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Intramolecular Electron Transfer. 3.
Bis(4-pyridyl)methane as Bridging Group
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Abstract: Attention is drawn to an ambiguity in the interpretation of so-called rates of intramolecular electron transfer for
species in which Co(I1I) is the oxidizing agent, an ambiguity which raises questions about the relevance of the results thus far
reported to the issue of whether the reactions are adiabatic. Measurements of the rate of intramolecular electron transfer for
bis(4-pyridyl)methane bridging Co(III)-Ru(II) show the rate to be a factor of 21 slower than for the analogous system with
4,4’-bipyridine as bridging group. It appears that for this system at least the effects of nonadiabaticity are being felt, and this
together with other arguments supports the conclusion that the ambiguity mentioned does not vitiate the inferences based on

the related studies which have been done.

A number of recent studies?-* have been devoted to mea-
suring rates of intramolecular electron transfer for systems in
which the positions of the metal ions involved in the redox
process are fixed. The most extensive measurements of this
kind deal with species in which 4,4’-byridine and related
molecules serve as the bridging groups. A striking result of
these studies is that the rates of the so-called intramolecular
electron transfer reactions differ only slightly for what would
appear to be rather drastic changes in the electronic coupling
between the two pyridine rings. The advantages of measuring
the rates of reaction in the intramolecular mode have long been
appreciated and have repeatedly been referred to. What has
not been emphasized is that measurements of this kind them-
selves can suffer from a serious limitation, Consider the general
reaction scheme:

(NH3)5COI”L s LRUII(NH3)4H20

k
= (NH;3);Co*'L ... LRy (1)

k-1

k
(NH3)sCo*IL . . . LRu"(NH;)4sH,0 —> products  (2)

In this mechanism, it is postulated that an intermediate species
is produced in the net reduction of Co(III) to Co(1I), an alto-
gether reasonable possibility considering the fact that there
is a spin change, and that substitution accompanies the net
change in oxidation state. Reaction 2, in which the net change
is consummated, may involve substitution, or a spin
change, !¢ or both. Should k_; be substantially greater than

k-, the overall reaction rate is governed by the product K k>,
where K is the equilibrium quotient for reaction 1. This lim-
iting form of the general rate law would at once explain why
the rates reported within the Co(11I)-Ru(II) series {or within
the Co(III)-Fe(II) series) are so nearly alike—since the im-
mediate environment around the metal ions is the same within
each series, both K and & are expected to be nearly constant.
If this limit is applicable, the results have no bearing on the
issue of whether the reactions are adiabatic.

By contrast, when the reactions are conducted in the inter-
molecular mode, the form of the rate law which has been ob-
served ensures that the step analogous to (1) in the forward
direction is solely rate determining. Cast into the intermolec-
ular form, the mechanism becomes:

(NH3)sCo™L + (NH;)sRul'L

k
=2 (NH3)s*CollL + (NH3)sRullL  (3)

k-3

k
(NH;)3*Col'L —> products (4)

and the general form of the rate law is
d{(prod)] _ ksk3[Co(IID][Ru(ID)]
dr ks + k—3[Ru(1ID)]
Since the rates of reduction are not affected by the accumu-
lation of the product of the oxidation of the reducing agent, it

follows that k—3[{Ru(I1I)] <« k4 and the rate law reduces to
k3[Co(IID}{Ru(1I)]. Unfortunately, this outcome for the
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intermolecular case does not resolve the ambiguity for the in-
tramolecular one. The specific rate k., is expected to be con-
siderably greater than k_3;[Ru(lIl)] and thus, although
k-3[Ru(Ill)] < k4, k) may well be greater than k». (It should
be noted that k; and k4 are expected to have nearly the same
values.)

Returning now to the intramolecular case, if a substantial
rate decrease is observed for a system related to the 4,4’-bi-
pyridine one, there is some certainty that at least for the slow
reaction we are not dealing with the rather trivial case of
measuring the product K;k>. Such a system has been en-
countered when the bridging ligand is bis(4-pyridyl)methane.
The results obtained for it and for some related molecules are
described in this paper.

