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idine, the pyridine b, orbital is destabilized to the extent that
it rather than the a, orbital is the highest occupied molecular
orbital. On the other hand, only substitution of the strongest
7 electron donating group NHj leads to a significant desta-
bilization of the pyridine n orbital.

6. The change in the dipole moment which occurs upon
substitution in pyridine is determined by the polarity of the
substituent and the orientation of the substituent dipole mo-
ment vector relative to that of pyridine, and by the electron
redistribution in the molecule. Those substituents which en-
hance the dipole moment in the 2 isomer lower it in the 4, and
vice versa. In 4-cyanopyridine, the dipole moment vector is
reversed relative to pyridine.
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Intramolecular Electron Transfer from
Pentacyanoferrate(Il) to Pentaamminecobalt(I11T) Mediated
by Various 4,4’-Bipyridines!2
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Abstract: The reactions of Fe(CN)sOH23~ with Co(NH;3)sL3* (L = bis(4-pyridyl)methane, bis(4-pyridyl)ethane, bis(4-pyri-
dyl)propane, bis(4-pyridyl)ethylene. and bis(4-pyridyl) ketone) produce binuclear complexes (NC)sFe!lLCol''(NH3)s that
cxhibit iron tag to ligand 7* charge transfer bands at (same order) 370, 365, 360, 500, and 555 nm. Comparison of these values
with those for the corresponding Fell(CN)sL3~ complexes (370, 365, 360, 460, and 520 nm) suggests that the electron-with-
drawing effect of the Co(111) moiety attached to the remote N is transmitted to the ring adjacent to the Fe(ll) via 7 interac-
tions, and that saturated hydrocarbon groups connecting the two pyridine rings insulate electronically the iron and cobalt cen-
ters. Rate constants for the formation and dissociation of the binuclear complexes have been measured and a dissociative mech-
anism is clearly indicated by the LFER of slope —1.0 between rate constants and equilibrium constants for the formation reac-
tions. The rate constants for intramolecular electron transfer from Fe(11) to Co(111) in the binuclear complexes have been mea-
sured. At 25 °C, u = 0.10 M, the values are {same order of ligands) <0.6 X 1073,2.0 X 103,4.8 X 1073, 1.4 X 103, and <0.1
X 1073 s=1, It is suggested that conjugation between the two pyridine rings is essential for electron transfer mediated by the
ligand. When the two rings are separated by insulating methylene groups, electron transfer through the ligand is precluded.
but ligands that permit close approach of the metal centers lead to intramolecular, outer-sphere electron transfer.

It was previously reported? that the redox reaction be-
tween 4.4’-bipyridinepentaamminecobalt(I11) and aquopen-
tacyanoferrate(11) proceeds via the detectable binuclear pre-
cursor complex i. The rate constants for the formation and
dissociation of this intermediate (krand k4 in eq 1) and the rate
constant for intramolecular electron transfer (k. in eq 2) were
measured.? In view of the importance of measuring intramo-
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lecular electron transfer rates,3-* this work has been extended
to include the bipyridines shown as bridging ligands. While the

N@—-CHZCH2—©N N@——CHZCH20H2—©N

N@‘ CH2—©N N@— CH= CH—@N
OO

present work was in progress, a study of the rates of intramo-
lecular electron transfer from ruthenium(II) to cobalt(III) in
(NH1)4(H>0)Ru"LCo!"'(NH3)s>* where L = BPE, BPA,
4 4'-bipyridine (BP), 2,2’-dimethyl-4,4’-bipyridine (DMBP),
and bis(4-pyridyl) sulfide (BPS) was published.

Experimental Section

Materials. rrans-1,2-Bis(4-pyridyl)ethylene and 1,2-bis(4-pyri-
dyl)ethane were recrystallized from hot water until white crystals were
obtained (five and three times, respectively). 1,3-Bis(4-pyridyl)pro-
panc was recrystallized several times from hot ethanol. Distilled water
was passed through a Barnstead ion-exchange demineralizer and then
was distilled in a modified (all-glass) Corning Model AG-1b apparatus.
L.ithium perchlorate was prepared by the reaction of lithium carbonate
with perchloric acid and purified by recrystallization. Bis(4-
pyridyl)methane and bis(4-pyridyl) ketone were synthesized as de-
scribed previously.” All other chemicals were reagent grade and used
without further purification,

Preparation of Complexes. The BPE and BPA complexes of
Co(NH3)s3* were prepared by a slight modification of the literature
procedure. Following the formation of the desired complex in solution
by reaction of [Co(NH;3)sOH,](ClO4)3° with the appropriate ligand
in dimethylformamide, the dark orange-red solution was allowed to
cool to room temperature and then extracted with several 50-mL
portions of ether. The remaining viscous oil was mixed with 15 mL
o{ methanol and filtered. In the case of the BPA complex, the filtrate
was used directly. In the case of the BPE complex, the filtrate was
discarded and the residue was treated with several 5-mL portions of
methanol and filtered. The combined filtrate was 30 mL. In both cases
the methanolic filtrate was treated with a saturated solution of Nal
in mcthanof.® The resulting yellow precipitate was dissolved in the
minimum amount of water and filtered if necessary. and then the
perchlorate salt was precipitated by addition of concentrated per-
chloric acid and cooling in an ice-water bath. The resulting crystals
were recrystallized three times from aqueous perchloric acid. Anal.
Caled for [Co(NH3)sNCsHsCHCHCsH4NH](Cl1O4)4: Co. 8.13:
ClO4. 54.86. Found: Co, 7.89, 8.11; ClO4. 54.33. Caled for
[CO(NH3)5NC5H4CH2CH2C5H4NH](C104)4~H202 Co. 7.91: ClOA,
53.39. Found: Co. 7.78, 7.92: CIOy, 53.52.

The BPK and BPP complexes were prepared in the following
manner. [Co(NH;3)sMe,SO)(Cl04)3:2H,010 (0.5 g) in 1.0 mL of
dimethyl sulfoxide was heated to ca. 90 °C under nitrogen: 1.0 g of
the desired ligand was added and, after 10-15 min, the resulting clear
oringe solution was cooled to 0 °C and treated with 30 mL of dilute
hydrochloric acid in the case of BPP or 30 mL of water in the case of
BPK. The resulting mixture was filtered if necessary and the solution
was loaded on a column of Dowex 50-X2. 200-400 mesh, H* form.
The resin was rinsed with water and with 2 M HCl, and then the de-
sired product was cluted with 4 M HCI. The resulting orange solution
was evaporated to near dryness in a rotary evaporator at ca. 45 °C.
The resulting orange paste was dissolved in the minimum amount of
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water. and the desired product was precipitated by addition of per-
chloric acid and cooling to 0 °C, yield 50-60%. The product was re-
crystallized three to four times from aqueous perchloric acid. Anal.
Culced for [Co(NH3)sNCsHsCOCsH,NH](Cl104)4-H,0: C, 17.78:;
H. 3.53; N, 13.19; Co. 7.93. Found: C, 17.73; H, 3.28: N, 12.84; Co,
7.90. Calcd for [CO(NH3)5NC5H4CH2CH2CH2C5H4NH](C104)4Z
C.21.07: H. 4.08: N, 13.23; Co, 7.95. Found: C, 21.70; H, 3.92; N,
13.16: Co. 7.83.

