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ABSTRACT
Thermal and Photoinitiated Electron Transfer in
Copper{l) Containing Binuclear lons

Kenneth A. Norton, Ph.D.
Oregon Graduate Center, 1980

Supervising Professor: James K. Hurst

Copper(I) forms 7 complexes with olefin-containing metal com-
plexes in aqueocus solution. Reduction of a series of pyridinepenta-
ammineruthenium(III) ions, where L is a pyridine or 4-substituted
pyridines, was studied. TFor the (NH3)sRu(III)-4-vinylpyridine ion
it is possible to measure separately preequilibrium binuclear ion for-
mation and electron transfer. The electron transfer pathway is deter-
mined tc be intramolecular from comparison with rate behavior of
(NH3)5Ru(I11)-4-ethylpvridine, Cu(I) and (NH;)sRu(ITI)-pyridine,

Cu(I) redox pairs. Rate parameters are also determined for the
reverse reaction, Cu(II) catalyzed autoxidation of the (NHs)sRu(II)-
4-vinylpyridine ion. The redox equilibrium constant determined from
the kinetic data agrees reasonably with that calculated from the
redox potentials of the reactants. Qualitative models have been
advanced from which it is suggested that the entropy of activation
gives a measure of the probability for electron transfer in the acti-
vated complex, values near zero indicating that electron-tunneling is

not rate-limiting. Cu(I)-olefin containing binuclear ions of

X1



(NH3) sCo(I1I)L, where L is an alkylpyridine or alkylamine, undergo
efficient intramolecular electron transfer when irradiated in the
Cu(Il)-olefin(s*) absorption band. The results of photoredox studies
of a series of alkylamine and alkylpyridine containing binuclear ions
are reported. The quantum yields for Co(II) production is shown to
fall off monotonically for increasing number of methylene carbons

in the chain. Binuclear ions containing polyisoprenyl bridging
ligands were also investigated. Mixed solvent studies show decreased
quantum yield with increasing ethanol content of the aqueous media.

Medium and chain configuration effects are discussed.
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CHAPTER 1

INTRODUCTION

Light-induced electron transfer processes are of primary impor-
tance in naturally occurring photosvnthetic systems; understanding
the mechanism(s) by which this process occurs is a major area of
investigation as alternative means for energy conversion are sought.
Electron transfer between molecules is the most fundamental process
in nature. FElectron transfer between simple inorganic molecules,
complex metalloenzymes involved in respiration, in addition to protein
matrixed metalloporphyrins found in photosynthetic reaction centers,
are a few of the important examples of this process.l 0f the diverse
areas where electron transfer events occur, none are more amenable for
study than those between coordination complexes. The parameters that
govern electron transfer processes, distance, kinetic and optical
properties can be elucidated using simple model reactions in an
artempt to understand more complex ones.

Interest in oxidation-reduction (redox) reactions of coordina-
tion compounds begain in the late 1940's and early 1950's when atten-
tion was focused on relatively simple electron transfer reactions
where only an electron is exchanged between two metal centers. This
attention was stimulated by the chemists' adoption of crystal field
theory, which explained the color, magnetism and reactivity of metal

ions.



In 1953, Taube, Myers and Rich observed that two general types
of redox reactions could be identified.A If electron transfer occurs
between an oxidant and reductant which, during the time required for
redox, contains metal centers inert to substitution (i.e., no expan-

sion of the primary coordination shell) such as
SH' + [Co(NHs)sCl]?" + [Ru(NH3)e]® = SNH.® + [Co(H20)e]®" + [Ru(NHa)&)?"

the reaction is termed an outer-sphere (o0.s.) electrcen transfer reac-
tion (see Figure 1).

Alternatively, if the redox partners are chosen properly and the
reductant is capable of substitution in its primary coordination
sphere, a bond may be formed between the redox partners giving rise
to a binuclear ion intermediate (two metals sharing a common ligand).

This reaction is thought to occur by either of two pathways.

[Cr(H20) 6] + [Co(NR3)sC1]}*" =

-

[(NH3)s=Co-C1-Cr(H,0)s]>" = [Co(H,0,1%" + [Cr(H,0)sC1]*" + 5NB.

One involves sequential electron transfer from Cr?  through a chloride
bridge to the Co(I1l) center with subsequent breakage of the product
Co(I1)-chlorine bond. The other pathway comprises simple atom trans-
fer of chlorine in a single reaction step. In either case the

chlorine is retained in the primary coordination sphere of the Cr(II1I)
product. These types of reactions are termed inner sphere (i.s.) elec-
tron transfer reactions. The two mechanisms (i.s. and o.s.) are

illustrated in Figure 1.
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Figurc 1. Schematic diagram of inner and outer sphere clectron transfer pathways.



For inner sphere reactions there are three kinetic steps based
upon Scheme I which may be rate limiting, giving rate restrictions

sunmmarized in Table 1.

Scheme 1.
K,y
Oxj + Red;y =+ (Oxj-Ly-Redpp)
1
k2
[OXI_LI_RedIII:t = {RedI—Ll—OXII]
k-,
ks
[Red;-L,-Ox7y)] ¥ Redy + Ox1p
k-3
TABLE 1
Kinetic Conditions for Rate Limiting Steps in
Electron Transfer Reactions
Step Conditions Example
Precursor )
formation k-s < kj Fe2' + trans[Co(en):(H20)C1l]}?
Electron
transfer kK, < k-3 V?' 4+ [Co(NH3)5C,0.1"
kl < k‘zk-g/k;
Postcursor
destruction ks < k-» Cr®" + Ru{NH:;1sCl)?

k-3 < koky/k-2




An important requirement for understanding the rates of electron
transfer is knowledge of the rates at which metal ions undergo substi-
tution. This is important because in inner-sphere reactions it is
the first step in the kinetic path. Tor octahedral metal-ion com-
plexes substitution occurs via a dissociative process. This may be
described as a reaction in which the rate limiting step involves dis-
sociation of the ligand from the metal ion prior to bond-formation by
the incoming ligand or complex.A The energy required for this process
is mainly in the breakage of the metal-ligand in the transition state,
Typically enthalpies of ca. 20-30 kcal/mole are required for these
reactions at Co(IIIl) and Ru(I1I) metal centers.

The rate at which ligand exchange occurs varies as a function of
the electron configuration of the metal ions. Tor instance, the rates
of H,0 exchange in the primary coordination spheres of Cr® and Cr*’
differ by fifteen orders of magnitude. The exchange rates for water
in V2" and V® differ by a factor of 10.2 This demonstrates that f{or
inner sphere reactions, choice of redox partners is an important
factor in precurser complex formation.

For most electron transfer reactions studied, the rate-determining
step is the actual transfier of an electron and the intermediate does
not accumulate. Equation 1 defines the measured rate constant, ko,
for just such a reaction, where Kpc is the stability constant for
precursor complex formation ang ket the rate constant for electron

transfer.

obs pc et



Measured rate parameters therefore give composite enthalpies and

entropies (equations 2a, 2b).

AR# AR+ Apd 2a)
) et

pPC

ASE AS + AS# (2b)
o) et

pe¢
Typical activation parameters for electron transfer reactions are
listed in Table 2. Usually for lons of like charge ﬁsg is quite nega-
tive and AH% is a small positive number. As mentioned previously,
transition metal ion substitution enthalpies are much higher. Taube
suggested that anomalously low enthalpy values (AHg) of electron
transfer reactions could be rationalized by large negative values for
AHPC.5 The choice of a metal center which allows rapid equilibrium
prior to electron transfer allowing the intermediate to accumulate
is therefore necessary to study the intrinsic electron transfer step.
Precursor stabilities have not been amenable to study in many
systems to date. Those systems which have been studied are presented
in Table 3.6—ll It is evident that precursor complex stability con-
stants can span 10 orders of magnitude. From equation 1 it is seen
that Kpc is a contributor to the observed activation parameters. 1t
is therefore necessary to separate this precursor formation term from
the rate for electron transfer to determine the parameters for a
given step. From Table 3 it can be seen that activation parameters
for both inner and outer sphere processes can overlap and little can

be said about the thermodynamic parameters for intrinsic electron

transfer.



TABLE 2

. . . a
Representative Activation Parameters for Electron Transfer

Reaction AB* (Keal/mole) AST (e.u.)
A. Outer-sphere
Co(en)? - Co(en)” 13.7 -33
3 3
cr® - Co(hH )?* 14.7 -30
3 6
Cr(dipy)*’ - Co(NH )2®° 13.0 -10
3 3 6
B. Inner-sphere
cr* - Cr(NH ) F¥ 13.4 -30
3 5
Cr?® - Co(NH ) on*’ 2.9 -52
3 5 2
Cr?” - CoiNR ) fumarate?’ 7.5 -33
3 3
C. Uncertain mechanism
Fe?” - Fe*' 9.4 -25
Fe?*" - Fe(phen) 0.2 -40
3
vty 12.6 -25

a
Taken from reference 3.



TABLE 3

Magnitudes of Precursor Stability Constants

Equilibrium

Ru(NH ) OH®" + €rCl? = [(NH ) Ru{II)C1Cr(IIL)]*"
a 3 2 3 3

Ru?’ + Crc1?’ = [Ru(iD)ClCe{(IID) 1%

Cr®* + Co(NH ) OH? = [(NH ) Co(TII)-OH-Cr(IT)}}*"
a s 3 5
(NH ) RuOH®*" + (NH ) RuN?" = [(NH ) RuN Ru(NH ) ]*°
3 5 2 3 35 2 3 5 2 3 B
(NH ) CoO CCH=CH>" + Cu’ = [(NH ) Co(III){0 CCH=CH )Cu{I)]*
a 5 2 2 b I} 2 2

{NH ) Co-nitrilotriacetate + Fe? = [(NH ) Co(III)NTAFe(II)]z*
a4 5 a 5

x 10?

x 10*

¥ 10°

Reference

10

11




We have taken advantage of the high affinity of Cu(I) for olefin
bonds to determine'separate precursor formation and electron transfer
10,12,13,16 )
pavameters. Very large spectral changes occur uvpon coordi-
nation of Cu(I) to olefin bonds. These intense bands are due to
. 10 . .
Cu(l) - olefin (n*) charge transfer. Complexation corresponding to
1:1 binding stoichiometry is observed. Stability constants are on
the order of magnitude 10°-10“ and are dependent upon functional
. . , 10 .
derivatives attached to the olefin. The use of olefins attached
to carboxvlates, pyridines or amines which are coordinated to metal
centers allows for formation of binuclear complexes in solution. In
addition, Cu(lI) does not complicate the system, for it forms no
coordinated species with olefins.

It is also important to realize that there is an advantage in
studving intramolecular as opposed to intermolecular electron trans-
fer processes. Understanding the AHzt and ASit of the reactions is
the key to understanding the mechanism of the process; for example,
values for assembling the ions cannot be separated out in inter-
molecular processes, and the influence of this assembly is particu-

1,13

larly pronounced for highly charged ions. To attempt to discuss

effects attributable only to the electron transfer process, it is
obviously easier to use systems where such precursor formation con-
constants have been resolved. Having separated these terms, atten-
tion can be focused on the mechanism of electron transfer. In

particular, the ASE gives an indication of whether rate-limiting

t

electron tunneling is important; negative values would support this
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mechanism, whereas strong overlap of orbitals would give rise to
entropy values of near zero. Associated with thermal electron trans-
fer processes is an optical promotion of the electron between centers

corresponding to metal-to-metal charge transfer.14‘15

Investigation
of systems where both thermal and optical redox properties can be
observed will be important in resolving which theories best fit the

14,15

available data. Alkyl pyridinepentaamineruthenium(III) ions
were chosen for studies of thermal and optical electron transfer para-
meters in redox reactions with Cu(I) in an attempt to determine the
mechanism of electron transfer for the 4-vinylpyridinepentaaminerruth-
ernium(III) ion.

