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ket 
[-O~NP~-X-CO~CO"'(NH,)S~+ + 

[ 02NPh-X-C02Co1I(NH3) 51' (2) 

H+ 
[ 02NPh-X-C02C01'( N H  3) - 

Coz+(aq) + 5NH4+ + 02NPh-X-C02- (3) 

Values of k,, for the ortho, meta, and para isomers of ni- 
trobenzoato complexes are given in Table I. Reduction po- 
tentials of these nitro radicals, when uncoordinated, have been 
previously determined by electron-transfer reaction with du- 
r0quin0ne.l~ The potentials vary little and are in the range 
-0.396 V for the para isomer to -0.433 V for the meta ana- 
logue, The dissimilar isomeric trend and the >103-fold var- 
iation in the observed k,, values for the complexed radical 
anions implicate a significant intrinsic (Le,, nonthermody- 
namic) component in the intramolecular electron-transfer 
process. That the redox potentials of the ortho, meta, and para 
isomers of dinitrobenzene and dinitrobenzoate free radicals 
are only 0.05-0.1 4 V less reducing than the nitrobenzoate 
anal~gues '~ provides a basis for generalization. Given the same 
donor, lead-in, and acceptor groups for the intramolecular 
electron-transfer process of all the complexes reported in Table 
I, it is unlikely that the 105-fold variation in the observed k, 
values derives solely from an overall driving force difference 
dependent only on the bridging group. This group can, how- 
ever, clearly change the approach to, and nature of, the 
transition state. 

The k,, trend observed for the nitrobenzoatao series (o > 
p > m) was previously explained15 in terms of the significant 
electron spin density distribution at or adjacent to the lead-in 
group; the spin density is a maximum at the positions ortho 
and para to the nitro radical and negligible in the meta pos- 
ition. In the ortho case, direct nitro radical overlap with 
carboxylate and/or metal orbitals probably facilitates the 
transfer process. Undoubtedly, introduction of a CH2 group 
greatly reduces the spin density at the lead-in carboxylate. 
However, close examination of Ealing CPK molecular model 
structures shows that the ortho overlap is also possible in the 
nitrophenylacetato case and that for the para isomer a con- 
figuration is possible in which the carboxylate group overlaps 
the ring carbon para to the nitro radical. Such overlap is 
eliminated in the more rigidly protruding trans-cinnamato 
series of complexes. The rate data do suggest, however, that 
the olefinic linkage may provide an effective means of delo- 
calizing the spin density through the extended n system for 
the ortho and para isomers. In contrast, the meta derivative 
has no extended ir conjugation, negligible spin density adjacent 
to the ethylenic linkage, and ostensibly no nitro radical- 
carboxylate nor -metal orbital overlap configurational pos- 
sibilities. Consequently, the observed value of k,, = 3.1 s-l 
for m-cinnamato may represent an unassisted transfer of an 
electron through the ligand bridging system. 

Table I also includes values of k,, for p-nitrophenyl- 
carboxylate complexes having bridging groups varying in both 
length and flexibility. Examinations of the molecular models 
show that among the multitude of possible configurations, a 
common positional arrangement arises for X = CH2, CH2C- 
H2CH2, and CONHCH2CONHCH2: proximity of a car- 
boxylate oxygen to within - 1 %, of the para carbon of the 
aromatic ring (based on van der Waals radii). This configu- 
ration may be further enhanced by H-bonding interaction of 
the nitro oxygens with the ammonia hydrogens of the Co(N- 
H3)5 moiety. Thus, despite the long-chain character of the 
bridging units, electron density can be directed to the lead-in 
group by effectively bypassing through-chain mediation. The 
degree of favorable n-orbital vertical overlap is most nearly 
attained for the dipeptide ligand structure; this complex ex- 
hibits a k,, value larger than that of the two alkyl chain 
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analogues. The more rigid monopeptide complex has no 
configuration that allows such orbital overlap. The further 
absence of direct configurational interaction at the metal or 
lead-in group and resonance delocalization through the 
bridging unit is consistent with the k,, value for X = CON- 
HCH2, again reflecting an unassisted through-chain electron 
transfer. 