The BPM complex was prepared by a somewhat different procedure
since the reaction of Co(NH3)sMe;SO3* in Me;SO with BPM at 90
°C resulted in a rapid decomposition of the cobalt complex with co-
pious evolution of ammonia. The following procedure was found to
produce less decomposition, but still ammonia was detected at the end
of the reaction. An anhydrous solution of {Co(NH3)sMe,SO)(CIO,)3
in Me,SO was prepared by dissolving 0.50 g of [Co(NH;3)sMe,SO]-
(C104)3:2H,01 in 2.0 mL of Me,SO and storing (48 h) under N,
over molecular sieves. Using a glovebag (N> gas and P,Os as desic-
cant), 1.0 g of bis(4-pyridyl)methane was sealed in a round-bottom
flask fitted with a serum cap. The anhydrous solution of [Co(NH;)s-
Me,SOJ(Cl0,); was transferred to the flask containing the ligand,
und the reaction was allowed to proceed at room temperature, in the
dark. for 72 h. A gradual color change took place, from purple to or-
ange. The product solution was added rapidly to 200 mL of 0.06 M
HCI and the resulting orange solution was added to a column of
Dowex 50-X2, 200-400 mesh ion exchange resin in the H* form. The
resin was rinsed with 200 mL of water and 250 mL of 2 M HCl. An
orange component was eluted from the column with 4 M HCI. The
cluant was evaporated to near dryness in a rotatory evaporator at ca.
40 °C. in the dark. The orange residue was dissolved in 1.5 mL of 0.1
M HCl and chromatographed on a column of Biogel P-300 (100-200
mesh). Elution with 0.1 M HCl gave a partial separation and only the
very last portion of orange solution to move from the column was used.
The concentration of the last fraction was estimated from its electronic
absorption spectrum and a twofold excess of a concentrated solution
of Na1S,0¢2H,0 was added. Orange crystals formed upon cooling
to 0 °C. These were filtered, washed with water at 0 °C and ethanol.
and dried under vacuum, yield 10%. Anal. Caled for [Co(NHj3)s-
NCsH4,CH2CsHaNH](S206)2:2H,0: C, 19.67; H. 4.50. N, 14.60;
S.19.10: Co.8.78. Found: C, 19.47: H, 4.56: N, 14.49: S, 18.92; Co,
8.94,

Sodium pentacyanoammineferrate(Il) trihydrate was prepared
und recrystallized as described previously.!! Solutions of Fe-
(CN)sOH 3~ were prepared by aquation of Fe(CN)sNH33~ (<10~4
M concentration) in a degassed, pH 7.2, 10™* M Tris buffer solution
for 5 min at 25 °C. The concentrations of these solutions were checked
by diluting an aliquot with excess pyridine (~10~2 M) and measuring
the absorbance of the Fe(CN)spy3~ produced (molar absorbance =
3.74 X 103 M~1 c¢m~! at 365 nm).

Analytical Methods. Perchlorate analyses were carried out grav-
imctrically using tetraphenylarsonium chloride as the precipitating
agent.!2 Cobalt analyses were performed spectrophotometrically using
nitroso-R salt.!3 pH measurements were carried out with an Orion
Model 801 pH meter.

Kinetic Measurements. Slow reactions were studied by measuring
absorbance changes at the desired wavelength as a function of time
in a thermostated., water-filled cell holder of a Cary 118 spectropho-
tomcter.'4 Absorbances were fitted to time, A, = Ao + Ap exp
(—kobsa?). by means of a nonlinear least-squares program. Fast re-
actions were measured using a Durrum D-110 stopped-flow apparatus
interfaced to an 1800 IBM computer. The data were treated as de-
scribed previously.!! The rate of disappearance of the desired binuclear
complex in the presence of pyridine or pyrazine and ascorbic acid was
litted to the two-exponential function 4, = A« + fexp{—(kq + kg'®)t]
+ g exp(—k~11) by means of a nonlinear least-squares program.!!
Stoichiometric measurements of product solutions were carried out
spectrophotometrically as described in detail below.

Results

Absorption Spectra. Stable bipyridine complexes of penta-
cyanoferrate(IT) were formed in solution via the reaction of
an excess of ligand (>5 X 10~4 M) with dilute Fe(CN)sOH,>~
(1-2 X 1073 M) according to the equation

k
Fe(CN)sOH,3~ + L ==Fe(CN)sL 3~ + H,0  (3)

k-L
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Table I. Metal to Ligand Charge Transfer Spectra of Bipyridine
Complexes of Pentacyanoferrate(Il)

10734,
complex A, nm? M~lem=te
Fe(CN)spy3~ 362 37
Fe(CN)sBPM 3~ 370 4.3
Fe(CN)sBPA3~ 365 4.7
Fe(CN)sBPP3~ 360 4.3
Fe(CN)sBPE3~ 460 7.2
Fe(CN)sBPK3~ 520 4.4
Fe(CN)sBPMCo(NH3)s 370 4.2
Fe(CN)sBPACo(NH3)s 365 4.5
Fe(CN)sBPPCo(NH3)s 360 33
Fe(CN)sBPECo(NH3)s 500 7.5
Fe(CN)sBPKCo(NH3)s 555 3.2
“ In aqueous solution, [Fe(ID)] = 1-2 X 1075 M, [ligand] = 5 X

1074 M. » Wavelength for absorption maximum. ¢ Molar absorbance
at absorption maximum.

Scheme 14
(NC);FellLColll{NH,),

ketis kg
k¢

Co(II) + Felll(CN),L?-  Fell(CN),0H,- + Coll(NH,),L**

ketos

AA | fast

AA l fast
Coll +

Fell{CN),L*- P¥
fast Felll(CN),OH,*"

l py
Fell(CN),py®-

k-L

4 AA = ascorbic acid; py = pyridine or pyrazine.

(L = BPM, BPA, BPP, BPE, and BPK). The complexes ex-
hibit the broad, intense absorption in the visible or near-UV
characteristic!3 of metal to ligand charge transfer (MLCT)
(tzg = 7*). The wavelengths for the MLCT bands and their
corresponding molar absorbances are presented in Table 1.
Included in Table [ are the appropriate values for the pyridine
(py) complex.!5 It will be seen that the complexes of BPM,
BPA, and BPP, where the electron-withdrawing effect of the
remote pyridine ring is transmitted through a ¢ framework,
display their maxima very near that of pyridine. In contrast,
the complexes of BPE and BPK, where the electron-with-
drawing effect is transmitted through the 7 system, exhibit
their maxima at considerably lower energies.