Therefore, intramolecular processes can be used as a beginning
to understand intermolecular processes where the distance between
reacting centers has always been a parameter difficult to measure.
Limits on this are very important in biological systems where inter-
molecular reactions are dominant and strong overlap of donor and
acceptor orbitals is unlikely in redox pairs. It has been demon-
strated that Cu(I)-Co(III) containing binuclear ions undergo photo-
initiated electron transfer when irradiated in the meral to ligand
charge transfer band (MLCT) of the Cu(I)—olefin—r—complexes.16 By
systematic structuring of the (NH;)sCo(III)L ligand it is possible
to construct binuclear ions where the median distance between the
two reactive centers is varied in a regular manner. Ultimately this
information (in addition to excited state information) can yield the

distance linits for efficient photoredox processes in agueous
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solution. In addition, n-conjugation has been proposed to mediate
electron transfer; theoretical models have been advanced which are
based on stacking or polyisoprenyl chains to form m-channels which
facilitate electron transfer.17 Binuclear Cuf{I)-Co(I1II) ions con-
taining polyisoprenyl ligands can be constructed. Results of studies
in solutions of varying solvent composition which can perturb the
ligand conformation should result in information helpful to determine
whether or not specific polyisoprenvl chain configurations give rise
to facile photoinitiated electron transfer. The results of investi-
gations using Cu(I)-olefin m-coordinated binuclear ions are presented

in this dissertation.
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CHAPTER 2

EXPERTMENTAL

Alkyl Bromides

When not commercially available, alkyl bromides were synthesized
from the corresponding alcohels by the method of Wiley et 31.18
Usually 70 g (0.26 mol) of triphenvlphosphine are dissolved in 250 ml
of methvlene chloride under nitrogen, cooled in an ice bath and 14 ml
(0.26 mol) of bremine is added over 20 min with stirring. Pyridine
(21.6 ml, 0.26 mol) is added and the alkvl alcohol (0.26 mol) is

added dropwise over 30 min. The ice bath is removed and the solution
allowed to warm for 90 min. The methylene chloride is removed by
rotarv evaporation and the resvlting gelatinous mass extracted with
pentane. The pentane solurion is chilled in & drv ice-acetone bath
and the residual triphenviphosphine oxide is filtered. The pentane is
removed by rotarv evaporation. Proton NMR was used to determine
purity. Uithout exception, no proton shift was found corresponding

to an alcohol. Proton (2H) NMR shifts corresponding to a terminal

bromide (3.28-3.32 ppm) on methyvlene were found.

4-Alkylpyridine Ligands

Alkyl pyridines were synthesized by reacting the C.-, alkyl bro-

mide with 4-merhylpyridine using the method of Brown & Murphy.lg In
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liquid ammonia, under nitropen, a slight excess of 4-methylpyridine
(12.9 ml, 0.132 mol) was added to NaNH, (5.2 g, 0.13 mol), the mix-
ture was stirred for 30 minutes and the alkyl bromide (0.130 mol)
added over a period of 90 min. The solution was stirred until the
ammonia had evaporated. To the organic phase, 50 ml of water was
carefully added and the solution extracted with ether. The ether
phase was dried (MgSO.), decolorizing carbon added and the solution
filtered. The ether was removed by rotary evaporation and the crude
4-alkylpyridine was distilled under reduced pressure. In general it
was not necessary to purify further the straight chain derivatives;
with isoprene-containing derivatives, silica gel chromatography was
necessary to insure a pure product. Chromatographic purification
was made on silica gel 60, 70-230 mesh (E. Merck) using chloroform:
ethyl acetate = 9:1 (v,v) as eluent. Yields were typically 657 of a
colorless liguid although lower vields were obtained for the isoprene
derivatives. Physical characterization of the individual ligands

synthesized and preparatory notes are listed below.

4-(3-Butenyl)pyridine: b.p. 55°C (1.5 mm); *H NMR (CDCls) ¢

8.40 (d, 2H, pyH), 1.04 (d, 2H, pyH), 5.7 (m, 1H, vinyl), 5.04 (s,

14, vinyl), 4.9 (d, 1B, vinyl), 2.63 (t, 2H), 2.36 (t, 2H).

4-(4-Pentenyl)pyridine: b.p. 80°C (0.75 mm), *H NMR (CDCl ) ¢
3

8.41 (d, 2H, pyH), 7.05 (d, 2H, pyH), 5.70 (m, 1H, vinyl), 5.04 (s,

14, vinyl), 4.90 (s, lH, vinyl), 2.76 (m, &4H).
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4- (5-Hexenyl)pyridine: b.p. 72°C (0.15 mm), 'H NMR (CDCl,} ¢

8.40 (d, 2H, pyH), 7.05 (d, 2H, pyR), 5.73 (m, 1H, vinyl), 5.00 (d,
1H, vinyl), 4.85 (s, 1H, vinyl), 2.58 (s, 2H), 2.06 {(qrt. 2H), 1.50

(m, 2R).

4—-(6-Heptenyl)pyridine: b.p. 92°C (0.40 mm), *H NMR (CDCl,), $

8.38 (d, 24, pyH), 7.07 (d, 2H, pyH), 5.69 (m, 1H, vinyl), 4.86 (d,
13, vinvl), 4.81 (s, 1H, vinyl), 4.51 (&, 2H), 2.5 (s, 2H), 1.98 (4,

2K), 1.36 (s, 4H).

4-(8-Nonenvl)pyridine: b.p. 94°C (0.14 mm), 'H NMR (CDCljz) &

8.40 (d, 24, pyH), 7.04 (d, 24, pyH), 5.76 (m, 1H, vinyl), 4.99 (4,
1H, vinyl), 4.83 (s, 1H, vinyl), 2.56 (5, 2H), 1.98 (s, 2H), 1.58

(d, 2H), 1.38 (s, 8H).

4-(10-Undecenyl)pyridine: b.p. 120°C (0.15 mm); 'H NMR (CDCl;)

§ 8.39 (d, 2H, pyH), 7.00 (d, 2H, pyH), 5.76 (m, 1H, vinyl), 4.96 (d,
1H, vinyl), 4.81 (s, 1H, vinyl), 2.54 (s, 28H), 1.99 (d, 2H), 1.56 (s,

2H), 1.28 (s, 10H).

4-(4"', 8'-Dimethvl-3'(E), 7'-nonadienvl)pyridine (geranylpicoline):

b.p. 134°C (0.75 mm). Column chromatography of silica gel was em-
ployed to remove a yellow impurity after distillation. *H NMR (CCl.)
& 8.41 (4, 2H, pyH), 7.04 (4, 2H, pyH), 5.11 (s, 2H, vinyl), 2.62 (s,
2H), 2.36 (&, 2H, 2.04 (s, 4B), 2.70 (s, 3H), 2.64 (s, 3H), 2.59 (d,

6H) .



4-~(4',3',12'-Trimethyl~3'(E), 7'(E), 11'-tridecatrienvl)pyridine

(farnesylpicoline): b.p. 153°C (0.15 mm). Column chromatography on

silica gel was necessary after distillation to remove a yellow impur-
ity. 'H NMR {CCl.) & (d, 2H, pyH), 7.02 (d, 2H, pyH), 5.04 (s, 3H,
vinyl), 2.6 (t, 2H), 2.32 (t, 2H), 2.0 (s, 8Y4), 2.64, 2.59, 2.51 (s's,

12H).

Aminoalkenes

Aminoalkenes were prepared by the method of Roberts & Mazur.QO

The C, alkyl bromide (0.26 mol) was dissolved with stirring in 150
ml of DMF with a slight excess of potassium phthalimide (48.5 g, 0.27
mel), heated under nitrogen to 120°C for 30 min, then at 160°C for

30 min. The mixture was poured over 200 g of ice and extracted with
three 50 ml volumes of chloroform. The chloroform laver was washed
with 1 M potassium hvdroxide, 0.5 M hydrochloric acid and twice with
water. The chloroform layer was dried (Na,S0.) and the chloroform
removed by rotary evaporation.

The resulting crude N-alkyvlphthalimide was dissolved in 937%
ethanol and a slight excess of hydrazine hydrate added. The solution
was refluxed for anm hour, cooled in an ice bath, an excess of hydro-
chloric acid added and the solution filtered. The phthalhydrazide
remaining in the filter was washed with three 100 ml fractions of
water and the water removed in vacuc.

The resulting amine hydrochloride was dissolved in aqueous potas-

sium hydroxide at pH 10 and extracted with three 25 ml portions of
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ether. The ether layer was dried (}gSO.) and the ether removed by
rotary evaporation. The crude amine was distilled over potassium
hydroxide. Physical characterizations of the individual ligands are

listed below.

l-Amino-4-pentene: (NH,(CH;)s;CH=CH.;), 'H NMR (CDC1l:) & 5.68 (m,

1H, vinyl), 5.01 (4, 1H, vinyl), 4.83 (s, 1lH, vinyl), 2.68 (t, 2H),

2.08 (qrt, 2H), 1.75 (s, 2H), 1.56 (qrt, 2H).

1-Amino-5-hexene: (NH,(CHz).CH=CH.), b.p. 128 (760 mm), 'H NMR

(CDC1,) & 5.74 (m, 1H, vinyl), 4.98 (d, 1H, vinyl), 4.84 (s, 1H,

vinyl), 2.66 (5, 2H), 2.00 (d, 2R), 1.40 (t, 8H).

1-Amino-7-octene: (NH,(CH,)¢CH=CH;), 'H NMR (CDC1,), & 5.76 (m,

1H, vinyl), 4.98 (d, 1H, vinyl), 4.84 (s, 1H, vinyl), 2.66 (4, 2H),

2.00 (d, 2H), 1.33 (s, 10H).

l-Amino-%-decene: (NH, (CH,2) eCH=CH,), 'H NMR (CDCls), & 5.76 (m,

18, vinyl), 4.98 (d, 1H, vinyl), 4.82 (s, 1lH, vinyl), 2.64 (d, 2H),

2.01 (d, 2H), 1.30 (s, 12H).

1-Amino-3,7-dimethyl-2(E),6-octadiene (Geranylamine):

NH; (CH,-CH=C-CH,).H, b.p. 67°C (0.45 mm), *H NMR (CDCl,) & 5.10 (d,
|
CH;
1R, vinyl), 4.61 (s, 1H, vinyl), 3.21 (d, 2H), 2.68 (s, 2H), 2.08 (s,

4H), 1.66, 1.59 (s, s, 12H), 1.12 (s, 2H, amine).
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1-Amino-3,7,11~trimethyl-2(E),6(E),10-dodecatriene

(farnesylamine): NH;(CH;—CH=?—CH2)3H, b.p. 117°C (0.60 mm), 'H NMR

CH,

(CDCLls), & 5.16 (d, 2H, vinyl), 4.66 (s, 1H, vinyl), 3.26 (d, 2H),
2.68 (s, 2H), 2.04 (s, 4H), 1.67, 1.60 (s, s, 16W), 1.16 (s, 2H,

amine) .