Experimental Section
Synthesis of 1. Synthesis of bis(4-pyridyl)methane was carried out

[(NH3)5C0N©—CHZ‘CNRu(NHS)ASO.,]Cl,,
I

following the description in the literature.6 In every case, an oil was
produced and we failed to obtain the desired product in following the
published procedure. Thin layer chromatography showed that the oil
contained at least three species and that the reactants had been con-
sumed. Of the three products, only one had a strong absorption at 260
nm. The oil was placed on a silica gel column and was extracted with
benzene. The fraction with the strong band at 260 nm, which com-
prised about 10% of the total, was collected and the benzene evapo-
rated. The substance is still a pale yellow oil, and is very hygroscopic.
On treatment with concentrated HBr, the material solidifies. The solid
was recrystallized from benzene and the product was washed with
cooled solvent. Anal. Caled for C;;HoN,: C, 77.62; N, 16.45; H, 5.92.
Found: C, 76.93; N, 16.35; H, 5.83. Calcd for C;;H1oN2:2HBr: C,
39.79; N, 8.43; H, 3.64. Found: C, 39.59; N, 8.41; H, 3.62, The ma-
terial was characterized by absorption, mass, and NMR spectroscopy.
Dissolved in 0.02 M NaHCOj, bands were found at 263, 256.5, 252,
and ~207 nm (sh) with values of e (M~! cm™!) of 3.53 X 103, 4.65
X 103 4.17 X 103, and 14.9 X 103, respectively. Mass spectrometric
analysis gave the following masses (intensity): 171 (13), 170 (100),
169 (46), 168 (7), 143 (4), 142 (6), 141 (3), 118 (4), 116 (5) 106 (5),
92 (4), 89 (3), 84 (4), 78 (4), 65 (5), 63 (5), 51 (12). NMR spectra
were run in CDCl; with the results summarized below.

6 (Me4Si) Intensity Description
8.43 2 Doublet of doublets
7.00 2 Doublet of doublets
3.83 1 Singlet

The ligand has since been synthesized by Haim and co-workers
using an alternative and superior method.” The properties observed
are the same for material prepared by the two routes. The compound
[Co(NH;3)s(NCsH4CH,CsH4NH)]Cl, was prepared following the
procedure described by Dockal and Gould® and using [Co(NH3)s-
N3][ClO4]5 as the source of Co(III). The pentaamminecobalt(IIT)
product was purified by chromatography (Bio-Gel P2 (Bio-Rad) using
0.2 M HCl as eluting agent), and the Co(III) complex was converted
to compound I following the procedure described by Isied.? Again,
a Bio-Gel column was used for purification prior to precipitation.

Anal. (for the binuclear compound) Calcd: C, 16.4; H, 5.6; Cl, 18.2;
Co, 6.9; N, 18.5; Ry, 12.3; S, 3.72. Found: C, 16.3; H, 5.8, Cl, 17.7;
Co, 7.2; N, 19.0; Ru, 12.4; S, 4.95.

Synthesis of II. The bridging ligand was synthesized following the

cl)H
[(NHs)ECoND—g—@NRu(NHS)mms
it

procedure described by Minn et al. and the synthesis of the metal
complexes according to the general procedures already described. For
reasons that are obscure, in this case the sulfate on Ru(III) is replaced
rather rapidly by Cl1~ during the column purification, and the chloro
complex comprises the major band of the material being eluted.

Anal. Caled: C, 17.7; H, 5.1; Cl, 33.2; Co, 7.9; N, 20.9; Ry, 13.5;
S, 0. Found: C, 17.5; H, 5.3; C], 34.1; Co, 8.2; N, 20.2; Ru, 12.9; S,
<0.5.

Synthesis of IIL In synthesizing the bridging ligand, 3,3/-bipyridine,

[(NHS)EC(X ©—©XNH3)4SO4KI4
N N

111

the procedure as described by Smith!0 was adopted. Again, the syn-
thesis of the metal complex followed the usual procedures.

Anal. Caled: C, 15.4; H. 5.6, Co, 7.6; N, 19.8; Cl, 18.2, Ru, 13.0;
S, 4.1. Found: C, 15.6; H, 5.0; Co, 8.4; N, 19.3; Cl, 18.5; Ru, 12.6; S,
4.0.

Preparation of Ru(Il)-Ru(III) Mixed Valence Species. The prepa-
rations were made in solution by mixing Ru(NH;3)sH,02* and the
ligand in the concentration ratio 2:1 (concentration level 5 X 103:2.5
X 1073; reaction time 30 min). To produce the mixed valence species,
a solution containing (NH4),Ce(INO3)g was used as the oxidant with
0.1 M HCF3CO; as reaction medium. In each of the two cases, the
near IR band develops only when oxidant is added, and disappears
when oxidant is in excess.