Similar, but transient, absorption spectra were displayed
by solutions obtained by mixing Co(NH3)sL3* complexes (1-2
X 10=% M) with Fe(CN)sOH3~ (1-2 X 10=5 M). Repetitive
scanning of these solutions and extrapolation to the time of
mixing yielded the absorption spectra of the precursor binu-
clear complexes formed via the equation

Fe(CN)sOH,3~ + Co(NH;)sL3+
k
== (NC)sFeLCo(NHs)s + H,O  (4)
kd

The wavelengths for the MLCT bands and their corresponding
molar absorbances are included in Table I. It will be seen that
the absorption maxima for the binuclear complexes bridged
by BPM, BPA, and BPP occur at the same wavelengths as
those of the corresponding mononuclear iron complexes,
whereas the binuclear complexes with BPE and BPK exhibit
their MLCT bands at wavelengths 35-40 nm longer than those
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Table I1. Rate Constants for Formation of Binuclear Complexes
(NC)sFeLCo(NH;)s

104[Co(NH;3)sL3*], 105[Fe(CN)sOH3~], 10~k M~

L M M s!
BPM 1.0 1.1 3.90+0.13
BPA 1.0 1.0 4.54 £0.17
BPP 1.0-2.3 0.8-1.0 216 £0.16
BPE 1.0 1.0 2.05 £ 0.04
BPK 1.1-2.1 1.2-2.1 5.23+£0.25

9 At 25 °C, pH 8.0 (Tris buffer), ionic strength = 0.10 M (LiCIOy),
[ascorbicacid] = 2 X 10~* M, [EDTA] = 1-2 X 10~4 M.

of the mononuclear iron complexes. Evidently, the strong
electron-withdrawing effect of the tripositive cobalt(III) center
is not transmitted via the ¢ framework, but comes into play
when there are groups which can interact with the 7 system
of the iron-bound pyridine group.

Kinetics of Formation of Binuclear Complexes. Initial rates
of formation of the binuclear intermediates'! were determined
by monitoring the increases in absorbance at the wavelengths
listed in Table I. The measurements were carried out at 25 °C
and pH 8.0 in the presence of 2 X 10=# M ascorbic acid and
with the cobalt complex in excess. Under these circumstances,
the ratio of kobsq to [Co(NH3)sL3*] gives directly values of
kr since any Fe(CN)sOH3~ that disappears by the outer-
sphere reaction given by eq 5 is rapidly regenerated by the
rapid reaction!® of the iron(II1) produced with ascorbic acid.
Values of k¢ for the complexes studied in the present work are
listed in Table 11.

FC(CN)50H23_ + CO(NH3)5L3+
kOS
3 Fe(CN)sOH»2~ + Co(NH3)sL2*+  (5)

Kinetics of Disappearance of Binuclear Complexes. Various
methods were utilized in order to obtain the rate constants for
intramolecular electron transfer from iron (II) to cobalt(II1)
in the binuclear complexes (NC)sFeLCo(NH3)s. Therefore,
for clarity and efficiency of presentation, it is appropriate to
introduce at the outset the general mechanistic scheme
(Scheme 1) that has been adopted, and then to examine, within
the framework of the scheme, the physical significance of the
measured rate of disappearance of the binuclear complex for
each method that was utilized. Since the measurements were
carried out after the formation of the binuclear complex was
substantially complete, it is taken to be the initial reactant.
Three types of measurements were carried out.

A. Spontaneous Disappearance. The iron and cobalt reac-
tants were mixed, and the binuclear complex was allowed to
develop. Once formed, it will be seen that the binuclear com-
plex disappears via two parallel paths. An irreversible intra-
molecular electron transfer (k) results in the formation of
the ligand transfer product Fe(CN)sL2~. A reversible disso-
ciation (kq) yields the mononuclear products Fe(CN),OH,3~
i#nd Co(NH3)sL3*+. These can regenerate the binuclear reac-
tant (k) or undergo an outer-sphere redox reaction (k%) that
produces Fe(CN)sOH,2~. Under these circumstances, the
observed first-order rate constant, k*,psq, is equal to ke +
ke®ka/(ks+ ka®). At the end of the reaction, stoichiometric
measurements were carried out to determine the concentra-
tions of Fe(CN)sL?~ and Fe(CN)sOH,2~. For L = BPA and
BPP, the product solution was treated with an excess of pyr-
azinc and then with ascorbic acid. Upon addition of ascorbic
iteid (which is known'® to reduce rapidly the Fe(111) complexes
to the corresponding Fe(ll) complexes), a rapid increase in
itbsorbance is observed at 457 nm, the absorption maximum'$
of Fe(CN)spyr3~, and is followed by a slow increase in ab-
sorbance. The rapid absorbance increase is a measure of the
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Table I11. Kinetics of Dissociation and of Intramolecular Electron
Trunsfer for (NC)sFeBPECo{NH3)s¢

103k pear 571 10%% -, st 103k, 51 103kgq. 571
4.59 7.36 1.57 3.02
4.21 6.40 1.26 2.95
3.99 6.65 1.22 2.77
4.17 6.35 1.32 2.85
4.56 6.65 1.54 3.02
2280 3.43 0.72 1.56
2.09% 3.16 0.63 1.46
8.26¢ 14.6 2.74 5.52
8.08¢ 13.7 2.73 5.35
4.66¢ 7.434 1.53 3.13
4.65¢ 7.169 1.63 3.02
3.04¢ 5.84¢ 0.59 2.45
3.22¢ 6.16¢ 0.64 2.58
1,72/ 5.73/ 0.30 1.42
1.59/ 5.25/ 0.24 1.35

¢ Mcasurements at 500 nm, pH 8.0, [EDTA] = 1.67 X 1074 M,
[pyridine] = 0.10 M, [ascorbic acid] = 2.0 X 107* M, (Co-
(NH1)<BPE™] = 1.0 X 10~4 M, [Fe(CN)sOH,2~] = (0.83-1.0) X
105 M, ionic strength = 0.10 M, 7 = 25.0°C. » At 20.3 °C. ¢ At 30.0
°C. ¢ lonic strength = 0.053 M. ¢ lonic strength = 0.21 M./ lonic
strength = 0.66 M.

Fe(CN)sOH,2~ produced, while the slow absorbance increase
is it mcasure of the Fe(CN)sL2~ produced. This can be seen
from Scheme 1, where both steps required to transform
Fe(CN)sOH;2~ into Fe(CN)spyr3~ are rapid, whereas the
rate of transformation of Fe(CN)sL2~ into Fe(CN)spyr3~is
limited by the slow!’ rate of ligand loss (k—_) from Fe(CN)s-
1.7, The ratio [Fe(CN)sOH,27]/[Fe(CN)sL2~] produced
in the reaction is given, according to Scheme I, by k% (k'
+ ka)/ke®kr)7 The observed first-order rate constant k®,psq
and stoichiometric ratio were combined with the known values
of ky (measured as described above) and of k'S + kg (mea-
stired as described below) and an iterative calculation was
carried out in order to obtain individual values of ku 5, k¢,
and k. For the system where L is BPE, the stoichiometric ratio
wits measured by adding pyridine rather than pyrazine to the
product solution.