Isomeric 5-methylbicyclo(2.2.2.]oct-2-ene-5-carboxvlic acids

(bicyclooctene carboxylic acids) (C;oH;.02)

The isomeric acids were prepared by the method of Boehme et a1.21

1,3-Cyclohexadiene (49 g, 0.61 meol), methacryvlic acid (55 g, 0.64 mol)
and hydroquinone (1 g) were heated in a sealed tube at 160°C for l4
hours. The crude mixture was vacuum distilled and 27.91 g (31% yield)
of a white solid was collected. The product was recrystallized from

pentene.

S-exco-Methvlbicyelo[2.2.2joct-2-ene-5-¢nco-carboxylic acid

Iodolactone procedure: The isomers were separated by convert-

. ; . . . . . 2
ing the endoc-carboxvlic acid to its corresponding iodolactone. 1 The

isomeric mixture (26 g, 0.15 mol) was neutralized with NaGR and
diluted to 1000 ml]l in aquecus 0.5 N sodium bicarbonate. To this
solution was added 500 ml of aqueous potassium iodide (83 g, 0.5 mol)
and molecular iodine (42.6 g, 0.17 mol). The solution was placed in
the dark, stirred for 3 hours and allowed to stand overnight. The

brown precipitate which had settled was filtered and washed with
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water, dissolved in chloroform, and washed with 10% aqueous sodium
thiosulfate until two clear phases obtained. The chloroform was

removed bv rotary evaporation leaving a yellowish solid.

S5-endo-Methylbicyclof2.2.2.)oct-2-ene-5-exo-carboxylic acid

The aqueous bicarbonate solution from the iodolactone procedure
was titrated with solid sodium tnhiosulfate and acidified with hydre-
chloric acid. The precipitated exo-carboxylie acid was filrered,
washed with water, dissolved in pentane, dried (MgSO.) and cooled to
~20°C to induce precipitation. The product was dried in a vacuum
desiccator over anhydrous CaSO.. Yield: 6.4 g (507).

The 'H NMR spectrum (CDCl:) gave the following: & 6.24 (m, 2H,
olefin), 2.75 (m, lH), 2.54 (s, 1H), 2.40 (4, 1B), 1.64 (m, 1K),

1.55 (m, 1H), ~ 1.2 (m, 2H), 1.13 (s, 3H, Me), 0.98 (m, 1H).

5-ero-Methvlbicvelo[2.2.2. Joct-2~ene-5-¢ndo-carboxylic acid

The iocdolactone and zinc dust (40 g) were refluxed overnight in
150 ml1 of ethanol. The solution was filtered and the ethanol removed
by rotary evaporation. The crude erdo product was dissolved in
dilute sodium hydroxide, filtered, precipitated by addition of hydro-
chloric acid, filtered, dissolved in pentane, dried by adding anhy-
drous MgSO. and the pentane removed bv rotary evaporation. Yield:
5.2 g (40%).

The *H NMR spectrum (CDCls;) gave: & 6.23 (m, 2H, olefin), 2.70
(m, H), 2.52 (m, 1H), 2.28 (m, 1H), 2.15 (m, 1H), 1.82 (m, 1H), 1.75

(m, 1B), 1.32 (s, 3H, le), 1.21 (m, 1H), 1.08 (m, IH).
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Ruthenium Coordination Complexes

General Procedure: Approximately 200 rg (0.68 mM) of

{Ru(ﬁHa)scl}Clg in 15 ml of dilute BTFA (pH 4-5) (scheme 1I)

was reduced under argon and transferred anaerobically to an
argon-flushed solutien containing the ligand in ethanol (1:3 v/v).
The solution was cooled in an ice bath and extracted twice with
ether. The complex was precipitated by adding solid ammonium hexa-
fluorophosphate. The complex was then twice recrystallized from
warm water (40-45°C) and washed with ethanol and ether. The
ruthenium complex was oxidized by stoichiometric addition of silver
oxide, dissolved in HTFA (The Ag.0 was first added to 0.5 ml of HTFA
and diluted to about 5 ml with H,0.). The mixture was cooled in an
ice bath and filtered through Celite to remove the solid Ag0 which
formed. To the filtrate was added solid sodium perchlorate and the
volume reduced under vacuum at 40-50°C until the complex precipi-
tated. The product [Ru{BN;)s;L}{C1l0.)s; was recrystallized from warm
water and washed with ethanol, ether, and dried under vacuum over
anhydrous CaS0O.,. Yields were generally 80-125 mg (20-307 based on

Ru content).13 Spectral properties are summarized in Table 4.

4-Vinylpyridinepentaammineruthenium(I1I) perchlorate [Ru(NHs)s

(4-vinylpvridine)](C1l0.)s: Synthesis of this complex was plagued

with many problems until the explicit procedure described above

was adopted. Polymerization of the ligand during complexation was



Scheme II.
Zn(Hg) R L e
[Ru(NH3)sC1]Cl, —— > [Ru(NH;)sCl]T —— [Ru(NH;)sL)

l PF&-
AgTFA
[Ru(NH5)sL]®" + Ag®(s) =< [Ru(NHs)sL](PFe) 2
ClO.-
[Ru(NH3)sL}(C10.) 5
TABLE 4
« + 2
Spectral Properties of [Ru(NH;)sL}* *?3
[Ru(NHs)sL) (PFs) 2 [Ru(NH3) sL] (Cl0.) 5
L MG i
A € x 1073 X e x 1077
max max
4-vinylpyridine 453 9.9 420 0.47
255 9.3 317 4.3
241 12.2 251 12.0
4-ethylpyridine 394 5.0 251 65.04
245 6.5
pyridine 407 7.8 261 4.7
245 4.6 255 4.7
248 4,7

a1l measurements at 24°C in 0.1 M TFA, wavelengths in nm.
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minimized by using glassware which had been first soaked in sodium
dichromate-sulfuric acid, rinsed with nitric acid and then with
deionized water. Initial attempts at synthesis using silver ion to
precipitate the chloride counter-ions of (NHa)sRuCls were abandoned

to reduce the possibility of Ag(l) ion interfering with complexation
and subsequent reaction steps. Maintaining the acidity at pH 4-5
reduced the extent of formation of decompesition and polvmerization
products in the initial isolation step, helped increase shelf life

and resulted in reliable kinetic behavior from preparation to preparae-
tion. Synthesized by the above method, the Ru(III) salt was stabie

at 0°C for several days as judged by kinetic behavior. The Ru(II)
salt was stable for longer pericds of time when stored at 0°C.
Elemental analysis for the Ru(IT) salt: Caled: C, 14.46; H, 3.81;

N, 14.46. Found: C, 14.40; H, 4.00; N, 14.49. The 'B NMR spectrum
of the Ru(II) salt in (Chs).S0-ds was nearly identical with that for
uncomplexed 4-vinylpyridine, the pyridine resonance bands being
broadened slightly and shifted downfield 5 0.03 ppm bv coordination.
Additional broad bands from trane- and ¢i&-NHs; protons appeared at

5 2.95 and 2.30 respectively. Electronic spectra are given in Table

4.

Pyridinepentaammineruthenium(III) perchlorate [Ru(NH3)s (pyri-

dine) ] (C1l0.)s: The general procedure described above was followed

with the exception that ethanol addition was not necessary to insure

solution homogeneity in the initial complexation step. 'H NMR in
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(CH3)280-d¢ showed results similar to the vinylpyridine complex, the
pyridine protons being shifted downfield and slightly broadened by
complexation. Electronic spectra are reported in Table 3. These

values agree with previous reported values.

4-Ethylpyridinepentaamineruthenium(IIT) [Ru(NH;)s (4-ethylpyri-

dine)] (Cl0.)s: The general procedure described above was followed.

Again *H NMR in (CH;),S0-d¢ showed pyridine ring protons shifted

downfield and broadened. Electronie spectra are reported in Table 3.

Cobalt 4-Alkylpyridine Coordination Complexes

General Procedure: Complexes of different alkylpyridine deriva-

tives were prepared by heating dimethylsulfoxidepentaamrinecobalt(IITI)
perchlorate ((NH3)sCo(ITI)DMSO, 2 g) with the ligand in 10 ml of
dimethylsulfoxide (DMSO) or dimethvlformamide (DMF) at 60°C for four
hours. Malecular sieve was added to exclude moisture and the solu-
tion stirred continuously under nitrogen to prevent oxidation of the
ligand. To the product solution was added 10 ml of H,0, the molecular
sijeve filtered off, the aqueous phase extracted three times with
ether, and 0.1 M HClO, and solid NaClO, were added to induce complex
precipitation. The solution was filtered and the complex recrystal-
lized from warm water until the electronic spectrum showed no trace

of [Co(NBa)s(DMSO)1>", [Co(NHs)s(DMF)]*', [Co(NH5)s(OR,)*) ions. The
H NMR spectra were similar to those of the uncomplexed ligands with

the exception of shifting of the pyridine protons found at 8.20 and



TABLE 5
Visible Electronic Spectra of [Co(NH53)sL](C10.)s

Complexes of Alkyl Pyridinesa

L A(gy)
4-(3-Butenyl)pyridine 340(69) 473(70)
4- (4-Pentenv])pyridine 340(71) 472(64)
4-(5-Hexenyl)pyridine 340(68) 473(73)
4- (6~Heptenyl)pyridine 340(71) 473(69)
4-(8-Nonenyl)pyridine 473(67)
4-(10-Undecenyl)pyridine 474 (70)
Geranylpicoline &72(7l)b
Farnesylpicoline 470(73)b

aAbsorbances in 0.1 M BTFA unless noted otherwise.

bO.l M HC10, in 75% ethanol.
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7.04 to 8.25 and 7.65 ppm, respectively, and the appearance of pro-
tons assignable to e¢is- and trans-coordinated amines at 3.21 and 3.68
ppm. All complexes exhibited electronic spectra consistent with
coordinated pyridine; spectral data for alkylpyridine coordination
complexes in 0.1 M trifluoroacetic acid are listed in Table 5.

Preparatory notes for complexes are listed below.

4-Vinvlpyridinepentaaminecobalt (II1)perchlorate [Co(NH3)s-—

(4-Vinyl-pyridine] (Cl0O.)s: This complex was prepared by equilibrat-

ing [Cc(NH5)s(DMSO)](Cl02)s (2g), DMF (6 ml) and molecular sieve at
60°C for 2 bours. 4-Vinylpyridine (2 ml) was added and the solution
maintained at 60°C for 2 hours. The resulting solution was filtered,
10 ml of H,0 added, extracted three times with ether, diluted with
10 m1 of 0.1 M HCl1O. and solid socdium iodide added to induce complex
precipitation. The iodide salt was recrystallized twice from warm
water and converted to the perchlorate salt by stoichiometric addi-
tion of silver perchlorate {AgClO.) and precipitated with 0.1 M
HC10. and solid sodium perchlorate. The complex was recrystallized
three times from dilute perchloric acid. Yield 573 mg (27%). The
'H NMR spectrum gave results consistent with coordinated 4-vinyl
pyridine, the pyridine protons being shifted to 8.38 and 7.78 ppm.

In addition, cis-~ and trans-ammine protons appear at & 3.65 and 3.45.
The visible absorption spectrum was X(Sk) = 477(68), 344(77), in

0.1 M HC1O0..



[Co(NH3) s (4-(3-Butenyl)pyridine) ] (C10.)s: The general method

described above was used. Electronic spectrum: X(EA) = 340(69), 473

(70) .

{Co(NH3) s (4= (4-Pentenyl)pvridine) ] (Cl0.)s: The general procedure

described above was used. Electronic spectrum: X(e)) = 340(71), 472

(64) .

[Co(NH,1) 5 (4~(5-Hexenyl)pyridine) ] (C10.)s: The general procedure

described above was used. Electronic spectrum: k(ax) = 340(68), 473

(73).

