh(C,04)3% is not surprising.

(37) F. P. Dwyer and H. N. Schafer, J. Proc. Roy. Soc. N. S. Wales, 82,
294 (1948).

(38) J.Y.P.Tongand E. L. King, J. Am. Chem. Soc., 82, 3805 (1960).

(39) E. A. M. Wetton and W. C. E. Higginson, J. Chem. Soc., 4890 (1965).

(40) J. Feldman, R. S. Nyholm, and E. Watton, tbid., 4724 (1965).

(41) C. S. G. Phillips and R. J, P. Williams, ‘“Inorganic Chemistry,” Vol.
II, Oxford University Press, London, 1966, Chapter 23.
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Kinetic data for substitution reactions of trans-Pt(P(CeHs)s)2(ms)Cl (ms = mesityl) with various nucleophiles in methanol and
dimethyl sulfoxide are reported. The results are discussed in terms of a balance between steric factors and electronic struc-
ture in determining the reaction mechanism. Depending on the solvent and nucleophile, the kinetic behavior is similar
either to that found for “pseudooctahedral” complexes or to the associative mechanism typical of square-planar substitution

reactions.

Introduction

In substitution reactions of low-spin d3 systems,
both steric factors and electronic structure favor an
associative mechanism. Thus, the central metal atom
is exposed for attack above and below the (square)
plane and has a vacant p, orbital, of relatively low

energy, available for a ¢ bond in forming the transition
state,1:2
It has recently been pointed out that in sterically
(1) F. Basolo and R. G. Pearson, ‘“Mechanism of Inorganic Reactions,”
John Wiley & Sons, Inc., New York, N. Y., 1967,

(2) C. H. Langford and H. B. Gray, ‘“Ligand Substitution Processes,”’
W. A, Benjamin, Inc,, New York, N. Y., 1965, Chapter II,
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hindered complexes of type Pd(amine)X™ (amine =
Etidien, MeEtydien, or Mesdien), the direct bimolecu-
lar displacement seems umnlikely and it would appear
that the reaction proceeds by a dissociative process,
similar to that found for octahedral complexes.?~*
Therefore it is reasonable to assume that the steric
factors are going to dominate the electronic structure
in determining the mechanism.

We have studied the substitution reactions of frans-
Pt(P(C;H;)3)2(ms)Cl with various entering groups in
methanol and dimethyl sulfoxide. In these compounds
the aromatic ring is forced to maintain its plane per-
pendicular to that of the complex and the two methyl
groups, above and below the plane, will hinder the re-
action center less effectively than the substituted
amines,®

Experimental Section

Materials.—The complex trans-Pt(P(CyH;)s)(ms)Cl was pre-
pared by following the method reported in the literature’'®
and was characterized by analysis; mp 196-197°. Anal. Caled
for CuH4CIPPt: C, 43.05; H, 7.05; MW, 58 6.09. Found:
C,43.0; H, 7.25; MW (osmometrically in benzene solution ), 582.

All other materials used were of reagent grade. Li%*Cl was

k1 (slow)
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of the liquid samples was determined by means of a liquid-type
Geiger—Miiller counter.

The least-squares method was applied to experimental data.
The exchange rates obtained were analyzed by means of the well-
known McKay law for simple exchange reactions.!® The results
are listed in Table ITI.

Discussion
The variation of the pseudo-first-order rate constants,
kobsd, with the reagent concentration (Figure 1) was
consistent with the two-term rate law which is usual
for square-planar substitutions, ** i.e.

kovsa = k1 + ka[Y] (1)

It is noteworthy that for all entering groups ex-
amined, only CN—, SeCN~, and SC(NH,). exhibit a
significant k, value. N;~, Cl—, NO,~, Br™, and even
good nucleophiles such as I~, SCN—, and C¢H;S~ show
a rate independent (in the range 107 to 10! M) of the
nature and concentration of the reagent. The be-
havior of these last nucleophiles strongly suggests that
a dissociative mechanism is operative in the rate-deter-
mining step of the reaction. The experimental evi-
dence supports mechanism 2.

trans-Pt(P(CyH;)3)2(ms)Cl + solv o——= trans-Pt(P{CoHs)s)e(ms)solv+ + Ci—

kzl +vY
trans-Pt(P(CyH;)z)e(ms)Y + Cl—

obtained by isotopic exchange with H3*Cl (Sorin, 50 uCi/ml)
in methanol solution and recrystallized from acetone. Absolute
methanol was dried and purified by distillation after refluxing
over Mg(OCH;).. Dimethyl sulfoxide was fractionated under
reduced nitrogen pressure.!