B. Disappearance in the Presence of Added Ligand. As in the
previous method. the reactants Co(NH;3)sL3+ and Fe(CN)s-
OH>*~ were mixed, and the charge-transfer band of the bi-
nuclear complex was allowed to develop. At a predetermined
time (30 or 40 s, a time sufficiently long for the binuclear
complex to reach its maximum concentration), an excess of a
ligund (pyridine or pyrazine) was added and the disappearance
of the binuclear intermediate or the appearance of Fe(CN)s-
Py~ was monitored. 1t will be seen that the binuclear complex
disiappeuars by two irreversible parallel paths, namely, intra-
molecular clectron transfer (k) to yield Fe(CN)sL?~ and
dissociation (kg) to yicld Fe(CN)sOH,3~ which rapidly reacts
with py to yield Fe(CN)spy®~. Under these circumstances, the
observed first-order rate constant, k Bypeg, is equal to ke + kg.
At the completion of the reaction, stoichiometric measure-
ments were carried out in order to determine the concentrations
of Fe(CN);OH;>~ (produced by the outer-sphere pathway
during the formation of the binuclear complex), Fe(CN)sL>~,
and Fe(CN)spy'~ (produced via the ko' and k4 pathways,
respectively). The absorbance of the product solution at the
maximum for Fe(CN)spy3~ was measured, and then ascorbic
acid was wdded. whereby a rapid increase in absorbance oc-
curred and was followed by a slower increase. The absorbance
of the product solution corrected for the absorbance of the
excess Co(NH3)sL3* and the small contributions of Fe(CN)s-
1.°~ and Fe(CN)sOH»2~ is a measure of the Fe(CN)spy3~
produced. The rapid increase in absorbance corresponds to the
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Table IV. Kinetics of Dissociation and of Intramolecular Electron
Transfer for (NC)sFeBPACo(NH;3)s¢

103k Copsa, 571 103k~ 51 103k,,'s, s—1 103kq, 5™
6.32 1.31 2.02 4.30
6.98 1.27 2.29 4.69
6.45 1.21 2.13 4.32
5.89 1.26 1.84 4.05
6.02 1.08 2.02 4.00

@ Measurements at 360 nm, pH 8.0, [EDTA] = 1.67 X 1074,
[pyrazine] = 0.010 M, [ascorbic acid] = 2.0 X 10~4 M. [Co-
(NH3)sBPA3+] = (1.0-1.5) X 10~% M. [Fe(CN)sOH»3~] = (1.0-
1.5) X 103 M, ionic strength = 0.10 M, 1 = 25.0 °C.

rapid reduction of Fe(CN)sOH2?~ followed by rapid com-
plexation by py and is, therefore, a measure of the Fe(CN)s-
OH 2~ produced. The slow increase in absorbance corresponds
to the formation of Fe(CN)spy?~ by rapid reduction of
Fe(CN);sL2~ followed by the rate-determining dissociation
of L from Fe(CN)sL3~, and is a measure of the Fe(CN)sL2~
produced. The ratio [Fe(CN)sL?~]/[Fe(CN)spy3~], corrected
for the amount of Fe(CN)sL2~ produced prior to the addition
of py, is equal to ky®/kg4. From the ratio and the sum (equal
10 kBypsd), individual values of ke and k4 were obtained.

C. Disappearance in the Presence of Added Ligand and
Ascorbic Acid. These are the conditions used in our previous
work2!! and the absorbance changes yield two exponentials,
kCoosd(=kq + ko) and k-, respectively. The value of k¢
was then obtained as described previously. >! Independent
measurements of k_, were carried out by allowing Fe(CN)s-
L3~ to be formed in the presence of low (~107% M) concen-
trations of L and then adding a large excess (~0.1 M) of py.
Under these conditions, net substitution of L by py takes place.
but the loss of L is the rate-determining step.!?

The measurements by method C for the reactions involving
BPE are summarized in Table 111. Four experiments under the
same conditions as those in Table Il except that pyridine and
ascorbic acid were omitted (method A) yielded an average
value of kAgpsg = (2.54 £ 0.22) X 1073 s7! from which we
calculate ko, = (1.21 £ 0.66) X 103 M~! s~1, Included in
Table 111 are measurements of the ionic-strength dependence
of the rate constants.

The measurements by method C for the reactions involving
BPA are summarized in Table 1V. The measurements by
methods A and B and the ionic strength and temperature de-
pendences of the rates are presented in Table V. Since the
values of k” p.q are equal, within the relatively large experi-
mental error, to the values of k'S derived from method C, it
is concluded that the outer-sphere electron-transfer path is
slow. An estimate of k. was obtained by measuring the ratio
SA = [Fe(CN)sBPA2~]/[Fe(CN)sOH»?"] produced in ex-
periments of type A. From measured values of A = 11.7
0.1, we estimate ko = 130 £ 20 M~ 571,

The results of kinetic and stoichiometric measurements by
methods A and B for BPP are summarized in Table V1. The
derived values of koi%, kg,and ke are (4.8 £0.3) X 107357,
(40£03)X 107357 and (1.4 £ 0.2) X 102 M~ 1571, re-
spectively.

As was the case for the preceding ligands, the reaction be-
tween Co(NH;)sBPM3* and Fe(CN)sOH,3~ resulted in the
rapid formation of the charge-transfer band characteristic of
the binuclear complex (NC)sFeBPMCo(NH3)s. However,
in contrast with the behavior of the binuclear complexes
bridged by the other bipyridine ligands, the BPM binuclear
complex underwent a very slow reaction which appeared to
become increasingly retarded, and after about 1 h the decrease
in absorbance amounted to only 5-10%. Addition of pyrazine
to the binuclear complex resulted in a nice, first-order disap-
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Table V. Ionic Strength and Temperature Dependence of Kinetics
of Dissociation and of Intramolecular Electron Transfer for
(NC)sFeBPACo(NH3)s¢
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Table VI. Kinetics of Dissociation and of Intramolecular Electron
Transfer for (NC)sFeBPPCo(NH;3)s

lO]kAobsd- 103kBobsds
lO}kAobsd, g—1 b lO}kBobsd, g1 103kd. s—le t.°C s~1 SAb s—le¢ SBed

2.774 6.324 3.55 30.0 8.21 £0.22¢ 15.6 £0.2/
2.37e 6.25¢ 3.88 25.0 5.05+0.42¢ 843+0.027 884£0.18¢8 1.42£0.13/
1.99 5.67 3.68 20.0 2.34 £0.28% 3.56 £ 0.06¢
2.03 5.80 3.77 150 1.23£0.23” 10.1+£0.1/ 2.14 £0.02/
2.01 5.90 3.89 . _ 4
1.46/ 487/ 34] Measurements at 360 nm, pH 8.0, [EDTA] = (1.0-2.0) X 10
1.23¢ 4.492 396 M, [Co(NH3)sBPP3*] = (0.96-1.5) X 1074 M, [Fe(CN)SOHzf]
0.7 274 302 = (0.85-1.0) X 1075 M, ionicstrength = 0.01 M. ? This is the ratio
.66 19.47 10.7 [Fe(CN)sBPPZ*]/[Fe(CN.)sOng*] produced. ¢ In the presence of
4.54) 10.9/ 6.35 0.010 M pyrazine. ¢ This is the ratio [Fe(CN)sBPP2~]/[Fe-
1.08% 292k 1.84 (CN)spyr3~] produced. ¢ Average of six runs./ Average of two runs.
0.52/ 1.24/ 0.72 ¢ Average of four runs. * Average of five runs.