{Co(NH) s (4~(6-Heptenyl)pyridine) J(ClO.)s: The general procedure

described above was used with the following modification: TFor the
final series of recrystallizations warm ethanol:water, 1:4 (v,v) was

vsed. Electronic spectrum: X(e)) = 340(81), 473(69).

[Co(NH3) 5 (4-(8-Nonenvl)pyridine) ] (C10.)s: The general procedure

described above was used with the following exception: For the final
series of recrystallizations a 50% warm ethanolic solution was used.

Electronic spectrum: )(€>) = 473(69).

[Co(NH3)s(4-(10-Undecepyl)pyridine)](Cl0.)3s: The general pro-

cedure described above was used with the following modification. For
the final series of recrystallizations warm 507% ethanol:water was

used. Electronic spectrum: X(CX) = 474(70).
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[Co(NHs) s (Geranylpicoline)](€C10.)5: The general procedure des-

cribed above was used with the exception of 50% ethanol being used
in the final recrystallization steps. It was also necessary to
induce complex precipitation by reducing the volume of the solution
containing the complex by rotary evaporation. Electronic spectrum:

X(e>) = 472(71) in 75% ethanol, 0.1 M BC1O..

{Co(NH3) s (Farnesylpicoline)](Cl0,)s;: The general procedure

described above was used, with the modification listed for the
[Co(NH3) s (Farnesylipicoline)](C10,);s;. Electronic spectrum: A(ex) =

470(73) in 75% ethanol 0.1 M HC1O..

Cobalt-Aminoalkene Coordination Complexes

General Procedure: Dimethylsulfoxidepentaamminecobalt(II1)

perchlorate (2 g) was stirred in 5> ml of dry DMSO or DMF under
nitroger in the presence of 2-3 ml of the alkylamine at 60°C for

2-3 hours. Molecular sieve was present to insure anhydrous condi-
tions. The solution was filtered, diluted to 20 ml with H.0, extrac-
ted twice with ether, and 10 ml of 0.1 M HCl0., added with excess
solid NaClO. to induce complex precipitation. The slurry was

chilled (5-7°C), filtered, and the alkylaminecobalt perchlorate com-
plex recrystallized twice from warm (50-60°C) water and washed with
ethanol and ether. 1In cthe cases of longer chain alkylamines (C, =
8~15) it was necessary tc recrystallize the complexes from 50%

ethanol. Complexes were dried under vacuum over CaSO.. The *H NMR



spectra for spin-spin splitting of vinyl protons were nearly identi-
cal for AsCo-complexes and the corresponding uncoordinated amines.
The a-methylene protons of each ligand could be detected under the
ci3- and trans-ammines of the coordination complexes in (CHz):S0-dg.
The amine peak of the free ligand disappeared in the metal ion com-
plex. Alkyl-ligand methylenes other than the e-methylene peaks were
not affected by complexation. The complexes were also characterized
by visible absorption spectra which are listed in Table 6 and below
under individual complex preparatory notes. {The spectra are

recorded in 0.1 M HC1l0, unless noted otherwise.)

[Co(NH;) s (1-Amino-4-pentene) ](C10.)s: The general procedure

described above was used. Electronic spectrum: k(ek) = 340(64),

477(63).

[Co(¥Hs) s (1-Amino-5-hexene) J(C10.)5: The general procedure

described above was used. This complex easily formed microcrystal-

line salts from warm water. Electronic spectrum: x(c.) = 340(64),
A

477(65).

[Co(NH3)s (1-Amino-7-octene)](C10.)s: The general procedure

described above was used. As mentioned above, it was necessary to
recrystallize this complex from a 50% ethanol solution. Electronic

spectrum: X (e = 340(64), 477(66).

X

[Co(NHs)s (1-4mino-9-decene)) (C10.)5: The general procedure

described above was used. When the product solution was extracted



TABLE 6

Visible Electronic Spectra of [Co(NHs)sL](ClO.)s

Complexes of Alkylaminesa

L "e)
l-Amino-4-pentene 340(64) 477(63)
1-Amino-5-hexene 340(64) 477 (65)
1-Amino-7-octene 340(64) 477(66)
l1-Amino-9-decene 340(64) 477(66)
Geranylamine 478(65)5
Farnesylamine 478(65)b

“In 0.1 M HC10..
b

In 0.1 M HC1O., 75% aqueous ethanol.
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with ether, it was found that back extraction of the complex from
ether improved yields. This complex was recrystallized from 507%

ethanol. Electronic spectrum: X(ex) = 340(64), 477(66).

[Co(NR;)s(Geranylamine)] (C10.)2: The general procedure described

above was followed. This complex was somewhat flocculent in appear-
ance when recrystallized from 50% ethanol. Electronic spectrum:

(e = 478(65) in 75% ethanol.
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[Co(NH;)s (Farnesvlamine)}(C10.)s: The general procedure

described above was followed. Even after repeated recrystallization
from 50% ethanol the complex did not give a well-defined state of
appearance or texture, behaving similar to a wax. The electronic
spectrum, X(z)) = 478(65), and 'H NMR were consistent with other

alkylamine complexes, however.

Other Reagents

Solvents employed were reagent grade or better and used as
received. All ligands commercially available were distilled jmmedi-
ately before use. Aqueous solutions were prepared with reverse-
osmosis deionized water. Stock solutions of cupric ion in trifluor-
acetic acid (HTFA) were prepared by dissolving Cu(Cl0.), in aqueous
HTFA, then precipitating perchlorate by adding potassium hydroxide,
leaving the solution 0.1 M in HTFA; Cu(II) concentrations were deter-

mined by the method of Kitson23 which involves spectrophotometric
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determination of Cu(SCN), ions. Solutions of Cu(Cl0.,): were prepared
by mixing stoichiometric equivalents of cupric oxide and perchloric
acid and adjusting the acidity to pH 1. Chromic trifluoroacetate
reagent solutions were prepared by reducing primary standard dicbhro-
mate in HTFA with hydrogen peroxide after addition of perchloric

acid to precipitate potassium ion; Cr(I1II) concentrations were deter-

2 with alkaline peroxide. Chromic per-

mined by oxidation to CrO.”
chlorate solutions were prepared by using HC1l0O, in place of HTFA.

Chromous ion solutions were obtained by anaerobic (argon) reduction
with zinc-mercury amalgam. Cuprous ion was generated by reaction of

Cr(I1) with an excess of Cu(II) to insure complete oxidation of

chromous ion.
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CRAPTER 3

INSTRUMENTATION

Kinetic Methods

Kinetic measurements with half-times of less than 15 seconds were
made on a stopped-flow instrument of conventional deSign.l5 A lucite
block, housing the optical tubes, was channeled to permit circulation
of thermostatting coclant. Temperatures could be controlled to
= 0.1°C. The apparatus was fitted with reservoir chambers which
allowed oxygen purging and direct loading of reactant solutions into
the drive syringes in the mixing block without exposure to air.
Transmittance changes were recorded on a Tektrenix Model 549 recorc-
ing oscilloscope, photographed and converted to absorbance fTor analy-
sis.

Reactions with half-times greater than 15 seconds were reccorded
on a Cary 16 spectrophotometer. Reactions were initiated using
anaerobic syringe transfer of the limiting reagent into serum-
stoppered optical cells containing anaerobic solutions of the excess
reagent. The cells containing the excess reagent were typically
given at least 15 minutes to attain thermal equilibrium with the
thermostatted cell compartment before reagent mixing. The rates
were obtained by following light intensity changes in the visible

absorption maxima for pentaammineruthenium(II) ions.



Photochemical Methods

I1lumination of samples was accomplished using a Hanovia 200 W
high-pressure mercury-xenon compact arc lamp housed in a Bausch &
Lomb mercury light source and powered by a Kepco regulared DC power
supply. Light was passed through a Bausch & Lomb high intensity
u.v. grating monochromator focused with an achromatic condenser lens,
an ultraviolet cutoff filter to remove stray light, then through the
reaction cell. Light intensities controlled with variable width
i = - 2.5 % 107° einstein sec” ' at 306
slits, ranged over values 1, < 0.5 2.5 einstei
nn. An alternate source of illuminarion used for some of the measure-
ments was a Q-switched Nd:YAG pulsed laser, which was frequency~doubled
: , ; 26
and dye-shifted (Kiton Red) to give excitation energy at 306 nm.
A schematic diagram is given in Figure 2. Light intensities were
. oy 27 ] .
measured either with a bolometer or by ferrioxalate actincmetry.
The bolometer signal output was monitored over the course of the
irradiation time and the dintensity averaged. The intensity varied
from 0.5 - 1.0 ¥ 10" ® einstein sec™ . Cylindrical optical cells

with 2 cm pathlength were used in the photolysis experiments.

Other Methods

Ultraviolet and visible spectra were obtained on Cary 15 or Cary
16 (Varian) instruments and are reported in nm. Tandem difference
cells were used for studies of the absorption spectrum of a binuclear

reactant ion. Proton magnetic resonance spectra were obtained with
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either a Varian Model H-100 or JEOL Model FX 90Q FT spectrometer
using tetramethylsilane as an internal standard. Chemical shifts
are reported in & units. Elemental analyses were performed by
GCalbraith Laboratories, Knoxville, Tennessee. Gas chromatograms were
produced using a Varian Model 1200 Series Aercgraph in the isothermal
mode equipped with either a Spectra Physics SP4100 computing inte-
grator or a Linear chart recorder. The column material used for
ligand analysis was 4% Carbowax 20 M, and 0.8% KOH on Carbopack B
(Supelco, Inc.).

Cyclic voltammograms were measured on an instrument with a three
electrode configuration: platinum wire, platinum foil and silver wire
in 0.1 M silver nitrate were the working, counter and reference elec-

trodes, respectively.

Quantum Yield Calculations

The amount of Co(11) produced in photoredox reactions of Co(II1)-
Cu(l) binuclear ions was measured by the method of Kitson and by the
disappearance of Co+L charge transfer in the visible region. The
amount of Co(I1) as measured by each method agreed within experi-
mental error. Blanks were run to determine the quantum vield for
Co(11) produced by other processes (e.g., as formed from direct
irradiacion of v.v. Co « L (n%) charge transfer band). The Co(I1)
produced in these experiments was taken into account for correcting
total Co(I1) found for samples irradiated with Cu(I)-Co(III) binuclear
ions. The quantum vield of Co{(I1) produced by Cu(Il) + olefin irradia-

tion was calculated with the following formula:
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Pcu(1) » olefin - [C0UDp - e (I = HE}/T ef (3)

€ . .
0 cl) is the average number of photons per second

where I =1 (1 -1
a o
absorbed; t is the irradiation time in seconds; f is the fraction of
absorbed light which goes into the Cu(I) - olefin band; and 1 ~ f is
the 1ight absorbed which goes into the Co(II1) + L(w*) band. ¢op is
the quantum vield of Co(II) by direct irradiation of the Co(IIl) +

L(n*) charge transfer band. ¢op is calculated from

¢Op = [CO(II)]/IatA (&)

vhere [Co(II)] is Co(I1) found after an irradiation time t. I is the
number of photons absorbed per second, and A is the fraction absorbed
11

by the Co « L(71*) band. Solution concentrations were adjusted to

absorb at least 90% of the incident light, IO

Ligand Analvsis

Gas chromatographic procedures were used for identification of
ligands in photolysis experiments. Large reaction vclumes (250 ml)
were used in these determinations to allow sufficient free ligand
accumulation (approx. 0.1 mmol). A 300 ml photolysis cell was usedk16

The solurion was maintained at 7°C by partial immersion in a water

bath fitted with a circular glass tube through which cooling water



from a Lauda water bath was circulated. This procedure minimized
thermally accelerated ligand aquation during lengthy irradiation

times (10-30 hr) required for buildup of free ligand concentration.
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CHAPTER 4

RESULTS

Kinetic Studies

Reduction of 4-vinvlpyridinepentaammineruthenium(III) ion
AsRu(III)vp by cuprous ion results in ''saturation' kinetic behavior;
i.e., a change from second to first order with increasing concentra-
tions of reactants.12 Rate data for three temperatures are shown in
Figure 3. Rate constants for individual concentration pairs are
tabulated in Table 7. The rate data can be explained by strong

association of the reactant ions and can be fitted to Scheme III.