Kinetics —The reaction rates (except those with 3#CIl~) were
followed spectrophotometrically in the ultraviolet region (240~
310 mu) by using an Optica CF-4 recording apparatus or a Beck-
man DU. The details of experimental procedure have been
given in a previous paper.t

The concentrations of the reagent Y~ exceeded the complex
concentration (at least 10:1), in order to provide pseudo-first-
order conditions. The ionic strength was kept constant by
adding LiClO4, even though, for this uncharged complex, a
primary salt effect can be excluded.

In many cases the reaction spectra showed well-defined isosbes-
tic points, indicating that only the substrate and the product
are the absorbing species. The completeness of the reaction
was checked by comparing the final spectra obtained at various
reagent concentrations.

The rate data are listed in Tables I and II.

Isotopic Exchange Method.—Solutions of frans-Pt(P(CHj)s)z-
(ms)%C] and LiCl were mixed in the required volumes and ther-
mostated at 30 or 45 &= 0.1°. At intervals aliquots were taken
from the reaction mixture, and the complex was separated from
uncomplexed chloride by making use of an anion-exchange resin,
Dowex 1X4 (50-100 mesh), nitrate form.!? The solution activity

(3) W. H. Baddley and F. Basolo, J. Am, Chem. Soc., 86, 2075 (1964).

(4) W. H. Baddley and F. Basolo, ibid., 88, 2944 (1966).

(5) J. B. Goddard and F. Basolo, Inorg. Chem., 7, 936 (1968).

(6) J. Chatt and B. L. Shaw, J, Chem. Soc., 1718 (1960).

(7) J. Chatt and B. L. Shaw, ibid., 4020 (1959).

(8) F. Basolo, J. Chatt, H, B. Gray, R. G. Pearson, and B, L, Shaw, ibid.,
2207 (1961).

(9) A. Weissberger and E. S. Proskauer, “Organic Solvents,”” Vol. VII,
Interscience Publishers, Inc., New York, N. Y., 1853,

(10) H. L. Schaldfer and W. Schaffernicht, Angew. Chem., 72, 618 (1960).

(11) G. Faraone, U. Belluco, V, Ricevuto, and R. Ettorre, J, Inorg. Nucl.
Chem., 28, 863 (1966).

(12} U. Belluco, M. Martelli, and A. Orio, Inorg. Chem., b, 583 (1966).

k1

+Yiks (fast) (2)
trans-Pt(P(CyHj)3)2(ms)Y + solv

According to the two-term rate law (eqg 1) the reac-
tion proceeds by means of two competing paths. The
ks term refers, as usual, to a direct bimolecular displace-
ment of C1~ by Y. The % term is in agreement with
a solvent-assisted dissociative process, as suggested
for pseudooctahedral complexes.* The steric con-
figuration of frans-Pt(P{C,H;);)2(ms)Cl accounts for
the kinetic behavior. The two methyl groups above
and below the plane of the complex, shielding the reac-
tion center, reduce the possibility of direct attack on the
complex by poor nucleophiles. Therefore the reaction
proceeds essentially via k; and the Pt—Cl bond breaking
is the rate-determining step, followed by the fast entry
of Y=. On the other hand, the steric configuration of
the complex and the fact that good nucleophiles failed
to react directly make an associative mechanism via
ki, involving specifically one molecule of solvent as
reactant, unlikely.

It is well known that for unhindered complexes of
platinum(II), the solvolytic rate constant k; is con-
sistently larger in dimethyl sulfoxide than in methanol,
owing to the different solvent nucleophilicity ?!% 1318

In our system the ki value (Table IV) is greatly
reduced in going from the protic to the dipolar aprotic
solvent. This is consistent with the hypothesis of a
mechanism in which bond breaking of the leaving

(13) G. Friedlander and J. Kennedy, “Nuclear and Radiochemistry,”
John Wiley & Sons, Inc., New York, N. Y., 1955, p 315.