Kinetic Measurements. The measurements were done using pro-
cedures described elsewhere. In the case of compounds I and I1, the
difference in absorption between Ru(II) as contained in the binuclear
complex and when Co(III) is replaced by H* is so small that we were
obliged to do the measurements using the binuclear complex in excess
of the external reducing agents. In these circumstances, the putative
pseudo-first-order plots show curvatures,? and specific rates are based
on the initial slopes. This limitation reduces the precision of the
measurements significantly.

In all cases, intramolecular electron transfer is so slow that loss of
S042- or Cl- takes place on a much shorter time scale, so that rates
for aquotetraammine Ru(II) rather than sulfato or chlorotetraammine
Ru(II) are being observed.

Results

Absorption Spectra for the Binuclear Species. For I dissolved
in 0.4 M CF;COOH, the following absorption characteristics
were measured (wavelengths followed by extinction coeffi-
cients (M1 cm™1)): 470 sh (65), 329 (3.7 X 103),280sh (1.34
X 104), 260 sh (1.34 X 104). For II spectra were obtained in
0.2 M HCJ, and only the band positions were recorded: 470 sh,
345, 253 nm. For 111, spectra were also obtained for the com-
pound dissolved in 0.2 M HCI. The band maxima appeared at
470 (sh), 320, 265 (sh), 238 nm (sh).

On reducing the Co(IIT)-Ru(I1I) species, the most promi-
nent feature of the spectra is the strong 7* < 7d absorption
in the visible. The band maxima and extinction coefficients for
the species [(NH;3)sColIL ... LRu'(NH;)4H,0}°* are
compared below to those obtained for the ruthenium products
[HL ... LRu{(NHj3)4H,0]3% which result when reducing
agent is in excess: For I, 423 (9.4 X 103),420 (9.8 X 103); for
I1, 436 (5.7 X 103),432 (6.0 X 10%); for I11, 425 (6.8 X 103),
426 nm (6.6 X 103).

The near infrared region was scanned on oxidizing solutions
containing IV and V. Absorption bands were observed at 820

[(NHS)BRuND—CHz—CNRu(NHS)SJ‘+
v
[(NH,),Ru( @-@ JRu(NH,) }*
N N

A%

nm (e ~5 M~! cm™!) for the mixed valence species derived
from the former and at 830 nm (e ~6 X 10 M~! cm™}) for that
derived from the latter.

Rates of Intramolecular Electron Transfer. Extensive rate
measurements were done only with compound 1. The results
obtained for it are summarized in Table I.

Journal of the American Chemical Society [ 99:24 | November 23, 1977



Table I. Kinetics of Electron Transfer in 12

[Rull-
[Co-L-Ru],(NH,)*'], Temp, kX 10%,
Mx 10* Mx 10° Ionic media °C s!
242 1.18 0.4 M CF,COOH 41.0 10.6
1.19 1.04 38.4 8.01
2.58 1.19 36.7 7.32
1.71 1.21 345 5.71
1.81 1.21 329 4.84
1.99 1.20 29.0 3.09
2.15 1.20 26.6 2.70
2.42 1.20 21.4 1.35
2.06 1.18 0.4 M HCIO, 26.5 3.80
2.01 1.15 0.008 M HCIO, 26.8 3.66
0.392 M NaClO,
2.23 2.34 0.200 M HCIO, 26.9 7.85
0.200 M Nal
2.66 4.27 0.008 M HCIO, 26.8 13.6
0.392 M Nal

@ Spectrophotometer: Beckman Acta VII. Cell: 10 cm. Wave-
lengths 420 nm.

The data on the specific rates as a function of temperature
were treated according to the method described by Cramer.!!
The specific rate at 25°Cis 2.10 X 10~3s~1; AH* = 184 +
0.5 kcal/mol; AS¥ = 9.0 £ 1.7 cal mol~! deg~!.