A pattern of mechanisms of intramolecular electron transfer 
emerges from the rate data and configurational considerations. 
The passage of electron density from the donor to the acceptor 
site can occur either through the bridging unit or via a path 
that effectively bypasses it. n bonding within the bridge may 
facilitate through-chain transfer because of favorable extended 
n conjugation between the donor and lead-in sites. In the 
absence of such resonance assistance, the through-chain rate 
of transfer is markedly decreased. Consistent with the sim- 
ilarity of the two lowest observed k,, values must be the 
dominance of fundamental rate-determining parameters: 
Franck-Condon barriers, acceptor/lead-in orbital symmetry 
matching, and overall driving force. Indeed, the considerable 
lower intramolecular rates of similarly accepting binuclear 
complexes may reflect lower overall thermodynamic drives in 
those cases.6 

A favorable disposition of the donor to the acceptor or 
lead-in site may well create a more facile path of electron 
transfer than is offered by the through-chain alternative. We 
propose the most effective configurations to be those that allow 
orbital overlap between the nitro group and the metal center, 
the nitro group and the coordinated carboxylate, and the para 
ring carbon and the carboxylate. In addition, there is the 
possibility of electron transfer without direct orbital overlap; 
an outer-sphere transfer mechanism of related phenomena has 
been previously proposed.lg Apart from the obvious relevance 
of these results to the "chemical" mechanism of electron 
transfer,20 the coordinated ligand radical species serve as 
models for even more complex intramolecular electron transfer. 
In the case of electron transfer in large biomolecules, the 
contributions of "through-chain'' and "bypass" transfer must 
be assessed. 

Registry No. [-02fiPh-o-CH2C02Co"'(NH3)5]+, 74298-07-0; 
[-O~NP~-~H-CH~CO~CO"'(NH~)~]+, 74298-08-1; [-OZNPh-p- 
CH 2 C 0 ~ C O '  I' ( N H 3) 5 I+, [ -02A P h - 0- C H = 
CHCO~CO" ' (NH~)~]  , 74298-10-5; [-02APh-m-CH= 
CHCO~CO" ' (NH~)~]+ ,  74298-1 1-6; [-OzNPh-p-CH= 
C H C O ~ C O " ' ( N H ~ ) ~ ]  +, 74298-12-7; [-O,$J,Ph-p- 
CH~CH~CH~C~~CO"'(NH~)~!+~ 74298- 13-8; [-OzNPh-p- 
CONHCH~CO~CO'" (NH~) ,~  74298-14-9; [-OzNPh-p- 
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The substitution inertness of the d3 chromium(II1) ion in 
aquo-ligand environments has already been established.' 
However, there are some exceptions in aquo(ethy1enedi- 

(1) Swaddle, T. W. Coord. Chem. Reo. 1974, 14, 217. 
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aminetetraacetato)chromium(III), Cr"'(EDTA) (H20)-,2 and 
in aquohydroxo[tetrakis(p-sulfonatophenyl)porphine]chro- 
mium(III), Cr111(TPPS)(H20)OH,3 where the substitution of 
water ligand occurs at stopped-flow rates ( t l I 2  = 30 ms-70 
s). In the complex Cr"'(EDTA)(H,O)-, EDTA is a penta- 
dentate ligand and Cr(II1) is in a six-coordinate (undistorted) 
octahedral geometry4 with a carboxylate ion being free. The 
carboxylate ion is believed to form a seven-coordinate inter- 
mediate leading to the labilization of the aquo ligand by al- 
tering the energy of the transition state.2 On the other hand, 
the effects of distortion in the ground-state geometry on the 
substitution behavior of Cr(II1) have not yet been systemat- 
ically investigated due to the scarcity of suitable Cr(II1) 
complexe~.~  One of the well-established examples of a dis- 
torted octahedral Cr(II1) complex is diaquo[N,N'-ethylene- 
bis(salicylideniminato)]chromium(III) perchlorate, [Cr(sal- 
en)(H20)2]C104.6 

The X-ray structure of the complex reveals an axial dis- 
tortion with Cr(II1) being slightly above the plane of the 
"salen" ring donor atoms.' We report here the kinetics of 
the equilibration of thiocyanate and azide ions with the com- 
plex C r ( ~ a l e n ) ( H ~ O ) ~ +  and its conjugate base. 