(14) F. Basolo, H. B. Gray, and R. G. Pearson, J. Am. Chem. Soc., 82,
4200 (1960).

(15) U. Belluco, M. Graziani, M. Nicolini, and P. Rigo, Inoirg. Chem., 6,
721 (1967).

(16) C. H. Langford, ¢bid., 8, 228 (1964).
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Entering
group Y~

N3~

NO;~

Temp,

°C

30

30

30

30

Concn 104k0bsd,
X 10t, M sec ™1
0.63 4.81
1.00 4.82
1.25 4.74
2.50 5.15
5.00 4.69
1.00 3.40
1.25 3.45
2.50 3.77
5.00 3.66
7.50 3.42
10.00 3.48
0.63 5.39
1.00 4.60
1.25 4.04
2.50 4.79
5.00 4.11
7.50 3.62
10.00 3.85
0.63 4.00
1.00 4.20
1.25 3.90
2.50 4.23
5.00 3.89
7.50 3.61
10.00 3.66
0.50 14.96
1.00 16.16
2.50 14.87
5.00 15.38

PseEUDO-FIRST-ORDER RATE CONSTANTS Aoned (SECT!) FOR THE REACTION
trans-Pt(P(CeHs)s)o(ms)Cl + Y~ —> trans-Pt(P(CyHs)s )2 (ms )Y + Cl—

trans-BiS(TRIETHYLPHOSPHINE JCHLORO (MESITYL)PLATINUM(II} 2209

TABLE I

IN METHANOL AT 30 AND 45°

Entering
group Y~

SCN-

CeHsS™

CN-—

Temp, Conen

°c X 102, M
30 0.

—_

30

30

—_

45

—_

[S1 3 R i ] [N B VI

(w30 RN er I N I )

O 00 oD =O

63
.00
25
50
00
50
.00

63
.00
.25
.50
.00

.60
.00
00
00
00
00
.00

.60
.00
.00
00
.00
.00
00

104%obsd,

s

ec™!

4.24
3.81
3.55
3.88
4.00
4.53
4.87

3.92
3.88
4.19
4.08
3.52

3.89
4.71
5.46
6.93
8.19
0.40
2.30

6.80
6.45
8.53
1.28
4.08
7.92
0.41

Entering
group Y~

SeCN -~

SC(NHy),

Temp,
°C
30

45

30

45

Concn

<

O~ O~ O

—
oo RO O

O ~NoUTN = OO

—_

SO = OO

X 102, M
.50
.75
25
.60
.00
.50
00

.60
75
25
50
00
50

50
75
25
50
00
50
.00

.60
.75
.25
50
.00
50

e Complex concentration was about 2.5 X 107¢ M; ionic strength was kept constant at 0.1 2 (LiClO,), except for Y~ =

and SeCN ™.
Entering Temp,
group Y~ °C
N3~ 30
I- 30
45

PsEUDO-FIRST-ORDER RATE CONSTANTS Ropsa (SEC™!) FOR THE REACTION
If}’dﬂS'Pt(P(CQHa)g)z(mS)Cl +-Y > t?’aﬂS-Pt(P(Csz)a)z(mS)Y + Ci~

Concen 108%0bsd,
X 102, M sec™!
0.50 5.49
1.00 5.39
2.50 5.41
5.00 5.75
0.50 5.63
1.00 5.73
2.50 6.04
5.00 6.42
7.50 7.11
10.00 7.75
0.50 22.9
1.00 23.1
2.50 25.7
5.00 26.8

The experimental uncertainty in kopsq values is about 159.

TaBLE 11

IN DIMETHYL SULFOXIDE AT 30 AND 45°
10%%0hsd,

Entering
group Y~

SCN~

Temp, Conen
°C X 102, M

30 0.

1

45

—

O~ ot = O

50

1.00
2.50
5.
7
0

00

.50
.00

50

.00
.50

00

.60
.00

se

6.
6.
7.
10.
13.
15.