Scheme I1II.
kf
Cu(I) + AsRu(I1I)vp ¥ AsRu(III)vpeCu(l)
k
r
kb ka

Cu(TII) + AsRu(ID)vp

The obsexved rate constant, ko’ is given by ko = k'/(1 +

1/X AsRu(III)) for {Ru(III)] >> [Cu(l)], where K = kf/kr and k' =

37

ka + kb/K; a symmetrical relationship holds for [Cu(I)] >> [Ru(III)].

The parameters K and k' were determined from double reciprocal plots

using the expression: l/kO = 1/k" + 1/k'K[Ru(11)], where plotting



TABLE 7

Rate Data for AsRu(IIT)vp + Cu(I) = AsRu(IL)vp + Cu(IT1)}%

Temp. 10%. 10“- 10%- Temp. 10%

10°-

10%
(°C) [AsRu(TIT)vp} (M) [Cu(T)] (M) kn(sec_l)b {(°C) [AsRU(TTIT)vp] (M) [Cu(T)] (M) ko(sec"l)b
o _ G S | i
4 0.1 1.0 1.26 + 0.15 | 41 3.6 1.2 23.1 * 0.00
1.8 0.3 1.89 + 0.60 4.0 1.0 22.5 + 0.01
0.2 2.0 1.69 + 0.15 6.18 1.0 26.0 =+ 0.29
4.0 0.4 2.13 £ 0.00 5.0 1.25  18.9 : 0.07
4.5 0.45 2.77 * 0.10 5.25 1.75  27.0 + 0.30
0.6 6.0 2.60 + 0.11 6.0 2.0 27.0 * 0.30
0.77 7.0 2.68 + 0,16 7.35 2.0 1.6 + 0.02
7.0 0.7 2.77 + 0.10 8.35 2.09 40, o+ 0.22
_ 0.7 2.80 + 0.01 8.36 2.0 38.5 + 0.20
9.0 0.9 2.66 * 0.10 9.75 2.5 52.1 + 0.57
16.0 1.1 2.80 + 0.20 5.0 10.0 26.8 + 0.24
20 20.0 2.91 + 0.10 16.0 4.0 51.3 £ 0.3l
2.78 30.0 3.08 # 0.30 30.0 10.0 77.0 1 0.00
33.5 16.0 74.7 + 0.17
23 4.0 1.25 8.0 =+ 0.30 35.0 7.0 76.0 + 0.45
5.0 2.0 9.3 % 0.95 39.0 10.0 80.0 + 0.60
6.5 1.85 9.7 + 0.20 B
7.8 2.0 12.3 % 0.50
9.0 2.25  12.8 * 0.50
13.0 2.6 14.0 + 0.60
26.0 5.2 18.9 + 1.50
“In 0.1 M HTPA, [Cu(TD) ], = | % 1074, [cuiiD)] = [Cu(D)], .
All entries are the averape results of three or more individual determinations.

8¢
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Figure 3. Cu(I) reduction of AsRu(III)vp. Condirions are those
listed in Table 6. The solid lines represent the theoreti-
cal ko value calculated for the mechanism given in Scheme
111 using the best fit values of K and k' (Table 10). Open
peints are [Cu(I)] in excess, closed points are [AsRu(III)

vp] in excess.
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the reciprocal of the observed rate vs. the inverse of the concentra-
tion gives the intercept 1/k'. The equilibrium constant, K, is then
obtainable from the slope, 1/k'K. The parameters K and k' were
determined at three different temperatures from plots of ko" vs.
(Ru(NHs)svp]™ ' which were linear (Figures 4, 5 and 6).

Reduction of other (NHz)sRu(IlI)py ions by Cu(l) and Cu(I)-
allylalcohol-m-complex ion exhibited second order kinetics over the
experimental concentration range: dfRu(II)]/dt = k[Cu(I)]){Ru(IIT)].
Conditions are given in Tables 8 and 9. Plots of data are represented
by Figures 7, 8 and 9 for the AsRu(IIl)etpy and AsRu(IIl)py system,
respectively.

The reduction of the pyridinepentaammineruthenium complexes was
well behaved. Reactant concentrations were varied over (10-400)-
fold ranges and rate constants were the same for either reactant held
in excess (Ru(III)/Cu(l) = 0.1-10): no systematic deviation from the
rate laws was apparent. Kinetic plots were linear to better than
2.5 half-lives. For runs with Ru(III) in excess, Ru(II) product con-
centrations were 90-100% of the stoichiometric equivalents of added
Cu(I) as calculated from the total absorbancy changes. Therefore,

the overall redox stoichiometries are:
Cu(I) + Ru(II1) ~» Cu(II) + Ru(lI).
The reverse reaction comprising reduction of cupric ion by

AsRu(II)vp ion was studied in the presence of saturating 0., which

oxidizes Cu{l}) formed, driving the reaction to completion {Scheme 1V),



107(k)

2.0 4.0 6.0 8.0 10.0
1073 (m™)

Tigure 4. Reciprocal plot for the A Ru{IIT)vp-Cu{l) reaction at 4°C. Cenditions are those
listed in Table 6, The line drawn is from simple linear regression analysis of

the data.
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Figure 5. Reciprocal plot for the AsRu(II1)vp-Cu{I) reaction at 23°C.
Conditions are those listed in Table 6. The line drawm is

from simple linear regression analysis of the data.
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1.0 2.0 3.0
1073 (M)

Figure 6. Reciprocal plot for the AsRu(III)vp-Cu(l) reaction at 41°C.
Conditions are those listed in Table 6. The line drawn is
from simple linear regression analysis of the data with

exclusion of the circled data points.



TABLE 8

Rate Data for AsRu{ITI)etpy + Cu(l) = AsRu{lI}etpy + cu(1n)?

Temp. (°C) 10%=[Cu(1)) (M) 10“«[AsRu{I[IT)etpy] (M) 10“.k0(5")b k?nd(M”’s“’)
4 7 0.7 1.98 £ 0.24 2.85
8 0.8 .99 4 0.06 2.48
4 0.4 1.46 * 0,30 3.65
11.0 1.8 2.66 40.19 2.4
14.0 1.4 3.58 20.27 2.55
20.0 2.0 5.01 *+0.08 2.5
24 4 0.4 2.93 +0.26 5.1
8 0.8 4.70 * 0,37 5.8
12 1.2 6.82 10.22 5.68
16 1.6 8.23 +0.17 5.14
41 4.0 0.4 4.95 +0.61 12.3
10.0 1.0 10.0 +1.2 10.0
1.4 14.0 19.9  £1.4 14.2
18 1.8 20.2  +1.3 11,2

U 0.1 M HTFA; other flons present [Cu(TI)Y] = 1 % 10°* and [Cr([II)]0 = [Cu(I)].

bAll entries are the results of three or more individual determinations.

%



TABLE 9

Rate Data for AsRu(IIT)py + Cu(I)-w-allylalcohol = AgRu{II) + Cu(I1) + allylalcohola

Temp. (°C) 10%«[Cu(I)] (M) 10%«[AsRU(ITT) py] (M) 10% ek (s7%) k, o ts™!
4 1.0 6.4 0.53%0.09 0.083
3.9 12.6 1.27 £0.02 0.10
2.5 14.3 1.85 +9.10 0.13
2.5 16.2 1.70 20.10 0,11
2.5 25,0 2.25 +0.04 0.11
24 3.0 3.0 1.28 £ 0.06 0.43
4.0 4.5 1.49 +0.08 0.33
2.5 6.0 2.28+0.15 G.38
4.0 6.0 2.53+0,34 0.42
4.0 7.7 3.46 +0.13 0.45
3.0 9.0 3.40 +0.01 0.37
47 1.0 0.50 1.67 +0.05 3.35
1.0 0.75 2.76 20,07 3.68
1.0 1.0 3.74 0,51 3.71
5.0 3.5 13.5 +0.61 3.85
5.0 5.0 18.9 +1.9 3.79

2411 entries are the result of three or more individual determinations; other species present

are 1 x 10°% ™ Cu(I1) and 0.1 M HTFA and [Cr(IIT)] = [Cu(T)].

$Y
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Figure 7. Cu(l) reduction of AsRu(IIl)etpy. Conditions

are those listed in Table 7. Solid lines were
drawn using simple linear regression analysis of

the data and constrained to go through the origin.
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Figure 8. Cu(I)-m-allylalcohol reduction of AsRu(Ill)py at 4°C and
24°C. Conditions are those listed in Table 8. The so0lid
line was drawn using simple linear regression analysis of

the data and constrained to go through the origin.
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Figure 9. Cu(I)-m-allylalcohol reduction of AsRu(III)py at
47°C. Conditions are those listed in Table 9.
The so0lid line was drawn using simple linear
regression analysis of the data and contrained to

go through the origin.
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Scheme 1IV.
k,

AsRu(IT)vp + Cu(Il) & AsRu(Ill)vp + Cu(l)
ko

ks
H + Cu(I) +4% 0, - Cu(Il) + % H;0

Step 2 is extremely rapid because kz >> k, electron transfer from
ALRU(IT)vp to Cu(IIl) is rate limiting. This reaction was studied
over the concentration ranges {[Cu(II)] = 1.0-50 mM, [Ru(II}] = 0.5-
1.0 mM (Table 10) (results are presented in Tigures 10, 11 and 12)
and fellowed the rate lav -d[AsRu(IIT)vpl/dt = k[AsRu(II)vp][Cu(ll)].
Direct oxidation of AsRu(Il)vp by 0. was studied to determine its

29

contribution to the measured overall rate.

AsRU(II)Vp + Hv + "/2 OQ d A5RU(III)VP + 1/2 H202

With excess O, the reaction follows pseudo-first order kinetiecs with
ko2 = 0.64, 3.2, and 14 x 107 “s™*' at 3, 23 and 47°C respectively.
Only under high temperature and low Cu{(ll) concentrations was it
necessary to apply this cerrection, which was at most 15% of the
overall rate. A summary of kinetic parameters for Cu(l) - Ru(III)
redox reactions is presented in Table 11.

Thermodynamic and activation parameters for the reactions
evaluated from their temperature dependencies are given in Table 12.

The plots (In K vs. T and 1n k'/T vs. T™') were linear and are

shovn in Figures 13, 14, 15, 16 and 17.
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Cu(I11) oxidation of AsRu(II)vp at 4°C. Conditions are
those listed in Table 9. The solid line was drawn
using simple linear regression analysis of the data and

constrained to go through the origin.
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Cu(ET) oxidation of AsRu(II)vp at 24°C. Conditions are given in
Table 9. The selid lines were drawn using simple linear regression

analysis of the data and constrained to go through the origin.
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Figure 12, Cu(1l) oxidation of AsRu(II)vp at 47°C. Conditions are given in
Table 9. The solid line was drawn using simple linear regression

analysis of the data and constrained to go through the origin,
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TABLE 10

Rate Data for Cu(II) + AsRu(Ii)vp = Cu(l) + A5RU(III)VPQ

Temp. 10°. 10“. 10%.