@ Measurements at 360 nm, pH 8.0, [EDTA] = 1.67 X 1074 M,
[Co(NH;3)sBPA3*] = 1.0 X 10~4 M., [Fe(CN)sOH»*~] = 1.0 X 10~5
M, [pyrazine] = 0.010 M for entries of kBypsq. Unless specified oth-
erwise, t = 25 °C and ionic strength = 0.10 M. ? Since the outer-
sphere contribution is negligible, these values are also k¢ ¢ Calcu-
lated as kB,psg — kAqpsa. 4 lonic strength = 0,026 M. ¢ lonic strength
= 0.053 M. / lonic strength = 0.26 M. ¢ [onic strength = 0.40 M.
% lonic strength = 0.91 M. 7t = 34.7°C.J¢ =30.0°C. ¥t =20.2°C,
It=152°C.

pearance of the latter. Three measurements with [Co(NH3)s-
BPM3*] = (1.0~1.5) X 1074 M, [Fe(CN)sOH,3~] = (1.1~
2.1) X 1075 M, pH 8.0, [EDTA] = 2.0 X 1074 M, [pyrazine]
= 0.010 M, ionic strength = 0.10 M, and ¢ = 25 °C yielded
values of kB g =7.79 X 1073,7.93 X 1073, and 7.85 X 1073
s~!. At the end of the reaction, the nature and concentration
of the iron(IIl) products were determined by addition of
ascorbic acid and subsequent spectrophotometric examination
of the resulting iron(II) complexes at 457 nm, the absorption
maximum of Fe(CN)spyr3~. Upon addition of ascorbic acid,
two absorbance increases were observed. The first, very small
and complete within 10 s, was a measure of the Fe-
(CN)sOH2?~ produced by the outer-sphere path (see ko in
Scheme 1) prior to the addition of pyrazine.!® This accounted
for approximately 6% of the total iron, from which we estimate
a value of k¢% ~ 2 X 102 M~! s~!. The second absorbance
increase was slow and obeyed first-order kinetics with an av-
erage rate constant of (6.4 + 2.6) X 10~3s~'. This accounted
for approximately 10% of the total iron. The origin of this
fraction will be discussed below. The remaining iron was
present as Fe(CN)spyr3~ (in the reduced form even before
adding ascorbic acid) which is produced by the kg4 path in
Scheme I. Using the measured value of kB,psq and the fraction
of Fe(CN)spyr3~ produced by the dissociation pathway, we
calculate kg = (6.63 £ 0.33) X 1073 57!, The agreement be-
tween the latter value and the rate constant for the slow ab-
sorbance increase that occurs upon addition of ascorbic acid
indicates that the species responsible for the increase is the
binuclear complex (NC)sFeBPMCo(NHj3)s which is formed
by reduction of (NC)sFeBPMCo(NH3;)s*. A plausible source
of the latter complex is the outer-sphere oxidation'® of
(NC)sFeBPMCo(NH3)s by excess Co(NH;3)sBPM3+,

(NC)SFCBPMCO(NH3)5 + CO(NH3)5BPM3+
— (NC)sFeBPMCo(NH3)s* + Co(NH3)sBPM2+

From the magnitude of the slow absorbance increase and the
measured value of kB.psq we estimate the rate constant for
reaction 5to be 10 M~' s~!. Assuming that 10% of Fe(CN)s-
BPM?2~ would have been detected in the stoichiometric mea-
surements, we place an upper limit of ~6 X 107% s~! for
kc(ls.

The reaction of Co(NH3)sBPK3+ with Fe(CN)sOH,3-

Table VII. Kinetics of Dissociation of Fe(CN)sL4~ @
L 103k-L, 51

BPA? 1.39, 1.44, 0.59, 0.60,¢ 2.67,4 2.674
BPE¢ 0.72,0.73,0.76,0.33,¢ 0.32¢ 1.62,¢
BPP/ 1.59,1.49¢
BPK* 0.59,0.63, 0.60, 0.60
BPM/ 1.25,1.36,1.38
@ Measurements at 25 °C, ionic strength 0.10 M, [L] = 1.0 X 10™*
M, [EDTAZ"] = 1.0 X 1074 M, [Fe(CN)sOH»*~"] = 1.0 X 1075 M,

[pyridine] = 0.10 M or [pyrazine] = 0.010 M. & Measurements at
360 nm with pyrazine. ¢ At 20 °C. ¢ At 30 °C. ¢ Measurements at
460 nm with pyridine. / Measurements at 360 nm with pyrazine.
& Measurement at 457 nm. #» Measurements at 525 nm with pyri-
dine.

resulted in the rapid formation of the binuclear complex
(NC)sFeBPKCo(INH3)s which exhibits an absorption maxi-
mum at 355 nm. The absorbance at the maximum decreased
at first (about 15% in 800 s), but then an increase in absorbance
and a shift of the maximum toward smaller wavelengths were
observed. After about 4000 s the absorbance was approxi-
mately equal to the initial value, and the maximum occurred
at 525 nm. Presumably, the binuclear complex dissociates
via Co-N bond breaking to yield Co(NH3)sOH,3* and Fe-
(CN)sBPK3~, and it is apparent that little, if any, intramo-
lecular electron transfer takes place in this system. When the
binuclear complex was allowed to develop and then pyridine
(0.10 M) was added, a nice, first-order disappearance of
(NC)sFeBPKCo(NH3)s was observed. Five measurements
at 25 °C, u = 0.10 M, [Fe(CN)sOH»?*~] = (0.01-1.95) X
1073 M, and [Co(NH3)sBPK3*] = (1.10~1.19) X 1074 M
yielded an average value for kBgpeq of (4.1 £0.2) X 103571,
Spectrophotometric examination of the product solutions of
the kinetic measurements revealed that Fe(CN)spy3~ was
produced in ~90% yield, and therefore kg = (3.7 £0.2) X 1073
s~!, and we place an upper limit of ~1 X 10~% on the value of
ke for intramolecular electron transfer in (NC)s-
FeBPKCo(NHj3)s.

Kinetics of Dissociation of Substituted Pyridine Complexes
of Pentacyanoferrate(I). The substituted pyridine complexes
were allowed to be formed by the reaction of Fe(CN)sOH,3~
(~1073 M) with the appropriate ligand (~10~4 M). Then, an
excess of pyridine or pyrazine was added and the disappearance
of the complex at its absorption maximum was monitored. The
results are summarized in Table VII. The values in Table VII
can be compared with those for BPA and BPE in Tables IV and
111, respectively. The agreement between the two sets of values
is relatively poor. However, it must be recognized that the
values of k_ obtained by kinetic method C correspond to the
slow, tail ends of reactions for systems that exhibit biphasic
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kinetics. Taking this fact into consideration, the agreement is
viewed as acceptable, but, to be sure, the direct measurements
in Table VII are the most reliable.