25.
25.
29.
37.
40.

c™l

07
52
38
02
30

46.5

Entering
group Y~

SeCN -~

SC(NHz).

Temp,
°C

30

45

30

45

Conen

X 102, M

0.
.00
.50
.00

[0

N = O

0.
1.00
2.
.00

5

Ot o = O

50

.76
.60
.00
.00

50
00

.50
.00

50

50

o Complex concentration was about 2.5 X 10~¢ M; ionic strength was kept constant at 0.1 M (LiClO,) except for Y~

SeCN™.

The experimental uncertainty in kopsa values is about 159.

104kobsd,
sec™1
4.32
5.05
5.63
7.52
11.40
14.80
17.80

18.00
18.80
21.00
25.00
34.30
42.40

6.24
8.04
10.40
16.00
27.90
42 .40
52.80

19.
24
28.
43.
63
87.

S0 oo

#Cl—, CN -,

10%%obsd,
sec™!
10.
14.
25.
47.

[VelNe ol ]

41
53.
64.
100.

o WA

54.
113
268
489

~1

128
264
568
1170

= %Cl~ and
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TarpLE 111

IsoTopic ExCHANGE KINETICS OF frans-Pt(P(CyHs)s)a(ms)%Cl
witTH LiCl (a) IN METHANOL AT 30° AND (b) IN DIMETHYL
SULFOXIDE AT 30 AND 45°

Part a Part b
Reagent  Complex Reagent  Complex
concn X conen X 10%kghs4a, concn X comnen X 106kohsd,
102, W 102, M sec™! 102, M 102, M sec™!
30°
1.00 0.10 4.06 0.75 0.10 5.14
1.00 0.20 3.91 2.50 0.10 5.44
0.75 0.10 4.32 5.00 0.10 5.39
1.07 0.10 4.30 7.50 0.10 5.58
2.00 0.10 3.93 45°
4.00 0.10 4.15 0.75 0.13 20.20
6.00 0.10 3.60 1.00 0.13 21.50

N

50 0.13 21.90
00 0.13 23.70

1

5.

5 SC(NH,)a

Kobs - 104

w
(@]

20 SeCN”

CN™

N3,C;NO?,BrY
ISCN3CgHsS™

[T109

10 20 30 40 50 60 70 80
Figure 1.—Plot of kousa vs. reagent concentration for reactions

of trans-Pt(P(C(CyHs)s)2(ms)Cl with various nucleophiles in
methanol at 30°.

group is more important than boud making with a sol-
vent molecule. The solvation of the leaving auion
seems the major factor determining the rate of solvoly-
sis. The methanol is more effective than dimethyl
sulfoxide in helping to break the bond in the rate-deter-
mining step, because of the possibility of forming hy-
drogen bonds with a small and highly charged anion
such as Cl—.Y In methanol at 30° the substitution
rate with SCN~ undergoes a mass law retardation by
chloride. The kopsa value is reduced to 1.26 X 10~¢
sec™! in a solution 5 X 1072 M in NaSCN and 0.1 M
in LiCl and further reduced to 6.41 X 10-% sec—! where
the LiCl concentration is raised to 0.25 M. It has
already been pointed out!® for the unhindered complex
trans-Pt(P(CeH;)3)2(CeH;)Cl that the %; term indicates
which mechanism is operating—a dissociative one or
an associative one with the solvent,

The dependance of the rate on the concentration

(17) A. J. Parker, Quart. Rez. (London), 16, 163 (1962),
(18) U. Belluco, M. Graziani, and P. Rigo, Inorg. Chemn., B, 1123 (1966).
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of CN—, SeCN -, or SC(NH,); shows there is not such
steric hindrance as to prevent a direct bimolecular dis-
placement, In this case it is possible that the incoming
group can use the vacant p, orbital on the central
metal atom. It is known that these entering groups
have large nucleophilic reactivity constants!® and pre-
sent a biphilic behavior toward platinum(II) com-
plexes? for possible = interactions with the filled d
orbitals of the metal. This results in a stabilization of
the five-coordinate transition state and then makes an
associative mechanism easier. The k; value in the