L -
(°C)  [Cu(IDIM)  [ARu(IDvpl () k (sec”H)P  Kopa T 7ETD
4 2.5 1.0 0.370* 0.005 1.48
5.0 0.5 0.686= 0.044 1.37
7.5 1.0 0.592+ 0.015 0.78
10.0 1.0 0.6702 0/034 0.67
15.0 1.0 0.9%969+ 0.007 0.65
37.5 1.0 2.10 % 0.12 0.56
60.0 1.0 3.78 * 0.13 0.63
24 4.0 0.8 1.26 + 0.04 315
6.0 0.8 1.72 = 0.00 2.86
7.0 1.0 1.98 + 0.02 2,83
8.0 0.8 2.20 £ 0.01 2.75
10.0 1.0 2.65 + 0.00 265
17.5 1.0 4.37 + 0.60 'y
25.0 1.0 5.01 = 0.00 2.00
37.5 1.0 9.12 = 0.00 2.43
50.0 1.0 9.55 2 0.22 1.91
47 0.50 0.5 1.02 + 0.04 20.0
0.75 0.5 1.28 # 0.96 16.5
1.00 0.5 1.52 % 0.16 15 2
1.45 0.5 1.82 + 0.26 12.6
1.75 0.5 2.01 £ 0.14 11.5
2.5 0.5 2.62 z 0.20 10. 4

%In 0.1 M HIFA in the presencé of saturating O».

PCorrected for the AsRu(ITI)vp + 1/2 02 T AsRu(III)vp + 1/2 H,0-
reaction; rates used for this correcrion are: 14 x 10771,
3.2 x 107%s™! and 0.64 x 10" “s™' at 47°C, 24°C and 4°C

respectively.



TABLE 11

Kinetic Summary for Copper-Ruthenium Redox Reactionsa

Reactants T (°C) K”
AsRu(Il)vp, Cu(l) 4 10'3'Ka = 6,2 =
0.032 + .006
23 1.3 % .3 0.24 *
41 0.77 + .11 0.94
AsRu(IIT)etpy, Cu(I)” 4 2.6 = .1
23 5.4 + .3
41 11.2 # .9
AsRu(I111)py, Cu(I)-n"*% 4 0.10 £ .01
s a
Cull)=m 24 0.40 + .04
L7 3.7 = .1
Cu(Il), AsRu(IIl)vp 4 0.57 £ .06
24 2.3 = .3
47 7.7 + .3

“In 0.1 M TFA.

b . S | 1 3 ~ 1
Units: k(M "s™7); ka(bf y; k'(sT).
“lcu(11)) = 107 “ M.

d
T = allylalcohol, {CH.=CNCH,OH) = 5 x 107> M.
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TABLE 12

. . . a
Activation Parameters for the Redox Reactions

Reactants AR¥ (kcal/mol) AS*b (e.u.)
AsRu(II)vp, Cu(l) (-9.7 + 1.7, 15.1 = 0.2)°  (-18 * &, -10 + &)°
AsRu(IT)etpy, Cu(l) 5.5 £ 0.5 -36 = 3
AsRu(ITI)py, Cu(I)-= 146.6 + 1.4 S11 = 5
Cu(Il), AsRu(IIl)vp 10.2 = 0.1 =22 =1

“In 0.1 M TFA.

bAt 23°C.
C

(AHK, AHi,).
d n
(ASK, ASk,).
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Eyring plot of equilibrium constants for AsRu(III)vp-Cu(I)
ion association. The line is drawn from simple linear

regression analysis of the data.



90 —

80—

-In{k’/T)

| ] 1 i
3.7 3.5 33 3.1

(1/1)10° (deg™")

Figure 14. Eyring plot of kinetlc data for electron transfer between AsRu(ITT)vp

and Cu{I) ion reaction. The line is drawn from simple linear regression

analysis of the data.
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Figure 15. Eyring plot of kinetic data for the reaction of
AsRu(I11)etpy-Cu(l) ions reaction. The line is drawn

from simple linear regression analysis of the data.
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Figure 16. Eyring plot for the AsRu(ITI)py-Cu(l)-w-allylalcohol reaction. The

line drawn is from simple linear regression analysis of the data.
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Figure 17. Eyring plot for the AsRu(IT)vp-Cu(IX) ions reaction. The line

is drawn from simple linear regression analysis of the data.
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Redox Equilibria for the AsRu(I1I)-4-vinylpyridine-Cu(I) Reaction

The half-wave reduction potential (E%) for the Ru(III) ion in
0.1 M HTFA was calculated from the cyclic voltamographic curve to be

(Ep 2 Ep C)/2 = 302 mV vs. NHE at 23°C. A similar value has been
) 3

2" redox couple.30 Peak-to-peak

reported for the AsRu—pyridinea‘
separation was larger (AEP = 80 mV) than expected for a reversible
process, but was independent of scan rates of 10 to 200 mVs™'. Other
pyridine-containing ruthenium complexes have shown similar behavior
and reasons faor the anomalous peak separation have been suggested;3
typically peak separation should be AEP = 58 mV.32 As expected for

a one-electron process, anodic to cathodic peak current ratios were
approximately unity. Figure 18 represents the cyclic voltamograph.

*"couple and using

Approximating ’E,/2 = Er° for the AsRu-vp®”
Er° = 153 mV for Cu?” " the equilibrium constant for the reaction
calculated from thermodymamic data is K = [Ru(IT)]{Cu(I1)]}/{Ru(111)]
[Cu(I)] = 344 and from rate data (Table 11) K = 186, the values being

in reasonable agreement.

Difference Absorption Measurement of the

AsRu(II1I)vp-Cu(I) Binuclear Ion

The reaction presented in Scheme III is reversible and the
intermediate binuclear complex should be amenable to study under
high Cu(II)/Cu(l) concentration ratios. An absorption spectrum for

the intermediate should be attainable if the strong abscrbance of the
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Figure 18. Cyclic voltamograph of AsRu vinylpyridine®’’ ?**

couple. Conditions given in rext.
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AsRu(I1)vp production can be overcome. Just such a spectrum has been
obtained (Figure 19) using the method of difference absorption
spectroscopy. Under conditions outlined in the figure which compen-
sate for reactant absorbances there appears bothh 2 new u.v. band
indicative of Cu{I)-olefin 7 complexation (€s¢> = 2.2 x 10® M ‘cm™ ')
and a rather broad band in the visible with an absorbance maximum at
505 nm and € = 290. This band cannot be attributed to any of the
reactant ions; the spectral properties suggest that the band may be

33 This

due to intervalence charge transfer from Cu(I) to Ru(III).
experiment has been repeated several times with essentially the

same results. Oxygenation of the Cu(I)-containing cells causes the

spectrum to return nearly to the baseline absorbance.

Quantum Yields for Photoinitiated Electron Transfer in

AsCo(TIIT)-Cu(I) Binuclear Ions

Irradiation of the Cu(I) - olefin (m*)-charge transfer band
results in photodecomposition of cobalt(III)-copper(I) binuclear ions.
Quantum yields for the various alkvlamine and alkyvlpyridine ligands
are given in Tables 13 and 14 respectively. Values recorded are
derived from eguation 3 (page 35). Error limits are the average
deviation from mean valuves. Quantum yields for the alkylamine
ligands were independent of reactant ion concentrations over the
ranges (AsCo(ITI)L) = 0.5 - 5.0 x 10°> M, Cu(I) = 0.25 -

total total
2.5 % 107° M with Co(III)/Cu(I)) = 2 - 20 and were independent of
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Figure 19. Absorption spectrum of the AsRu(III)vp-Cu(l) ion in

0.1 M HTFA at 23°C. Upper trace: difference spectrum
arising from Cu(I)-Ru(III) ion associaticn; lower

trace: before Cu(I) addition to the optical cells.
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Quantum Yields for Photoinitiated Electron Transfer in

AsCo(III)L-Cu(l) Aminoalkene Binuclear Tons?

il
Il
i
|

Jrradiation

Ligand (L) wavelength (nm) ®
NH,CH,CH=CH, 300 0.65 = 0.064)¢
NH (CH.) 2 CH=CH, 290 0.57 = 0.09(8)°
NH, (CH;) ;CH=CH, 306 0.34 £ 0.03(7)
NH; (CH.) .CH=CH, 306 0.24 = 0.04(8)
NHQ(CHQ)BCH=CH2 306 < 0.005
NH, (CH,CH=C-CH,) .H 306 0.80 = 0.10(10)
0.67 = 0.04(6) (257 ethanol)
CHs 0.50 + 0.02(3) (83% ethanol)
NH, (CH,CH=CCH:) sH 306 0.91 £+ 0.06(5)
0.51 = 0.05(4) (50%Z ethancl)
CH, 0.33 # 0.03(3) (90% ethanol)
aIn 0.1 M perchloric acid, ambient temperature. Solutions
contained in addition 0.015 M Cu(II):; [Cr(II1I)] = [Cu(I)]O.

bNumber of individual runs given in parentheses;

average deviations from mean values.

cFrom ref. 16.

ervor limits are



TABLE 14
Quantum Yields for Photoinitiated Electron Transfer in

AsCo(III)L-Cu(I) Alkylpyridine Binuclear Ions?
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Ligand (L) waizizigi;iﬁzm) éb

NCsH, (CH;) .CH=CH, 306 0.15 = 0.043(8)

NCsH. (CH,) ;CB=CH, 306 0.10 * 0.04(8)

NCsH. (CH:) .CH=CH, 306 0.05 = 0.07(&}

NCsH. (CH,) sCH=CH, 306 < 0.005(6)

NCsH, (CH,) ,CH=CH, 306 < 0.005(6)

NCsH. (CH;) ¢CH=CH, 306 < 0.005(6)

NCsH.CH; (CH,CH=CCH:) ; 306 < 0.005(6)
CHs

NCsH,CH, (CH,CH=CCH.) s H 306 < 0.005(6)
s

%10 0.1 M trifluoroacetic acid, ambient temperature. Solutions
contained, in addition, 0.015 M Cu(II); [Cr(III)] = [Cu(I)lO.
DNumber of individual runs given in parentheses; error limits are

average deviations from mean values.
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the absorbed light I = 0.5 - 18.6 ~ 10" % ein sec™. All irradiacions
were performed at 306 om in the Cu(I)~oclefin (%*)-charge transfer bard
(Figure 20).

Photoredox quantum yields resulting from the irradiation of
AsCo(I1I)L ions at 306 nm were determined both by the method of
Kitson23 and the disappearance of the visible absorption band. Only
in the cases of the large alkyl ligands were these quantum yields
significant. Quantum yields for this process were calculated from
equation 4 (page 35) and are 0.1 for both isoprenylamines. Quantum

yields for other ligands were negligible.

All reactant solutions used in these studies contained (Cu(IIl})
1.5 x 10°* M, (Cr{IIi)) = 0.2 - 2.0 x 10" M; reaction media were
0.1 M HC10, for the alkylamine complexes and 0.1 M HTFA for the
alkylpyridine complexes. Reaction conditions and yields are given
in Tables 15 and 16. Solutions used in the IMCT guantum yields
(blanks) contained Cu(I1I) ions in place of the corresponding amount
of Cu(I) icn which would be present in an experimental run of the
AsCo(TII1)(-Cu(I)) binuclear ion. The additional Cu(II) ion in this
case was initially present as Cu(l) (generated by the usual method)24
and the sample oxygenated to destroy the Cu(l) ion and repurged of O
with argon before irradiation.