Discussion

General Mechanistic Considerations. There is no question
that for the ligands that lead to rapid, net redox chemistry (BP,
BPA, BPP, and BPE) the major pathway for the reactions of
Co(NH3)sL3* with Fe(CN)sOHy3~ is via an inner-sphere
mechanism. The supportive evidence includes the detection
and identification of the precursor binuclear complexes and
of the mononuclear iron(IIT) products resulting from ligand
transfer. The intermediacy of Fe(II)-~Co(III) binuclear
complexes bridged by the nitrogen heterocycle is demonstrated
by the formation, at a rate characteristic of the substitution
of the water in the coordination sphere of Fe(CN)sOH23~ (see
discussion of rates of substitution below), of the metal to ligand
charge transfer bands of pentacyanoferrate(II) bound to a
w-accepting, aromatic nitrogen heterocycle. The evidence for
the formation of the ligand-transfer products is the spectro-
scopic detection of the complexes Fe(CN)sL2™ and of their
reduction products, Fe(CN)sL3~, formed rapidly by reaction
of the iron(IIl) product complexes with ascorbic acid. Thus,
the complete reaction path via the inner-sphere mechanism
involves the classic* three-step scheme: formation of the pre-
cursor complex (eq 6), intramolecular electron transfer (eq 7),
and dissociation of the successor complex (eq 8).

Fe!'(CN)sOH,3~ + Co'{(NH;3)sL3+

k
=2 (NC)sFelLCol'!(NHy)s + H:0  (6)

kdp

(NC)sFe'LCo!'(NH3)s

ke
—= (NC)sFe"LCo!/(NH3)s  (7)
kg

(NC)5FC|“LCO“(NH3)5

ke dg
== Fe(CN)sL2~ + Co(NH3)s2*  (8)
ks

In previous contributions to the subject of intramolecular
electron transfer,3:611.20 it had been assumed tacitly that the
slow, rate-determining step was given by the electron-transfer
step (eq 7), and therefore that the measured rate constants for
the disappearance of the precursor, binuclear complexes were
an effective measure of k;. However, this assumption has been
questioned recently,?! and it was argued that, if key 3> kg5, then
the disappearance of the precursor complex would be a mea-
sure of kekgs/k—e and, therefore, that the studies reported
would yield no information about the factors that govern the
rates of intramolecular electron transfer. Although the sug-
gestion that eq 8 may be rate determining cannot be ruled out
conclusively, the following argument22 renders this proposal
unlikely. Assuming that the product of the electron-transfer
step is ground-state, high-spin cobalt(11), and using ~0.5!% and
~0.1 V2324 for the reduction potentials of the Fe!l'/!! and
Coll//Il couples, respectively, the calculated equilibrium
constant, kei/k—e, for reaction 7 is ~1.7 X 1077, Since the
measured rate constants for the disappearance of the binuclear
complexes are in the vicinity of 2 X 1073 s~!, assuming that
eq 8 is rate determining we obtain keikgs/k—eg~2 X 1073571
and therefore, k4, ~ 104 s~1. However, the rate constant for
ligand detachment from Co(NH3)g2* has been measured by
a pulse radiolytic technique?® and found to be >100s~1. The
latter value is at least two orders of magnitude faster than the
value of ks calculated on the assumption of rate-determining
successor complex dissociation, and therefore we tend to rule
out the mechanism which postulates eq 8 as the rate-controlling
step. However, it might be argued that the primary cobalt(11)
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product of the intramolecular electron-transfer step is not the
ground-state, high-spin Co(II) complex, but a low-spin, un-
stable intermediate. Under these circumstances, eq 7 of the
mechanism represented by eq 6-8 must be replaced by eq 9 and
10.

(NC)SFCHLCO”I(NH:;)S

ke
== (NC)sFe!lILCors"(NHy)s (9)
el

(NC)sFe"LCors"(NH3)s

k
—=(NC)sFe "LCops!(NHy)s  (10)
-

We are not concerned with both eq 9 and 10 being rapid
equilibria since, under these circumstances, eq 8 would still be
rate controlling, and we have already shown that a mechanism
with such a stipulation is unlikely. The concern is that eq 10
may become rate determining, Under these conditions, the
measured rate for the disappearance of the precursor complex
would be given by k'¢ ksp/k’—¢. A value of k’¢;/k’—¢ can be
estimated from the value of k¢ /k—, calculated above and the
difference in energy between low-spin and high-spin
Co(NHj;)e2*. The latter value has been estimated at 13.4
kcal/mol®® and thus we obtain k’¢;/k’—e; ~2 X 10717 and ks,
~10'4s~1 The latter value is seven to eight orders of magni-
tude larger than measured?’ rate constants for low-spin-~
high-spin interconversion rates of cobalt(II) complexes, and
therefore we tend to rule out the mechanism represented by
eq 6, 8~10 with eq 10 being rate controlling. Admittedly, the
above calculations are approximate, and, therefore, the basis
for ruling out eq 8 or 10 as the rate-determining step is some-
what tenuous. However, these arguments add to those pre-
sented earlier,?! and consequently, in the remainder of the
discussion, the observed disappearance of the precursor com-
plexes is interpreted as the result of rate-determining intra-
molecular electron transfer and the corresponding measured
rate constants are taken to represent k; ineq 7.

Metal to Ligand Charge Transfer Spectra, The 4,4’-bipy-
ridine ligand used in our previous work? and the substituted
4,4’-bipyridine ligands used in the present work can be clas-
sified into two classes depending on whether the electron-
withdrawing effect of a cobalt(III) center attached to the re-
mote nitrogen of Fe(CN)sL3~ is transmitted to the pentacy-
anoferrate(Il) moiety. The criterion used is based on a com-
parison between the energy of the iron(II) to pyridine charge
triansfer transition in the binuclear complexes (NC)sFe!l-
LCo"(NHj3)s and the energy of the corresponding transition
in the parent mononuclear complex Fe(CN)sL3~. On this
basis, BP, BPE, and BPK fall into one group and BPM, BPA,
:and BPP fall into another. Thus, for BP, BPE, and BPK sub-
stantial bathochromic shifts in the absorption maximum of
Fe(CN)sL3~ obtain when the Co(NH;)s*+ moiety is attached
to the remote N: BP, 432 to 505 nm; BPE, 460 to 500 nm;
BPK, 520 to 555 nm. In contrast, for BPM, BPA, and BPP, the
mononuclear iron(11) complexes and the binuclear iron(11)-
cobalt(111) complexes exhibit their maxima at exactly the same
wavelengths: BPM. 370 and 370 nm; BPA, 365 and 365 nm;
BPP, 360 and 360 nm. An identical pattern is obtained by
cxamining the effects of electron-withdrawing substituents
such as H* or Co(NH3)s*t on the metal to ligand charge
transfer transitions of Ru(NH3)s>* complexes with the bi-
pyridines. Thus, the 478-nm MLCT of Ru(NH;)sBP2+ 28 is
shifted to 563 or 555 nm by attaching H* 28 or Co(NH;)s3* ¢
to the remote N.2° Similarly, the 508-nm maximum of
Ru(NH;)sBPE2+ 28 is shifted to 570 or 564 nm by attaching
H* or Co(NHj3)s3t ¢ to the remote N. In contrast, there is a
negligible shift in the 407-nm MLCT band of Ru(NH3j)s-
BPAZ* upon protonation (411 nm) or attachment of
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Co(NH3)s3* (409 nm).® Similarly, the CT band of
Ru(NH;3)sBPM?27 is hardly affected by protonation (423 nm)
or attachment of Co(NH3)s3* (420 nm).?!