TABLE Ve
Rare Consraxts A1 (SEc™?) at 30 AND 45° AND ACTIVATION
PARAMETERS FOR THE REACTION

trans-Pt(P(CoHy)y)o(ms)Cl + Y= —>
trans-Pt(P(CeHy)y)y(ins)Y + ClI-

Temp, °C 104k, sec! AH*, kcal/mol ASt*, eu
Methanol Solvent
30 4.05
16,9 =1 —18.4 4+ 2
45 15.25
Dimethyl Sulfoxide Solvent
30 0.035
18.6 £ 1 —21.8 £ 2
45 0.234

« The rate constants k; (sec™!) are the mean of the values re-
ported above (Tables I-11I1) and of those obtained graphically by
extrapolation, where a k; value is evident. The mean error in &,
values is about £49.

reaction with SC(NH,): in methanol at 30° is about
100 times smaller for the hindered trans-Pt(P(CeHs)s)u-
(ms)Cl than for the unhindered frans-Pt(P(C.Hy)s)s-
(CeH;)CL 1S

As shown in Figure 2 a &, term is evident even for [~
and SCN~ in dimethyl sulfoxide. Owing to the re-
duced effectiveness of the reaction to proceed vie a ki
path in this dipolar aprotic solvent, a bimolecular con-
tribution is then possible for these nucleophiles.

In Tables IV and V are reported the rate constant
values k1 (sec™) and ks (M~ sec™?) for the reactions
examined. (The &; and k; values have been obtained
graphically as intercept and slope of the diagrams
shown in Figures 1 and 2.)

The activation enthalpy is larger and the entropy
less negative for the %; path than for the reagent path
(k). The negative activation entropy for the dis-
sociative path (k) can be explained in terms of an
increase in charge in going from the ground state to the
transition state with a consequent ordering of solvent
molecules around the incipient ions,?! The large nega-
tive entropies for the direct bimolecular displacement

(19) H. Sobel, J. Songstad, and R. . Pearson, J. Am. Chem. Soc., 90, 319
(1968).

(20) L. Cattalini, A. Orio, and M. Nicolini, ibid., 88, 5734 (1966).

(21) R. G. Pearson, J. Chem. Phys., 20, 1478 (1952).
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TABLE V& SC(NHp)
[{=]
RATE CONSTANTS ky (M 1 sEC™!) AT 30 AND 45° AND ACTIVATION Q SeCM”
PARAMETERS FOR THE REACTION “
o]
tfdﬂS—Pt(P(CzHﬁ)s)2(mS)C1 + Yo — X
trans-Pt(P(C;H;);)2(ms)Y + Cl— 40
Entering Temp, 10%k,, AH2*,
group °C M -1 sec™! kcal/mol AS2%, ey
30
Methanol Solvent
30 8.49
Py - i . _4 .
CN 45 15.34 7.5 3.2
20
. 30 14.20 _ )
SeCN 45 35.05 11.5 29.1 SCN
. 30 49 .40 . 10
SC(NH;), 45 9400 8.2 37.6 [-—
N3’CL_
Dimethyl Sulfoxide Solvent ks ——
30 0.092 10 20 30 40 50 60 70 80 [yl]103
- 45 0.092
: Figure 2.—Plot of kobsa v5. reagent concentration for reactions of
trans-Pt(P(CyHs )a)e(ms)Cl with various nucleophiles in dimethyl
- 30 0.10 3 sulfoxide at 30°.
SCN 45 0.93 10.2 43.3
‘ are in agreement with the hypothesis of a net increase
SeCN- 30 0.81 10.3 388 in bonding for an ordered and charged transition state.??
45 1.82 Moreover, the formation of the activated complex from
20 0 5 this hindered substrate requires particular stereochem-
SC(NHa,), 45 22:9(‘) 11.2 —31.0 ical orientation for both the entering and the leaving

¢ The rate constants b, (M ™! sec™!) have been calculated by
using the least-squares method.

groups.

(22) U. Belluco, R. Ettorre, F. Basolo, R. G. Pearson, and A. Turco,
Inorg. Chem., B, 591 (19686).