A single experiment was done with compound 11, in 0.4 M
CF3;COOH and at 25.0 °C, with [Co(III) . .. Ru(III)] at 2.1
X 10~5 M and using Ru(NH3)¢2* as the external reducing
agentat 6.8 X 1076 M. The specific rate measured was 3.2 X
10351,

For compound 111, the reaction conditions were the same,
except that in this case Ru(NH;)42* was used in excess (6.1
X 10~* M). The specific rate was measured as 4.2 X 103
s~

Discussion

The rate decrease registered in comparing 4,4’-bipyridine
as the bridging group, which is the system among those de-
scribed earlier’ showing the fastest rate of intramolecular
electron transfer, and that with bis(4-pyridyl)methane as the
bridging group is a factor of 21. The entropy difference—that
for reaction of the bis(4-pyridyl)methane being recorded as
11.6 cal deg™! mol~! more negative than registered in the other
case—seems quite outside the limits covered by the combined
errors of the measurements. The rate decrease is observed
despite the fact that Ru(II) in the complex featured in this
study is somewhat more strongly reducing, by 0.04 V, than
when 4,4-bipyridine is the bridging group. Even assuming that
in the 4,4-bipyridine case the product Kk is being measured,
it seems certain that when the bis(4-pyridyl)methane is the
bridging group, a property of the electron transfer act itself is
being measured so that the standard free energy profile for the
system takes the form of the solid curve in Figure la.

The question next to be considered is whether the reaction
profiles for 4,4’-bipyridne in relation to bis(4-pyridyl)methane
take the form shown in Figure 1a, in which case k| is being
measured for the series, or of Figure 1b, in which event the data
give the product K k> for the system showing the more rapid
rate. Several arguments support the conclusion that Figure 1a
applies. The relationship between specific rate as measured in
the Co(1II)-Ru(II) system and the intensity of the intervalence
band measured for the corresponding Ru(IIT)-Ru(II) mixed
valence complex, as referred to earlier,’ is upheld by two ad-
ditional examples—compounds I and IIl. In making the
comparisons, allowance must be made for the fact that the
distance separating the metal ions is expected to affect the rate
of electron transfer,!2 but does not necessarily affect the in-
tensity of the intervalence transition. Thus the fact that the rate
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Figure 1. Reaction profiles. Solid curve in each case represents the profile
for bis(4-pyridyl)methane as bridging group. For the comparison system
(4,4-bipyridine): in 1b, the rate is given by K1k». and in la, by k.

for 4,4'-dipyridylethylene as bridging group is a factor of 2.3
slower than for the 4,4’-bipyridine case, though the intensity
of the intervalence band is the same, is not necessarily an ex-
ception to the correlation. The barrier to electron transfer by
solvent orientation is greater in the case of 4,4’-dipyridyleth-
ylene, because of the larger distance separating the metal ions.
The trends both in the intensity of the intervalence bands and
in rates seem reasonable on the basis of the structures and
compositions of the species, strengthening the view that
nonadiabaticity accounts for the rate differences. Whatever
the quality of the last conclusion, the results obtained with
bis(4-pyridyl)methane as bridging group make us optimistic
about studying nonadiabatic transfer for still more weakly
coupled systems.

Perhaps the most powerful means of diagnosing whether
or k,K determines the reaction rate is to change the redox
potential of the reducing agent. With a group as large as
4,4’-bipyridine separating Co(I1I) from the reducing agent,
it seems likely that if kK is rate determining, a change in redox
potential should be reflected directly in the rate. Such a com-
parison is possible using the data of Gaswick and Haim? ob-
tained with Fe(CN)s3~ as the reducing agent together with
those obtained by Fischer et al. for Ru(NH3)4H,02*.5 The
redox potential in the former case is close to 0.50 V;!3 in the
latter case, it is 0.35 V. Thus if k> K is rate determining, a rate
differential for the two systems of approximately 350 would
be expected; the measured value is only a factor of 16. Owing
to the fact that the values of Eare not accurately known, and
that conditions in other respects may not be identical, the
comparison made cannot yet be taken as proof that k,K is not
governing. In applying the approach, it must be kept in mind
that while strong deviations from the relation kqpsq = K prove
that k»K is not rate determining, owing to the idiosyncracies
of Co(11I) as a reducing agent, if the rates do follow the relation
in isolated instances, this would not prove that k,K is rate
determining.