AsCo(III)alkylammine and AsCo(I11)alkylpyridine complexes were
not reduced by Cu(I) in the absence of light, consistent with previ-
ous findings on Co(III)-Cu{(l) binuclear ions of A;Co(III) alkenoic

acids and Cu(I).16



68

075
3'OT 050 [~
{ A Abs/cm
25F { 025 -
{
i
20+ ' l _
l\ 260 300 340 0.20
Abs/cm L \\ Abs/ecm
I3 \ - 015
\
\
e 010
0.5 0.05
] {

] I ]
350 400 450 500 550 600
Alnm)

Figure 20. Electronic absorption spectra of AsCo(IIT)-1-
amino-5-hexene and Cu(l) icns solid line,
AsCo(III)H,N(CH;).CH=CH,:; dashed line
AsCo(III)H N(CH,).CH=CH, and Cu(I) ions in

0.1 M HCiO..



TABLE 15
Summary of Conditions and Quantum Yield for Photolysis

of AsCo(III)L-Cu(1) Alkylpyridine Binuclear Ions”
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Ligand (L) 10%«{Cu(1)](M) 10%« {Co(ITI) ] (M)
Ncsﬁa(CHg)ch=CH2 0.9 0.9 0.16
.0 3.68 0.10
5.0 0.20
8.5 0.12
NC5H4(0H2>3CH=CH2 0-9 0-9 0-14
2.0 3.5 0.08
8.5 0.09
NCsH. (CH.) ,CH=CH,° 0.9 0.9 0.08
2.0 3.5 0.04
8.5 0.03

a . . . L.
In 0.1 M trifluorocacetic acid, ambient temperature.

bln addition 0.015 M Cu(Il) and [Cr(III)} = [Cu(I)]o are present.

®Values listed in Table 14 for other alkylpyridine derivatives were

run under the same conditions as yields in this table were less than

the confidence of the experimental technique.



Summary of Conditions and Quantum Yields for Photolysis of

AsCo(III)L~Cu(I) Aminoalkene Binuclear IonsZ

TABLE 16

Ligand 10“«[Cu(I)) (1) 10“e [Co(ITI)] (M) o
H2N(CH.) 3CH=CH: 3.0 5. 0.28
0.31
3.0 8. 0.31
0.39
0.39
4,0 25, 0.32
0.35
HoN(CH;z) .CH=CH, 3.2 5. 0.30
0.30
11. 0.30
0.24
7.6 12 0.17
0.20
27. 0.2%
0.18
HgN(CHQ)sCH=CH2 3.0 S. 0.03
0.04
6.0 27. 0,04
0.05
10.0 30. 0.03
0.02
0.04%
0.053
H,N(CH.) ¢CH=CH, 5.0 9. 0.03
0.0
8.0 10. 0.01
0.0
8.0 15. 0.0
0.0



TABLE 16, Continued:

Ligand (L)

104« [Cu(I) ) (M) 10“{Co(I11)] (M) ¢
H,oN(CH.CH=C-CH,) .BR 4.0 2.0 0.98
0.75
0.53
3.0 3.4 0.80
N.76
0.73
7.5 7.0 1.00
0.89
0.83
0.70
25% ethanol 3.0 3.0 0.69
0.58
5.0 6.8 0.71
9.0 10.0 0.67
0.72
83% ethanol 3.0 3.75 0.51
0.52
8.0 10.1 0.48
sz\: (CHch:C_CHz) 3H 5.0 2. 2 O. 78
|
1.00
CHs 5.1 0.80
1.00
8.0 8.0 1.0
507 ethanocl 7.0 8.3 0.42
0.51
0.52
0.62
907% ethanol 7.0 8.1 0.2¢6
0.36
0.37

aAll solutions contain 0.1 M

[Cr(IlI)] = [Cu(I)JO.

HC10, and 0.015 M Cu(II) and
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Stoichiometry of Photoredox Process

Solutions containing binuclear ions at millimolar concentration
were irradiated to 257 conversion to redox products, and the labilized
ligands isolated and determined quantitatively. Results are listed
in Table 17. Ligand yields correspond to the amount of Co(II) pro-
duced indicating no net reaction of the ligand as a consequence of
electron transfer. The values listed are corrected for procedural
losses, which were detevmined using standards, prepared to correspond
to irradiated sample compositions at the end of 25% counversion to
products, that were subjected to the same isolation procedures as
the irradiated sample. Gas chromatographic analysis was used to
determine ligand products; yields were corrected for ligands that
arose from hvdrolysis of AsCo(III)L complexes over the course of the
measurements. The AsCo(III)geranylamine number was also corrected
for the amount of ligand labilized by photoexcitation of the AsCo(III)L
complex at 306 nm. All recovered ligands co-chromatographed with
samples of the organic compounds used in the AsCo(III)L complex ion

svntheses.
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TABLE 17

Ligand Recovery from AsCo(III)L-Cu(I) Near U.V. Irradiations”

[AsCo(III)L] Ligand
Ligand (L) Reacted recovered (L)/(Co (111
mmo 1 mmol
NCsH.(CH;) 2CH=CH, 0.18 0.17 0.94
NHQ(CH:)SCH=CH2 0.16 0.15 0.94
N‘Hz (CHz)gCH=CH2 0.2}. 0-19 0.90
NH, (CH,CH=C-CH,),H  0.24, 0.19 0.21, 0.17° 0.88, 0.90

CHs

a . ) . . .
Experimental information given in text.

Corrected for losses incurred in experimental procedure, and

reactions other than those from Cu = L band irradiarions.

c . ] . ) . .
It is assumed in this reaction that the high quantum yield

(0.1) for Co* by reactions other than those from Cu(I) - L

irradiation results in ligand destruction.
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CHAPTER 5

DISCUSSION

Cuprous Ion Reduction of Pyridinepentaammineruthenium{III} Ions

In the reaction between AsRu(III)vp and Cu(I) ions, the ion
association step (K, Scheme III) is due to Cu(I)-m-complexation of
the olefin group. This is justified by the fcllowing: (a) comparison
of thermodynamic parameters found for ion association with other
olefin containing ions gave similar values; (b) no evidence of ion
associartion was found for association of Cu(l) with Ru(IIIl) ions
lacking olefin-containing ligands.13

In this case binuclear ion formation can be treated as an equi-
librium step preceding electron transfer; Cu(l)-olefin ligand associ-
ation 1is rapid, approaching diffusion controlled limits.34 As
outlined in Scheme 111, electron transfer between Cu(l) and AsRu(Ill)vp
can occur via an intramolecular (ka) or intermolecular (kb) pathway.
In this case, the reaction pathway must be almost entirely intra-
molecular as the following arguments will show. Reduction of
AsRu(Ill)etpy ion by Cu(l) ion gives an estimate of the intermolecu-
lar pathway because no m-complexation by Cu(l) is possible. A number
of AsRu(111)-4~alkylpyridine substituent containing ions of AsRu(IILI)
have been studied in reaction with Cu(I) ion resulting in essentially
the same rate constant for each pair of reactant ions.35 Thus no

unusual steric constraint to electron transfer is expected from the
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presence of the ethyl group. 1In another reaction pair, AsRu(III)py
reacting with Cu(1)-m-allyl alcchecl, there appears no enhanced activ-
ity for Cu(l) based simply on olefin-n-coordination {(Table 10}. 1In
fact, the rate of electron transfer is reduced, presumably due to
stabilization of Cu(I) by olefin complexation.*

From this data the intermolecular rate constant for the AsRu(IIl)vp
-Cu(I) reaction kb = 5.4 M 's™' at 23°C using the experimentally deter-
mined values, k' = 0.24 s™!' and k = 1300 M ! and the contribution from
pathway kb is calculated to be from Scheme III only 2% of the total
reaction.

The arguments presented allow for a pathway for which m-complexa-
tion by Cu(I) ion is required for electron transfer. This does not
mean, however, that this coordination is maintained in the activated
complex in which electron transfer occurs. The lifetime of Cu{I)-
olefin complexes is on the order of microseconds3a so that dissociation

or substitution and reassociation at another site in approaching the

activated complex could be possible {See equation 5 on page 76).

*Under the conditions of the experiment (5 x 10°° M allyl alcohol)

Cu(l) is completely nm-complexed (K = S > 10° M ' at 23°C, p = 0.1 M).36
The activation free energy for reduction of AsRu(IIl)py ion by Cu(I)
m-allyl alcohol is greater than that of Cu(I} reduction of AsRu(III)
etpy by 1.4 kcalBmol at 23°C. This can be understood by considering

that r-complexation stabilizes the Cu(l) oxidation state by 6.4 kcal/

mol, thus reducing the driving force for the reaction.
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[\1)

AsRu(III)vp + Cu(I) ® AsRu(III)vp(m)Cu(1)
£5)

fast
= AsRu(III)vpeCu(l) = AsRu(II)vp + Cu(ll)

Such a reaction coordinate is unlikely; it assumes that geometries
allowing for electron transfer would be obtained that are unattainable
by simple direct pairing. Without the essential binding sequence the
system would gain no energetic advantage by such a pathway, the net
result being pathway kb’ which has been shown to be too slow to
account for the observed rate. Ultimately then, the conclusion must

be that the Cu(I)-olefin © bond is maintained in the activated complex

for electron transfer.

Thermodynamic Electron Transfer Parameters

Activation parameters for intramolecular electron transfer in
binuclear ions are listed in Table 18. Other than the AsRu(IIl)vp-
Cu(l) entry, all AS* values are near zero. FEntropy changes involving
bond compression and stretching in the activated complex will more
than likely compensate, or be small in magnitude. Based on calcula-
tions for binuclear ion formation, formation entropies are sensitive
to electronic effects. These effects as calculated turn out to be
small for the binuclear ion studied here.13 In the likelihood of
small or no specific solvation e-fects involved in binuclear ion
formation, the contribution from specific solvent restructuring in

forming the transition state should be negligible, large solvent



TABLE 18

Activation Parameters for Intramolecular Electron Transfer

il

Ion &Htt 6S§tc Reference
{kcal/mol) {e.u.)
AsRu(TIT)-4-vinylpyridine=Cul 15.1 = 0.25 -10 + Ad This work
Ro-4,4 " -bipyridine-A,Ru(I1)OH,, etc.” 20 +3 to -1 12b
Ro-NTA-Fe (11)7 18.7 + 1.3 0 x4 11
{en} 2Co(III) (S5CH.CO2)Cu(I) (S~bridged) 2L.4 + 0.4 1.0 + 2.5 46
AsCo(ITI)py= (CN) ¢Fe(IT) 21.7 + 2.2 5.8 + 7 47

For m-conjugated bridging ligands.

bNTA = nitrilotriacetate.

“At 25°C, except where noted.

d23°c.

LL
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effects having been accounted for in binuclear ion formation. Con-
tributions to AS* should therefore be small for the relatively little
charge redistribution attending approach to the transition state.
This is reasonable in light of some calculations by Marcus for the
ferric and ferrous ion electron exchange reactions.37 Here the
solvent-ion atmosphere reorganization contributes only about 0.5 e.u.
to AS¥. Effects on low probability for electron transier arising
from electronic considerations (nonadiabaticity) during the lifetine
of the activated complex can give rise to negative ASH values.l3’37
For reactions where inner- and outer-~coordination sphere reorganiza-
tion give small contributions to the entropy terms, the magnitude of
Asﬁc can be taken as a direct measure of the degree of nonadiabaticity
in electron transfer, i.e., with Asit ~ (0 electron transfer is adia-
batic.