The difference between the two classes of ligands is un-
doubtedly3® related to the possibility of delocalization of
negative charge from the iron(Il) t, orbitals into the 7
framework of the pyridine ligands. Adopting resonance lan-
guage, the attachment of the electron-withdrawing moiety
Co(NH3)s3* to the remote N of Fe(CN)sBP3~, Fe(CN)s-
BPE3-, or Fe(CN)sBPK3~ increases the relative contributions
of resonance forms I, I, and III as compared to their contri-

(NC).Fe= =~ N T Co(NHy),

I

=\ = .
(NC);Fe=N N=CH——CH=<:N-—CO(NH3)5
\—/

I

:Cl):
(NC)éFe=N/:>=C—<@N-—-C0(NH3)5
I

butions in the absence of Co(NH3)s3*+, and the MLCT bands
move to lower energy. In contrast, for BPM, BPA, and BPP,
the electron-withdrawing effect of the Co(NH3)s3* moiety is
not transmitted through the ¢ framework connecting the two
pyridine rings and no shift in the MLCT bands obtains. It is
noteworthy that, although the electron-withdrawing effect of
the Co(NH3)s** group increases the extent of metal to ligand
7 bonding in the BPK complex, the iron tg clectrons are de-
localized only in the adjacent pyridine ring, and there appears
to be no obvious mechanism for the delocalization of the
clectrons into the remote ring. In contrast, for BP and BPE,
the delocalization of iron d electrons through the 7 system
places negative charge on the N remote to iron.
Intramolecular Electron Transfer, The raze constants for
intramolecular electron transfer in (NC)sFe'LCo"'(NH;);s
and, for comparison purposes, those for (NH3)4(OH>)Rull-
LCo'""(NH3)s are presented in Table VIII. It will be seen that,
with regard to mediation of electron transfer in the Fe(II)-
Co(l11) systems, the ligands studied fall into two groups. BP.
BPA, BPP, and BPE form one group for which the internal
redox reaction proceeds at a measurable rate. BPM and BPK
constitute another group for which internal electron transfer
is very slow, and dissociation and/or outer-sphere reactions
dominate the fates of the binuclear complexes. At first glance,
it seems surprising that the BPA and BPP cornplexes react as
fast as or faster than the BP and BPE complexszs. The first two
ligands feature a saturated chain of carbon atoms between the
two pyridine rings whereas the planar conformations of the
latter two ligands are conjugated. However, it is apparent that
there is free rotation between the C~C bonds connecting the
two pyridine rings in the BPA and BPP complexes, and
therefore a conformation can be adopted whereby the two
metal ions come in close proximity. Thus, we adopt the previous
suggestion3- that “outer-sphere” electron transfer obtains in
such conformations, the bridging ligands serving to keep the
two metal ions together, but not being utilized for orbital
coupling. There is ample precedent for the interaction of aro-
matic rings connected by flexible hydrocarbon chains,31-34
From studies of excimer formation in diphenyl-3' and di-
naphthylalkanes,?* of intramolecular association in pyridinyl
diradicals of the type -py(CH,),py-.>? and of base-base in-
teractions in dinucleotide analogues33 it has been shown that
the trimethylene group provides a uniquely favored situation
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Table VIIL Rate Constants for Intramolecular Electron Transfer
of (NC)sFCLCO(NH:;)s and (NH3)4(OH2)Rl.lLCO(NH})ﬁ+ a

L 103k for Fe, s~! 103k for Ru, s™!
BP 2.6 44
BPE 1.4 18.7
BPP 4.8
BPK <0.1

2 At25°C, 0.10 M LiClOQy for Fe, 0.40 M CF3;COOH for Ru. Fe
data from this work: Ru data from ref 6 and 21.

for the interaction of aromatic rings. But it has also been shown
in some cases3!-32 that a ~CH,CH>- chain does not lead to any
interaction between aromatic groups. This result is in contrast
with the one obtained in the present study where both BPA and
BPP lead to facile electron transfer. However, it must be rec-
ognized that in the examples cited3!~34 maximal interaction
between the aromatic rings may necessitate a parallel plane
conformation, whereas no such requirement obtains for the
outer-sphere electron transfer. Here, what is needed is a suf-
ficient flexibility of the hydrocarbon chain to provide for a close
approach between the metal centers, and the ~-CH,CH>- al-
ready meets the requirement.

Two additional findings provide further, albeit indirect,
support for the suggestion that outer-sphere electron transfer
obtains in the BPA and BPP systems. First, when BPM is the
bridge, intramolecular electron transfer becomes too slow to
be detected. Molecular models and calculations using a C~Fe
or C1~Co distance of 6.1 X 108 cm (C; is the methylene
carbon of BPM) and a 109° Fe~C,~Co angle indicate that the
metal centers cannot come closer than ~10 X 10~% ¢cm, too
large a distance for direct electron transfer. Second, there is
a substantial decrease in k., when going from BP or BPE to
BPA in the Ru-Co system, whereas no such decrease is re-
corded for the Fe~Co system. The rationale we offer for those
trends is that, in the RuBPACo system, the two metal moieties
are positively charged and therefore the preferred conforma-
tion is the one that results in the open structure IV. However,

(NH ).Ru 11N/\©>—CHZCH?_~—CO>NCom(1\1[-13)55+
v

(NC)5FeH©— CH,
(NHa)sCo“IN@— H,

\%

for the FeEBPACo system, the reducing and oxidizing metal
centers have charges of —3 and +3, respectively, and therefore
the closed structure V is preferred.?> Thus, for the Ru system
the dominant and the reactive forms are not the same and the
unfavorable equilibrium, open form = closed form, is reflected
in the rate of electron transfer. In contrast, for the iron system
the dominant and reactive forms are the same and no rate
limitations obtain because of unfavorable conformations. We
sought to obtain information about the question of open vs.
closed structures by measuring the effects of ionic strength on
the rates of reactions of the BPE (necessarily open) and BPA
(presumably closed) complexes. 1t had been pointed out pre-
viously® that the rate of reaction of the RuBPACo complex is
more sensitive3® to ionic strength than it is for systems where
the open conformation is obligatory. Unfortunately, for the iron
systems, both the BPA and BPE complexes showed a sub-
stantial decrease in rate with increasing ionic strength and
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Table IX. Rate Constants for Formation and Dissociation of
(NC)sFeLCo(NH3)sat 25 °C, [LiClO4] = 0.10 M=

L 103k, M=t g1 103,
BPM 3.9 6.63
BPA 4.5 4.27
BPP 2.2 4.0
BP 5.5 4.5
BPE 2.1 2.92
BPK 5.2 3.7

4
O 3.7 11X 10
CH,

@ All measurements from the present work except for pyrazine, ref
20, and BP, ref 2.

therefore no unique interpretations can be inferred from these
observations.?’