Experimental Section 

The  complex [ C r ( ~ a l e n ) ( H ~ O ) ~ ] C l O ,  was prepared by standard 
 procedure^.^,^ The complexes [Cr(salen)(H20)NCS] and [Cr(sal- 
en)(H20)N3] were prepared by reacting [ C r ( ~ a l e n ) ( H ~ O ) ~ ] C l O ~  with 
lithium thiocyanate and sodium azide, respectively, and identified by 
their UV-visible spectra and elemental analyses. The concentrations 
of lithium thiocyanate and sodium azide were estimated according 
to standard methods.* 

The apparent equilibrium constant, K, for the overall reaction of 
Cr(salen)(H,O),+ and its conjugate base with NCS- and N3- was 
measured with the use of a Beckman Model 26 spectrophotometer 
a t  320 nm as a function of hydrogen ion concentration: [H'] = 
(0.40-10) X lo6 M for NCS-and  [H+] = (0.63-20) X M for 
N3-. At  any particular [H'], K may be obtained from average 
absorptivities, cR of reactants ([Cr(saIen)(H,O),]+ and its conjugate 
base) and ep of products ([Cr(salen)(H,O)X] and its conjugate base), 
as given by eq 1 where tobsd is the molar absorptivity of a mixture 

(1) 

of reactants and products a t  any given [H'] and [X-] = [NCS-] or 
IN3-1. 

The kinetics of the overall equilibration process were measured by 
using an Aminco stopped-flow spectrophotometer in the concentration 
ranges [NCS-] = 0.012-0.25 M, [N3-] = 0.012-0.25 M, [Cr(III)] 
= 2 X lo4 M, [H'] = (0.40-10) X 10" M for NCS-and (0.63-20) 
X M for N3- ( I  = 1.0 M (LiC104) and T = 30 "C).  The 
pseudo-first-order plots were linear to about 4 half-lives, and only one 
kinetic step was observed on the flow time scale. 

Results 

The overall equilibrium constant, K, as well as the rate of 
equilibration, k,, exhibited a marked dependence on [H']. 

eobsd = (eR + cpK[X-])(l + K[X-])-l 
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Table I. Spectrophotometrically Determined Equilibrium 
Constants for the Equilibration of X- (NCS- and NJ with 
Cr(salen)(H 0)2+ 

X- = NCS- X '=N - 

106rHtl/M KiM-' 1071Htl/M KIM-' 
10.00 2.0 20.00 30.0 
4.00 2.8 10.00 16.1 
2.00 3.3 2.50 9.4 
0.90 6.5 1.25 6.7 
0.40 1 . 3  0.6 3 4.9 

/ I  

10- %*I -I/M-, 
Figure 2. Dependence of k,K( 1 + K[N3-])-' and k,( 1 + K[N3-])-' 
on [H+]-' ( T  = 30 " C ,  I = 1.0 M). 

The equilibration rate, k varied linearly with [NCS-] or 
[N3-] at any particular [3+] .  The overall reaction scheme 
can be written as in eq 2. 

[Cr(salen)(H20121t t X- [Cr(saien)(H20)X1 

tCr(salen)(H~O)OH1 f X- e [Cr(saleni(OH)Xl- 
k-P 

On the basis that [H+] >> KA (5 X M), the rate law 
for eq 2 can be derived as in eq 3, where [X-] = [NCS-] or 

k,, = k-l + k-2KA'[H+]-' + (k, + k2KA[H+]-')[X-] (3) 

[N<] and the overall equilibrium constant, K, can be expressed 
as in eq 4, where K, = kl/k-' and K2 = k2/k-z. 

K = (Kl[H+] + K~KA)([H+] + K A ) - ~  (4) 
The kinetically determined overall equilibrium constants (k, 

4- k&~/[H'])(k_l + k-&A'/[H'])-l at various [H+] were in 
satisfactory agreement (within a factor of 2) with the spec- 
trophotometrically estimated value given in Table I. The 
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rearrangement of eq 3 as a function of K gave (5) and (6). 

( 5 )  kl + k2KA[H+]-' = k,K(K[X-] + l)-' 
k-1 + k-&~'[H+l-' = k,,(K[X-] + I)-' (6) 

The plots of k,K(K[X-] + l)-' and k,(K[X-] + l)-' against 
[H+]-' were linear as shown in Figures 1 and 2 and gave the 
values kl  = 0.10 (NCS-) and 0.20 M-' s-l (N3-), kzKA = 42 
X s-l (N3-), kl = 0.024 (NCS-) 
and 0.001 s-l (N3-), and k & ~ '  = 52 X (NCS-) and 1.1 
X M s-l (N3-). 