The AsRu(IX1}vp-Cu(l) binuclear system explored in this study
has a redox activation entropy much less than zero, suggesting non-
adiabatic electron transfer. Of course this may be due to a very
large contribution by restructuring of the solvent during rhe Cu(I)
to Cu(Il) coordination geometry change in the activation process.
Solvent perturbation studies may provide information to distinguish
between these two effects. 1f solvent reorganization is a significant
contribution it should be reflected in AS¥ and in AH¥. 1If there is a
neonadiabatic electron transfer, then AS¥ will reflect the solvent

structure change, but this change will not be compensated for in

ap . 32
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For the binuclear ion system the overall activation parameters
are: AWF = AR° + AHk,* = 5.4 % 1.9 cal/mol; AS* = AS°) + A4S * =
-28 +# 10 e,u. and are summarized in Table 11. These values are typical
for redox reaction between like-charged ions similar to those found in
Table 2. TFor other AsRu(III) = Cu{l) reactant pairs studied, it is
seen that these values also fall within the range of values found for
reaction between like-charged ions. The overall value for AH¥ is seen

to be small: the result of compensating AH®°, and AR

K k'#’ as suggested

would be the case by Taube‘S

Difference Absorption Measurements in the

AsRu(I1l)vp-Cu(l) Binuclear JIon

In binuclear ions where electronic coupling between the metal
centers 1s weak the electron can be considered vibrationally trapped
) 15 : ;
at one site. Absorption bands have been observed for such ions
, . . 40
which have been ascribed to intervalence electron transfer (IT).
Hush and Hopfield have developed thecoretical treatments for optical

4 : . . .
14,15 Because of its relative simplicity, the theory

electron transfer.
of Hush is amenable to experimental verification using measured thermal
and optical properties of weakly coupled binuclear ions. Use of the
theory requires knowledge of activation parameters for the intrinsic

electron transfer step. This has been achieved in the AsRu(IITI)vp-

Cu(l) syscem.
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Based on a simple oscillator model, Hush derived equation 6 for

weakly coupled redox sites.ls’Al

Eth = (Eop) Blo(EOp - EO) (6)

where Eop is the energy maxima of an intervalence (metal to metal)

charge transfer band (IT), E is the activation energy for the ther-

th
mal process and Eo is the internal energy change of the system. Using
the values obtained from kinetic and thermodynamic measurements, Eth =
15.1 kcal/mole and E, values 2.53 cal/mole or -0.178 cal/mole42 from
the kinetic and thermodynamic measurements respectively, one obtains
from equation 6 values of 300 nm and 471 nm for wavelength maxima
corresponding to Eop’ respectively. The broad nature of the band and
calculated band maximum33 {Figure 18) are consistent with its assign-
ment at Cu{(I) » Ru(III) intervalence transfer. This result may be
forruitous. Solvent perturbation studies are necessary to determine
whether or not this actually is an IT. If it is, however, temperature

dependence studies on its behavior would provide important information

to test theories advanced for such IT bands.

Photoinitiated Electron Transfer

Long range photoinitiated electron transfer is common in biologi-
cal systems. An important consideration in attempting to understand
this process is the maximum distance over which charge transfer can
occur. The thermal and photochemical properties of AsCo(l1IIl)-olefin-

Cu(l) ions are convenient for probing electron transfer distances.
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Although energetically favorable, the rate for Cu(l) reduction of
Co(I1I) in these binuclear ions is extremely slow, for reasons dis-
cussed in reference 33. Photoinitiated reduction occurs, however,
the extent of which in preliminary studies appeared to be a sensitive
function of distance between redox centers.

Hurst and coworkers have shown that irradiation of the LMCT
absorption band of the Cu(l)-oclefin 7 band in Co(I11)-Cu(l) binuclear
ions is the primary photoexcitation process(es) leading to chemical
reaction in these systems.16 In these amincalkene systems investi-
gated here, irradiation in the absence of Cu(l) (essentially into the
ligand near uv excited state band, or into the ligand band itcself)
does not give Co(II) formation. The conclusion drawn is that Cu(I)-
olefin charge transfer excitation is the only process leading to net
electron transfer. 1In addition, the lack of variance of quantum
yields over approximately 10-fold concentration ranges indicates that
electron transfer is an intramolecular process.

A possible mechanism for electron transfer in these hydrocarbon
bridged binuclear ions is "through space'" charge transfer, i.e.,
across the excluded volume of the hydrocarbon chain. Formation of
discrete ligand radical ion-intermediates is unlikely because ligands
were recovered in near quantitative yields, i.e., equivalent to the
amount of Co(II1) produced. Thus, no evidence for formaticn of rela-
tively long-lived radical intermediates capable of polymerization or
destructive reactions was found. If electron transfer is long range,

it is likely to occur by a '"'resonance-exchange'" type of tupnneling.
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It must be remembered that irradiation at 306 nm corresponds O put-
ting 93 kcal/mole of energy into the system, which is an exceptionally
large driving force for reaction.

Another possibility for the observed reactions has been suggested
by Hurst and coworkers.9 The ligand chain may fold so that the oleiin
7-orbital overlaps directly the cobalt ©* orbitals, giving rise to the
short-range transfer of the type usually described for redox centers
between pairs of coordination compounds. The observation of decreas-
ing quantum yield with increasing chain length can support either
mechanism. In the former case the increasing median distance of the
Cu(I) olefin from the Co(IIl) center can be associated with decreasing
probability for transfer. 1In the latter case the distribution of
molecules with metal centers in close proximity decreases with increas-
ing chain length.

In other experiments on the effect of chain length on hydrogen
abstraction by benzophenone it was found that quantum yields increased
with increasing chain length.43 The result was interpreted as indi-
cating that the alkane chain came in contact with the reactive volue
of the carbenyl group only for longer chains and it was suggested
that shorter chains are more rigid than longer chains. 1In these
experiments, chains shorter than 10 carbons gave no measureable quantum
yields. Applying this observation to the Co(III1)-Cu(l) ions it would
seem that the population of conformational states allowing direct over-
lap of donor and acceptor orbitals is too small to account for measured

redox guantum yields.
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The results of quantum yields for photoinitiated electron trans-
fer are plotted in Figure 21 against the number of carbons in the
chain. The "carbon" number for the pyridine containing ligands was
estimated assuming that the pyridine 4-carbon was equivalent to the
a-carbon of the amine chain, i.e., that w-conjugated bonds in the
pyridine ring did not contribute to its effective length. Calcula-
tions were made assuming a fully elongated chain with all bonds in
the trgne configuration. Given this conformational state, actual
distance between metal centers can be estimated from carbon-carbon
bond distance and angles and appropriate metal ligand distances.lo’46
A typical value, which is confessed to be somewhar arbitrary, for the
pentenylamine bridging ligand is 6.4 A,

Experiments using AsCo(II11)[2.2.2.]bicyclo-2-octene-5-methyl-5~
carboxylate (K. A. Norton and J. K. Hurst, unpublished data) give
large quantum yields for photoinitiated redox (¢ = 0.9 and 0.7 for
the endo and exo carboxylate isomers respectively, shown in Figure 22}.
Comparison of these yields with the lesser value obtained for AsCo(III)
S5-amino-1~pentene (Table 12) which also has a 3-carbon alkane bridge,
suggest either that the rigid geometry of the bicyclo system gives
rise to a preferred configuration for photoredox, or that the hydro-
phobic nature of the exo bicyclo ring minimizes solvent quenching of
the photoreactive state. Also it may not be appropriate to compare
the yields obtained for carboxylate ligands with those of amines. It
can be seen from models of the endo carboxylate isomer that the oxygen

atoms come very close to the olefin and may mediate electron transfer;
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Figure 21.

Plot of quantum yield vs. carbon number for
Co(III)-Cu(I) binuclear ions; ® indicate amino-
alkene bridged ions from this study; m are amino-
alkene bridged ions from ref. 16; @ represent
polyisoprenylamines; 4 represent alkylpyridine
bridged ions; quantum vield data taken from Tables

12 and 13.
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Flgure 22, Photoinitiated redox quantum yields for the exo
and endo 1somers of AsCo(III)[2.2.2.]|bicyclo-2-
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in any event in this system the Cu(l) and Co(III) centers are in
close proximity.

From most elementary considerations, amincalkene and alkylpyridine
bridging ligands of AsCo(I1I)-Cu(I) binuclear ions can be viewed as
flexible chains between centers of unequal mass. Because accurate
conceptuzl models which take into specific account electrostatic,
unequal end chain masses and perturbation of the local dielectric by
highly charged ions do not exist, it is not vet possible to calculate
the relative mean distribution of any configuration in the Co(III)-
Cu(Il) binuclear ions. Therefore the mean metal to metal distance
over which electron transfer occurs in polymethylene based bridging
ligands can be only estimated.

The relatively high quantum yields of Co(III)-Cu(l) binuclear
ions containing polyisoprene bridging ligands suggests the operation
of an alternate wechanisw for electron transfer. The stoichiometries
for Cu(l)-polyisoprenylpyridine binding have been determined to be 1:1
by Raman and the method of continuous variation studies, ruling out
multiple site binding to account for the observed high quantum yvields
observed.44 Construction of molecular models of polyisoprenylamines
shows allowed close contact between olefins in folded conformations.
This "stacking' of isoprene units has been suggested to participate
in heme g of cyctochrome ¢ oxidase,17 and extended w-interaction
facilicating long range electron transfer has basis in theory.45

In highly polar media it is expected that the hydrophobic nature

of the polyisoprene ligand causes it to fold. Folding of the ligand
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could result in stacking of the olefins which presumably would leave
only the terminal olefin available for binding.A4 The lack of concen-
tration dependence of quantum yields, albeit over a limited range,
suggests micellar formation is not an important factor.

The decrease in quantum yield, with increasing ethanol content
of the solvent, could be the result of melting of specific conforma-
tions necessary for long range electron transfer. This decrease may
be due, however, all or in part to greater quenching of the excited
state by solvent. Therefore, comparison of quantum yields for poly-
isoprene bridged with polymethylene bridged Co(ITI)-Cu(I) binuclear
ions, the results suggest a different mechanism for electron transfer
obtains in the polvisoprene bridged ions--evidence suggesting extended

w-interaction between metal sites in aqueous solution.
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CHAPTER 6
SUMMARY

Photoinitiated electron transfer occurs in alkylpyridines and
alkylamine bridged Co(111)-Cu(l) binuclear ions. An elementary model
has been presented to note the effect of chain length on distance, as
judged by quantum yield. Alkylpyridine bridging ligands behave as if
the pyridine w-cloud facilitates electron transfer, i.e., it does not
add to chain length. Additional evidence for v-orbital participation
in electron transfer is suggested by high quantum yields for poly-
isoprene bridged binuclear jons; the high yields for the bicylooctene
carboxylate ligands, however, suggest that a different mechanism is
in operation here as compared with the polymethylene bridged binuclear
ions. Theoretical models of chain conformation are necessary now to
specifically define the distance of electron transfer in these studies.
Distances in the polymethylene bridged ions give significant quantum
yields to suggest that electrons mav transfer over distances apprcach-~

ing 10 A, perhaps by the mechanism of electron tunneling.

Other work presented pertained to thermal and optical electron
transfer. This information is necessary for understanding and testing
theoretical models. Knowledge of entropy, enthalpy, distance and
temperature dependence of optical transitions will eventually lead
to an improved understanding of the fundamental nature of redox

processes.
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