It is noteworthy that there is no exact coincidence between
the groupings of the ligands into the two categories based on
the kinetic vs. spectroscopic criterion. From electron-transfer
rates, we deduced that the transmitting ligands are BP, BPE,
BPA, and BPP, whereas BPM and BPK are nontransmitting.
From a consideration of bathochromic shifts, BP, BPE, and
BPK are transmitting whereas BPM, BPA, and BPP are not.
Clearly the extent and mechanisms of communication between
the iron and cobalt centers implied by the two criteria are
different. However, the two classifications can be reconciled
by accepting the above suggestion that electron transfer in the
BPA and BPP complexes bypasses the ligands. Thus, for BPM,
BPA, and BPP, both criteria suggest that there is no coupling
of the metal centers as long as only through the ligand com-
munication is considered. For BP and BPE, again the two
criteria yield the same result, namely, both electron transfer
and electron-withdrawing effects are transmitted through these
ligands. The BPK complex, then, appears to represent an
anomaly. The spectroscopic criterion suggests communication
between the metal centers through the ligand, whereas electron
transfer does not obtain. We already noted that the two pyri-
dine rings of BPK are not conjugated. Therefore, although the
attachment of Co(NH3)s3* to the remote N of Fe
(CN)sBPK3~ increases the contribution of resonance from
111 and produces a bathochromic shift, there is no mechanism
for the delocalization of iron electrons into the pyridine ring
attached to the Co(III) center and electron transfer is slow.
Interestingly, from spin distribution studies38 in Ni(I1) ami-
notroponeiminate complexes, it was concluded that spin density
can be propagated through the systems ii and iii into the para

~-0~0 OO

positions of the second benzene rings, but no such transmission
obtains in the case of the system iv. Apparently, the conjugative

0]
—~0~-0

effects necessary for the transmission of spin densities38 are
ilso operative in ligand-mediated electron transfer. However,
it must be pointed out that through ¢ bond interactions®-40 or
some unspecified mechanism?! may also provide a pathway
for clectron transfer as was found?! in the RuBPMCo
system.

Formation and Dissociation of Binuclear Complexes. The
rate constants for the formation and dissociation of the binu-
clear complexes (NC)sFeLCo(NH3)s (eq 4) are listed in Table
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1X. The values of ks are approximately ten times larger than
the corresponding values measured for neutral ligands.!3.16:41
A dissociative mechanism has been suggested for the re-
placement of H,O in Fe(CN)sOH,3~ by various neutral li-
gands such as pyridines,'>4! nitriles,'® and cyanopyridines.'¢
A plot of log k4 vs. log K (K = k¢/kgq) for 16 neutral ligands
yielded a straight line of slope —0.98 + 0.03.'6 The data in
Table 1X also obey an excellent linear free energy relationship,
the slope of log k4 vs. log K being —1.00 + 0.05. The disso-
ciative mechanism is undoubtedly operative in all these sub-
stitution reactions, the increased rate of formation for 3+ li-
gands as compared to the neutral ligands being consistent with
rapid ion pair formation preceding the rate-determining loss
of water.*? From the intercepts of the log kg4 vs. log K plots

Fe(CN)sOH,*~ 4+ L+ = Fe(CN)sOH,3— - L7+ (11)
rapid, outer-sphere complexation

Fe(CN)sOH»3~ . L#* — Fe(CN)sLG3-m~ + H,0 (12)
slow, inner-sphere complexation

for neutral and for 34 charged ligands, it is possible#3 to obtain
the ratio of K P to KoY. KosP and K0 are the equilibrium
constants for reaction 11 when n = +3 and 0, respectively. The
calculation yields a ratio of 12.9, in excellent agreement with
the value of 15 estimated from an electrostatic model3s for n
= +3 and a diffusion model** for n = 0 using a distance of
closest approach of 11 X 1078 cm .43
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Abstract: Alkenes and alkynes react with the pentaamminemonoaquoruthenium(l1) ion to form complexes containing the -
bonded unsaturated organic molecule as a ligand. Syntheses and spectroscopic properties of the complexes with ethylene, iso-
butene, 1.4-cyclohexadiene, fumaric acid, acetylene, phenylacetylene, and 3-hexyne are reported. The electronic spectra are
dominated by an intense band at about 220 nm ascribed to a w(d)—>n*(L) charge transfer. The coordination of the multiple
bond to ruthenium is demonstrated by a shift of the C=C and C=C stretching frequencies by 100-200 cm™! to lower energies.
'H NMR spectra are consistent with an edge-on bonding arrangement. Formal reduction potentials obtained by cyclic voltam-
metry are between 0.6 and 1.40 V (vs. NHE) showing the stabilization of the divalent state of ruthenium by the strong back-
bonding to the ligand. The crystal and molecular structure of the particular case of the fumaric acid complex has been deter-
mined by a single-crystal X-ray study to R = 0.034 and R,, = 0.040 for 1242 unique reflections. The compound crystallizes
in the orthorhombic system with four molecules in space group D23-C222,. Cell dimensions are @ = 9.840 (3), 5 = 10.887 (4),
c = 15.970 (4) A. The five Ru-N distances are between 2.143 (6) and 2.154 (5) A, the two cquivalent Ru-C distances are
2.172(6) A, and the C-C bond length of the olefinic group is 1.413 (8) A.

Introduction

A prominent feature of the pentaammineruthenium(l11)
moiety is its pronounced affinity for 7 acids such as pyridine
and its many derivatives, nitriles, and sulfur-containing mol-
ecules. The bonding and the stability of the resulting complexes
have been rationalized in terms of the strong m-back-bonding
tendency of the low-spin t2,® configuration of octahedrally or
pseudooctahedrally coordinated ruthenium(11).2 Inasmuch
as these molecules play an important role in the chemistry of
organometallic compounds, it is surprising that this concept
has not been extended to include also 7 acceptors represented
by alkenes and alkynes bonded to Ru(NHj3)s. In the case of
known olefin complexes of ruthenium the central metal is in
low oxidation states and the other ligands are themselves strong
7 acids, e.g., CO.? Some reactions of a few unsaturated hy-
drocarbons with pentaammineruthenium(11) have been de-
scribed in a Ph.D. thesis® and a few properties of the corre-

0002-7863/79/1501-6197%01.00/0

sponding complexes have been reported recently in a prelimi-
nary publication.® It is remarkable that the formation of these
complexes proceeds by a very facile substitution of the water
molecule of Ru(NH;)sH>0%* by an alkene or alkyne. Com-
plexes Ru(NH;)sL>* (L = alkene, alkyne) described in this
paper represent a link between classical coordination com-
pounds and organometallic chemistry in much the same way
as the well-known Zeise salt, Cl3PtCyHy~. We have studied
the reaction of Ru(NH;)sH>O02* with a variety of unsaturated
organic molecules in water and acetone as solvents. Some
representative examples are described in this report which also
comprises the crystal and molecular structure of one particular
case. namely. of the complex with fumaric acid. The structures
of a number of transition-metal compounds containing olefins
in the presence of other 7 acids have been recently reviewed.®
No structure. however, appears to have been determined of
complexes of the pentaammineruthenium(11) moiety and an
iafkene representing the sixth ligand.
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