Discussion 

Although there are two replaceable aquo ligands in the 
complex [Cr(~alen)(H~O)~]+, only monosubstitution occurred 
on the stopped-flow time scale. This is consistent with the 
widely differing Cr1ILOHZ bond lengths in the complex, viz., 
1.923 and 2.085 With the conjugate base of [Cr(sal- 
en)(Hz0)2]+, the observed single-stage kinetics is to be ex- 
pected because the direct substitution of OH- by other nu- 
cleophiles is considered unlikely in this class of compounds. 
The observed direct dependence of the forward rates on [X-] 
at any [H'] does not provide compelling evidence for disso- 
ciative mechanisms for the reactions of either Cr(sa1- 
en)(H20)2+ or its conjugate base, though X-ray structure data 
would suggest dissociative processes. However the similarity 
of the kl terms for the Cr(salen)(H20),+ reactions with NCS- 
(0.10 M-' s-l) and N3- (0.20 M-' s-l), after making allowance 
for the statistical factor for N3-,9 is in keeping with a disso- 
ciative Id-type process with small ion-pairing constants. As- 
sumption of low ion-pairing constants for the reactions of 
uninegative ions like NCS- and N3- with C r ( ~ a l e n ) ( H ~ O ) ~ +  
and its conjugate base will be consistent with the low charges 
on the complex reactants. The reverse rates for the complexes 
[Cr(salen)(H,O)X] with X- = NCS- (0.024 s-l) and N3- 
(0.001 s-l) and their equilibrium constants [NCS- (2.2 M-l) 
and N3- (50 M-l)] are also in keeping with a dissociative 
mechanism involving rate-limiting M-OH2 bond dissociation. 
On the other hand, magnetic measurements on the conjugate 
base of Cr (~a len ) (H~O)~+  as a solid indicate a five-coordinate 
[Cr(salen)OH] structure in the ground state.7 If the conjugate 
base were to be six-coordinate in solation and the mechanism 
involved rate-limiting loss of the sixth ligand, viz., water, the 
two similarly charged anions NCS- and N3- should have 
similar kzKA terms. The values obtained for k2KA (4.2 X 
M s-l for NCS- and 3.8 X M s-l for Nq)  were markedly 
different. On the other hand, if the conjugate base were to 
be a five-coordinate [Cr(salen)OH] complex in solution also, 
the nucleophiles such as N3- and NCS- may undergo bimo- 
lecular addition reactions to give six-coordinate products with 
large variations in the k2 term. In light of the recent reports 
on the interesting features of complexes with a five-cdrdinate 
structure," further work is in progress to distinguish between 
the two possible mechanisms, viz., nucleophilic substitution 
and bimolecular addition for the reactions of the conjugate 
base of [Cr(salen)(H,O),]+. 

(NCS-) and 3.8 X 
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Many techniques have been used to probe the trans and, 
recently, cis (bond-weakening) influences of ligands in tran- 
sition-metal complexes.' For square-planar Pt(I1) complexes 
in particular extensive direct ( s t r u c t ~ r a l ) ~ ~ ~  and indirect 
(spectroscopic) information has been amassed. These indirect 
indicators include Pt-halide and -hydride stretching fre- 
quen~ies:.~ 195Pt-31P and -'H coupling and lg5Pt 
and 'H chemical ~hifts.89~ Although analogous square-planar 
Ir(1) complexes have attracted much attention,1° trans-influ- 
ence data for these compounds are scarce. Many of the 
spectroscopic indicators available in Pt(I1) systems do not apply 
to Ir(1) complexes. In the absence of structural results, of 
which there are only a few reports, we have been forced to use 
the Ir-C1 stretching frequency as our sole indicator of trans 
influence in complexes of the type ~rans-IrCl(PPh~)~L [Ph = 
C,H,; L = NzAr+, N2C5X4 (Ar = aryl; X = C1, Br)].11,12 In 
an effort to find additional trans-influence probes for these 
complexes, we have examined their 31P NMR chemical shifts. 
We reasoned that within a closely related series of complexes 
differences in this parameter will arise predominantly from 
variations in the inductive-shielding contribution of the metal. 
These shieldings should reflect relative metal-centered electron 
densities which, although not themselves direct measures of 
the trans influences of the ligands, will be closely related as 
both are functions of the effective L - M charge transfer. 
The obvious ease with which the 31P N M R  method can be 
applied to complexes difficult or impossible to isolate or stable 
only at low temperature and even to mixtures of complexes 
makes it a very attractive alternative to infrared spectroscopy 
which generally requires isolable, relatively pure solids. Here 
we describe the results of our comparisons of Ir-C1 stretching 
frequencies and 31P chemical shifts for a series of complexes, 
truns-IrC1(PPh3),L. 
Experimental Section 

All procedures were carried out under inert atmosphere. The 
complexes tr~ns-IrCl(PPh~)~L, where L = CO,I3 CS,I4 N2,I5 C2H4,I6 
PPh3,17 NO+,'8 N2Ar+,li and N2C5C14,12 were prepared by literature 
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