Specific rates were recorded by Harriman and Maki!“ for
intramolecular electron transfer in the radical ions obtained
by 1 e~ reduction of, among others, VI and VII. These were

2 Qrs—Opo Qe
VI VII

(25 °C, Me»SO as solvent) 9 X 106 and 2 X 108 s~!, respec-
tively, almost precisely the rate ratio recorded for 4,4’-dipyridyl
sulfide and 4,4’-dipyridylethane bridging Co(III) and Ru(ll).
This outcome would be gratifying were it not for the fact that
for the radical ion derived from VIII, k is reported as =108,

Rieder, Taube | Bis(4-pyridyl)methane as Bridging Group



7894

o @

VIII

The discrepancy in the effect of inserting CH; on the rates in
the two series does, however, not vitiate the conclusions which
have been reached about the Co(III)-Ru(1I) system. In other
work it has been observed that breaking conjugation by in-
serting a CH group diminishes the rate by a factor of only
1.5.15 While changes in coupling when gross changes in
structure occur can probably be predicted qualitatively, the
subject is not at all well understood, nor for that matter is the
coupling mechanism when a group such as CHj separates the
pyridine rings known. Is there direct 7-7 (w-7*) overlap, or
is the effect transmitted through the bond system? The mixed
valence species provide an especially convenient approach to
illuminating this issue.
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Abstract: The Co(CN)s3~-catalyzed reactions of (NC)sCoCNCo(NH3)s and (NC)sCoNCCo(NH3)s with cyanide ion yield
2 mol of Co(CN)e~ per mol of binuclear complex. The rate law for the reactions has the form kos[Cos(NH;3)s(CN)¢]-
[Co(CN)s3~][CN~] with kos = (1.82 £ 0.04) X 104and (3.22 £ 0.17) X 103 M~2s~1 at 25 °C and ionic strength 0.50 M for
(NC)5CoCNCo(NH3)s5 and (NC)sCoNCCo(NH3)s, respectively. The rate-determining step involves the outer sphere reac-
tion of Co(CN)e4~ with the binuclear reactant. By comparing the observed rate constants with those for the corresponding re-
actions of mononuclear pentaamminecobalt(III) and pentacyanocobaltate(IIT) complexes, it is suggested that an electron is
transferred from Co(CN)g*~ to the Co(NH3)s*t moiety to yield the mixed valence intermediates (NC)sColl!CNColl-
(NH3)s~ and (NC)sCo!!NCCo!'(NH3)s~. It is postulated that dissociation of these intermediates by bond rupture at the
cobalt(II) site produces Co(CN)g?~ and Co(CN)sNC3-, respectively. The previously studied Co(CN)s3~-catalyzed reaction
of Co(NH3)sCN2+ with CN~ was reexamined. In agreement with previous work, the ratelaw was found to be'kis + kos
[CN~D([Co(NH3)sCN2+][Co(CN)s3>~]),\ with kig = (2.6 £ 0.3) x 102 M~ s~ and kpos = (4.8 £ 0.4) X 103 M~2571,
However, an experiment used previously to postulate the intermediacy of Co(CN)sNC3~ in the kjs path could not be repro-
duced, and it is concluded that, if Co(CN)sNC3~ is formed, its rate of isomerization is considerably higher than the 1.6-s half-
life reported previously.

The syntheses of the title compounds, {(NH3)sCoNC-
Co(CN)s and (NH;3)sCoCNCo{CN)s,2? were designed to
yield binuclear complexes containing two oxidizing metal
centers in different ligand environments of controlled kinetic
and thermodynamic properties with respect to one-electron
reduction. The Co(CN)s2~ moiety is conducive to facile
inner-sphere electron transfer, but the metal center is ther-
modynamically a poor oxidant, whereas the Co(NH;3)s3*
moiety is reduced very slowly by inner-sphere oxidants, but the
metal center has a higher reduction potential. In this manner,

it was thought that addition of a good inner-sphere reductant
would bring an electron into the Co(CN)s2~ moiety, but the
electron would ultimately go to the Co(NH3)s3* moiety. If the
rate of electron transfer from external reductant to Co(CN)s2~
is fast compared to the rate of electron transfer from one metal
center to the other in the binuclear complex, the measurement
of intramolecular electron transfer rates becomes feasible.*
We have applied this approach, alas unsuccessfully, to the
reactions of (NH3)sCoNCCo(CN)s and (NH;)sCoCN-
Co(CN); with chromium(II) and with pentacyanobaltate(Il).
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